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Preamble 

 

The two-meter-long DNA molecule, encoding our genetic heritage that is essential for the 

physiological functioning of every cell, is compacted into chromosomes that fit inside a nucleus 

of about 6 µM. To achieve that incredible level of compaction, DNA molecules are tightly 

wrapped around proteins called histones, whose “tails” can be “decorated” by many 

posttranslational modifications, including acetylation. This type of histone modification is 

executed in a highly regulated manner by key regulatory enzymes and is considered as one of the 

main epigenetic marks. These discrete chemical modifications control chromatin remodeling and 

are thus critical for the accessibility of highly specific DNA regions to the transcription 

machinery, precisely regulating gene expression. Conversely, the removal of acetyl groups from 

histone tails, which is catalyzed by histone deacetylases (HDACs), is associated with increased 

chromatin condensation and potent transcriptional repression.  

Alterations of the epigenetic landscape, a term coined by the scientist and philosopher 

Waddington, largely contribute to the development of numerous cancers. More specifically, 

aberrant activation or overexpression of HDAC isoenzymes, triggering disruptions of the 

functional acetylation landscape, is truly a hallmark of cancer. Due to the reversible nature of 

epigenetic modifications, targeting one or multiple HDAC activities with small molecule 

inhibitors represent an attractive approach for cancer prevention and therapy. HDAC inhibitors 

(HDACi) regulate the acetylation states of histones and/or non-histone proteins, thus affecting 

gene expression and a plethora of essential cellular processes such as cell cycle progression, 

endoplasmic reticulum stress, modulation of autophagy, reactive oxygen species production and 

cell death induction.  

Despite the existence of various treatment options, the occurrence of drug resistance remains a 

barrier to cure cancer, necessitating the discovery of innovating therapeutic approaches. In this 

work, we aimed to establish novel therapeutic strategies by combining so far unexplored 

hydroxamate-based pan-HDACi (MAKV-8) and specific HDAC6i (MAKV-15) with clinically-

used targeted therapies against two hematological malignancies. First, the combination of tyrosine 

kinase inhibitors with epigenetic modulators has emerged as a potential strategy for improving the 

outcome of chronic myeloid leukemia (CML). For this project, we investigated the anticancer 

activity of the promising molecule MAKV-8 in combination with imatinib in CML models. 

Moreover, multiple myeloma (MM) cells are characterized by an excessive production and 

accumulation of cytoplasmic immunoglobulins. We thus targeted this uncurable disease with the 

combined inhibition of both proteasome and aggresome pathways in selected MM cell lines by 

the new compound MAKV-15 and the well-known proteasome inhibitor bortezomib, respectively. 
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Introduction 

 
Epigenetics refer to changes in gene expression that do not involve deoxyribonucleic acid 

(DNA) sequence modifications. DNA methylation, histone modifications and small 

ribonucleic acid (RNA)-mediated gene silencing/non-coding RNA functions are considered as 

the three main epigenetic mechanisms (Schnekenburger et al., 2016). 

 

1. Histones 
1.1. From histones to chromatin 

Histones form the building blocks of an octamer protein core, which is surrounded by a 

segment of eukaryotic DNA to constitute nucleosomes. Nucleosomes, fundamental packing 

units of chromatin, are composed of one tetramer of histones H3 and H4 and two histone 

H2A-H2B dimers. Each histone contains positively charged amino acids that interact with 

negatively charged phosphate groups of DNA. Although most of the histone core is 

inaccessible to external proteins, the N-terminal chains of the histones, referred to as histone 

tails, protrude from the nucleosome allowing post-translational modifications (PTMs). 

Another histone named H1 functions as an anchor to attach DNA to the nucleosomes, and 

helps to tightly bundle neighboring nucleosomes together via its binding to the "linker DNA" 

region (Clapier et al., 2009; Folmer et al., 2010; Gardner et al., 2011).  

 

1.2. Histone modifications 

Histone tails can be epigenetically modified by phosphorylation (Banerjee et al., 2011), 

methylation (Sadakierska-Chudy et al., 2015), ubiquitination (Fierz et al., 2011), adenosine 

diphosphate (ADP)-ribosylation (Bartolomei et al., 2016), sumoylation (Wilson et al., 2016), 

and acetylation (Khan et al., 2010). Together these PTMs of histones constitute the “histone 

code” and work in concert with other epigenetic mechanisms (Sadakierska-Chudy et al., 

2015) to dictate the chromatin accessibility for transcription machinery to promoter regions of 

their target genes, establishing a specific pattern of gene expression required for normal 

physiological cell functions and a wide variety of biological processes (Berger, 2007). 

Various enzymes regulate covalent histone modifications affecting their chemical 

properties and influencing the chromatin condensation level, which is a critical factor 

determining whether genes are transcribed or silenced (Kouzarides, 2007). For instance, two 

classes of proteins determine the acetylation status of histones: histone acetyltransferases 

(HATs) and histone deacetylases (HDACs) are the “writers” and “erasers”, respectively, that 
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work in association with proteins containing a bromodomain specifically recognizing the 

acetyl-lysine moiety referred as “readers” (Verdin et al., 2015). HAT-mediated acetylation of 

the ε-amino group of lysine residues on histones tails correlates with a relaxation of chromatin 

and gene expression, whereas, the reverse process, which is catalyzed by HDACs, is 

associated with chromatin condensation and transcriptional repression (Figure 1).  
 

   
Figure 1: Reciprocal histone HDAC-mediated deacetylation and HAT-mediated acetylation. 
Histone acetyl transferase (HAT)-mediated acetylation of lysine residues on histone tails is associated 
with an open chromatin and transcriptional activation, whereas histone deacetylase (HDAC)-mediated 
deacetylation of histones is related to closed chromatin and transcriptional repression. Acetyl groups 
are represented by purple beads. 
 

2. Acetylation of histone and non-histone proteins 
Growing evidence highlights the essential role of histone and non-histone protein lysine 

acetylation in the coordination of highly regulated cell functions. This PTM neutralizes the 

positive charge of the ε-amino group of lysine residues or introduces steric hindrance, 

resulting in the modulation of protein interactions with nucleic acids or with other proteins 

(Hodawadekar et al., 2007; Florean et al., 2011). In addition, acetylation can regulate the 

catalytic activity of metabolic enzymes through directly neutralizing the positive charge of 

lysine residues in the active site, influencing their interactions with negative regulatory 

proteins, or causing allosteric changes (Xiong et al., 2012; Choudhary et al., 2014). 

As previously mentioned, the acetylation status of lysine residues in histones, as well as 

non-histone proteins, results from a balance between the addition and removal of the acetyl 

group by HATs and HDACs, respectively (Figure 2). All HAT enzymes use acetyl coenzyme 

A as a cofactor, transferring the acetyl moiety of the latter to lysine residues of target proteins 

(Sadoul et al., 2011). Since acetyl coenzyme A is a key metabolic intermediate in essential 

carbon catabolic pathways, protein acetylation links metabolism to diverse cellular signaling 

pathways (Choudhary et al., 2014). 

H2
A 

H2
B 

H4 H3 
H3 H4 

HDAC 

Open chromatin 
Transcriptional activation 

H2A H2B 

H2
A 

H2
B 

H4 H3 
H3 H4 

H2A H2B HAT 

Closed chromatin 
Transcriptional repression 



  Introduction 
	

	 3	

 
Figure 2: Reactions of HDAC-mediated deacetylation and HAT-mediated acetylation. 
ADP: adenosine diphosphate; CoA: coenzyme A; NAD+: nicotinamide adenine dinucleotide; NAM: 
nicotinamide.  
 

Initially, HATs and HDACs were considered to target only histones; however, mass 

spectrometry-based investigations of the acetylome in various cell models revealed that such 

enzymes control the acetylation of a large and continuously growing list of many non-histone 

targets in different cellular compartments (Spange et al., 2009). Accordingly, lysine 

acetylation is a major PTM regulating many cytoplasmic and nuclear protein functions 

including enzymatic activity, subcellular localization and protein-protein interactions, and 

affecting a wide variety of vital cellular processes such as pluripotency, cellular signaling, 

protein turnover, cell differentiation and cell survival (Choudhary et al., 2014; Seidel et al., 

2014; Y.C. Wang et al., 2014).  

 

3. Histone acetyltransferases 

3.1. HAT classification and structure 

In mammals, over 30 HATs are categorized in two general classes according to their 

cellular localization: group A is primarily nuclear thus mainly carrying out transcription-

related acetylation, whereas group B is essentially cytoplasmic, acetylating de novo 

synthesized free histones, promoting their nuclear localization and deposition onto newly 

synthesized DNA. Despite a high diversity among HATs, such enzymes are further classified 

based on their functions, as well as sequence and structural similarities in five distinct 
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subfamilies: general control [GC]N5 related N-acetyltransferase (GNAT), cAMP response 

element-binding protein (CREB)-binding protein (p300/CBP), MYST (MOZ, Ybf2/Sas3, 

SAS2 and TIP60), TATA box-binding protein-associated factor 250 kDa (TAFII250) and 

steroid receptor cofactor (SRC)	(Spange et al., 2009; Friedmann et al., 2013). 

Each of these HAT subfamilies contains a structurally conserved core region that has little 

to no sequence homology between the different HAT subfamilies (Friedmann et al., 2013). 

Moreover, the different HAT subfamilies contain structurally divergent regions that flank the 

core region and also use different catalytic strategies to acetylate their substrates, which is 

involved in HAT-specific activities such as regulation by cofactor proteins and substrate-

specific binding (Yuan et al., 2013).  

 

3.2. HAT families 

The GNAT family is composed of KAT2A (GCN5, general control non-derepressible); 

KAT2B (PCAF, p300/CBP-associated factor); KAT1 (HAT1, histone acetyltransferase 1); 

elongator complex protein (ELP)3; establishment of cohesion N-acetyltransferase (ESCO)1 

and 2; chromodomain protein, Y-linked (CDY)1, 2A and 2B; CDY-like (CDYL) and L2; Nα-

acetyltransferase complex (NAT)10 as well as transcription factor IIIC (TFIIIC). Those 

enzymes are implicated in the deposition of histones on newly synthetized DNA strands 

(Burgess et al., 2010) and in DNA repair via homologous recombination (X. Yang et al., 

2013). PCAF is important for transcriptional initiation, ELP3 is involved in transcriptional 

elongation and HAT1 is implicated in histone deposition and telomeric silencing (Hawkes et 

al., 2002; Campos et al., 2010). NAT10 or arrest-defective-1 protein (ARD1) stimulates 

human telomerase reverse transcriptase (hTERT) transcription, increasing telomerase activity, 

and participates in the nuclear envelope formation at the end of mitosis.  

p300/CBP is composed of p300 and CBP, both possessing a bromodomain, which is an 

evolutionarily conserved protein module specifically recognizing acetyl-lysine residues and 

directing chromatin-associated proteins to acetylated histones. p300 seems to have the 

broadest substrate acceptance for histones and non-histone proteins (Kimura et al., 2005). 

Members of the MYST family, Esa1, type 1 interacting protein (TIP60), TAF250 serve as 

catalytic subunits in human acetylase binding to ORC1 (HBO1) and monocytic leukemia zinc 

finger protein/MOZ- related factor (MOZ/MORF) complexes (K.K. Lee et al., 2007).  

The enzymes SRC-1, translocation associated membrane protein (TRAM)-1/activator of 

thyroid and retinoic acid receptor (ACTR)/amplified in breast (AIB)1/p300/CBP co-

integrator-associated protein (pCIP)/Ras-related C3 botulinum toxin substrate (RAC3), SRC-
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3, transcriptional mediators/intermediary factor (TIF)-2, glutamate receptor-interacting 

protein (GRIP)1 and activating transcription factor (ATF)2 form the SRC family. 

Other enzymes are not classified in a family, such as alpha tubulin acetyltransferase 

(ATAT)1 responsible of α-tubulin acetylation (Friedmann et al., 2012). 

 

3.3. HAT functions 

HAT enzymes catalyze the highly dynamic transfer of an acetyl group from their co-

substrate, acetyl-coenzyme A, to the ε-NH2 group of the amino acid side chain of lysine 

residues. Many HATs show a distinct pattern of substrate specificity for histones and non-

histone proteins depending on the subunit composition of HAT complexes and the specific 

recruitment to the target sites of acetylation (Spange et al., 2009). 

 

4. Histone deacetylases 

4.1. Classification 

In mammals, 18 HDACs were identified and subdivided in four classes according to their 

catalytic activity, sequence similarity, and cellular localization (Table 1). Class I includes 

HDAC1, 2, 3, and 8; class II is divided in two subclasses: subclass IIa corresponds to 

HDAC4, 5, 7, and 9, and subclass IIb encompasses HDAC6 and 10; class III contains seven 

members, sirtuins (SIRT) 1 to 7; and class IV comprises only HDAC11 (de Ruijter et al., 

2003; Seto et al., 2014).  

Classes I, II, and IV metalloenzymes possess a zinc ion at the bottom of their catalytic 

pocket essential for the deacetylation reaction, whereas class III isoforms (sirtuins) depend on 

the cofactor nicotinamide adenine dinucleotide (NAD+) for their catalytic activity. Members 

of classes I and IIa are characterized by a single deacetylase domain at their C-terminus, 

whereas class IIb enzymes, HDAC6 and 10, also present a second deacetylase domain on 

their N-terminus that is only active in HDAC6	 (Seto et al., 2014). Notably, the substrate 

specificity of HDAC isoforms may be influenced by the amino acid sequence of the substrate, 

second site modifications of the peptidic substrate sequence, as well as other proteins 

interacting with HDACs within transcriptional co-repressor complexes (Riester et al., 2007). 

Class I and II HDACs show homology to yeast reduced potassium dependency (Rpd)3 

and yeast histone deacetylase (Hda)1, respectively (Gregoretti et al., 2004). Ubiquitously 

expressed class I enzymes are mainly detected in the nucleus of cells owing to the presence of 

a nuclear localization signal (NLS). Except HDAC9 and HDAC10, class II isoenzymes 

possess both a NLS and a nuclear export signal (NES), conferring them with the remarkable 
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capability to shift back and forth between the nucleus and the cytoplasm. Notably, the 

expression of class IIa HDAC is tissue specific. The only member of class IV, HDAC11, is 

homologous to class I and II HDACs. Class III members, known as sirtuins by analogy with 

the yeast silent information regulator 2 (Sir2), can be located either in the nucleus, 

mitochondria, or cytoplasm (Gregoretti et al., 2004; Florean et al., 2011). 

 

Table 1: HDAC isoenzymes. 

Family Class Protein 
(S. cerevisiae) 

Subclass Protein 
(human) 

Cellular 
localization 

Chromosomal 
localization 

Histone 
deacetylase 

I Rpd3, Hos1, 
Hos2, Hos3 

NA HDAC1 
HDAC2 
HDAC3 
HDAC8 

Nuclear 
Nuclear 
Nuclear 
Mainly nuclear 

1p34 
6q21 
5q31 
Xq13 

II Hda1 Class IIa HDAC4 
HDAC5 
HDAC7 
HDAC9 

Nucleo-
cytoplasmic 
shuttle 
Nuclear 

2q37.3 
17q21 
12q13.1 
7p21.1 

Class IIb HDAC6 
 
HDAC10 

Mainly 
cytoplasmic 
Nuclear and 
cytoplasmic 

Xp11.23 
 
22q13.31 

IV  NA HDAC11 Nuclear 3p25.1 

Sir2 
regulator 

III Sir2, Hst1, 
Hst2, Hst3, 
Hst4 

I SIRT1 
SIRT2 
 
SIRT3 

Mainly nuclear 
Nuclear and 
cytoplasmic 
Mitochondrial 

10q21.3 
19q13 
 
11p15.5 

II SIRT4 Mitochondrial 12q 
III SIRT5 Mitochondrial 6p23 
IV SIRT6 

SIRT7 
Nuclear 
Mainly nuclear 

19p13.3 
17q25 

Hda: yeast histone deacetylase, HDAC: histone deacetylase, NA: non-applicable, Rpd: yeast reduced 
potassium dependency, Sir: yeast silent information regulator, SIRT: sirtuin. 
 

4.2. Regulation of HDAC activities 

Very few studies report the transcriptional and/or post-transcriptional mechanisms 

implicated in the regulation of HDAC expression. For instance, the transcription factor Yin 

Yang (YY)1, involved in cancer progression, promotes HDAC1 expression by binding to its 

promoter (Dong et al., 2017). In addition, selected regulatory microRNAs (miR) govern 

HDAC expression levels	(Kim et al., 2015). HDAC enzymatic activities are highly regulated 

at the post-translational level. Two well-characterized mechanisms of HDAC regulation are 

protein-protein interactions within stable large multi-subunit complexes and PTMs such as 
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phosphorylation, sumoylation, acetylation, ubiquitination and glycosylation. Moreover, the 

regulation of some HDAC activities includes also subcellular localization, alternative RNA 

splicing, proteolytic processing and availability of metabolic cofactors (Seto et al., 2014).  

Examples of HDAC regulation by protein-protein interaction were reported in studies on 

class I HDACs. At least three distinct multi-protein complexes called the CoREST, the 

NuRD, and the Sin3 complexes function as recruitment platforms for HDAC1 and HDAC2 

(Ayer, 1999). In addition, HDAC3 exists in a complex constituted of silencing mediator for 

retinoid or thyroid-hormone receptor (SMRT) and nuclear receptor co-repressor (N-CoR) 

(Wen et al., 2000).  

All HDACs possess phosphorylation sites targeted by specific kinases, and their status of 

phosphorylation, which is the most extensively studied PTM for controlling HDAC 

functionality, affects enzymatic activity and protein complex formation. Regarding class I 

HDACs, phosphorylation enhances HDAC1-3 activities, but inhibits HDAC8 (de Ruijter et 

al., 2003; Seto et al., 2014). The enzymatic activity of phosphorylated class IIa HDAC4 is 

modulated partly through subcellular localization, as the binding of 14-3-3 proteins to 

phosphorylated HDAC4 results in its cytoplasmic sequestration (Z. Wang et al., 2014).  

 

4.3. HDAC and cancer 

Disruption of the functional acetylation pattern contributes to tumorigenesis. Accordingly, 

HDAC overexpression is usually detected in cancer, resulting in a global hypoacetylation. 

Alternatively, mutations in the sequences encoding HDAC isoforms are detected in different 

cancer subtypes leading to a loss of function of the mutated isoform or a disruption of its 

cellular localization (Clocchiatti et al., 2011). A third mechanism involves fusion proteins 

responsible for an aberrant recruitment of HDACs to target gene promoters, leading to 

deregulation of gene transcription that may involve both an abnormal silencing of tumor 

suppressor genes (TSGs) and activation of developmental genes that sustain cancer 

progression. Moreover, aberrant activation or overexpression of HDACs promotes 

tumorigenesis via the arrest of normal hematopoietic cell differentiation (Florean et al., 2011; 

Seidel et al., 2012a).  

Class IIa HDACs reportedly display a weak catalytic activity in vitro, and their presence 

in complexes with other HDACs suggests a recruitment function (Lahm et al., 2007; Jones et 

al., 2008). Therefore, the following chapters will describe some examples of the implications 

of class I HDACs in tumorigenesis, and the roles of class IIb HDAC6 in cancer will be 

described with more details in chapter 6.4.  



Introduction   
	

8	

4.3.1. Cellular proliferation 

Cyclin-dependent kinase inhibitor 1A (CDKN1A, p21) promotes cell-cycle arrest 

primarily by binding to and inhibiting cyclin/cyclin-dependent kinase (CDK) complexes 

(Abbas et al., 2009). Multiple HDACs repress p21 transcription through deacetylation of 

histones H3 and H4 in its promoter region (Richon et al., 2000). In normal development, loss 

of HDAC1 activity causes early embryonic lethality due to a lack of proliferation caused by 

increased p21 expression (Lagger et al., 2002). Many cancer cell types overexpress HDAC1, 

HDAC2, and/or HDAC3 as compared to the normal counterpart, which correlates with 

lowered p21 expression (Halkidou et al., 2004; Hrzenjak et al., 2006; Wilson et al., 2006).  

In addition, the loss of tumor suppressor scaffold/matrix attachment region binding 

protein (SMAR)1 in cancer correlates with overexpression of the cell cycle activator cyclin 

D1. SMAR1 normally binds to cyclin D1 promoter and recruits the HDAC1/mSin3 repression 

complex, leading to reduced cyclin D1 expression through histone deacetylation and 

restrained cell growth (Rampalli et al., 2005). 

Furthermore, HDAC1-containing complexes interact with and induce deacetylation of the 

tumor suppressor p53 at C-terminal lysine residues K320, K373 and K382, strongly reducing 

p53 stability and transcriptional activity, thereby reversing p53-mediated cell growth arrest, 

senescence and apoptosis (Reed et al., 2014).  

HDAC1 is also associated with Sp1/Sp3 at the promoter of transforming growth factor 

(TGF)β receptor (TGF-βR)I, decreasing histone H3 and H4 acetylation levels. The subsequent 

loss of TGF-βRI expression, frequently observed in many cancer types, renders tumor cells 

unresponsive to TGFβ allowing unfettered cell growth (Ammanamanchi et al., 2004).  

 

4.3.2. Hematopoietic differentiation 

Chromosomal translocations in leukemia and lymphoma often result in an aberrant HDAC 

recruitment to regulatory regions of promoters, preventing the appropriate expression of target 

genes involved in differentiation. For instance, the oncogenic fusion protein promyelocytic 

leukemia (PML)-retinoic acid receptor (RAR)α resulting from the t(15;17) translocation is the 

main driver of acute promyelocytic leukemia (APL) development. Accordingly, different 

class I HDAC-containing repressor complexes associate with PML-RARα, which leads to the 

blockage of physiological all trans retinoic acid (t-RA) signaling, thereby preventing complete 

remission (Puccetti et al., 2004). Additionally, the chimeric protein runt-related transcription 

factor (RUNX)1-ETO, product of the t(8;21) translocation, interacts with HDAC1-3 as well 

as the co-repressors mSin3a, SMRT and N-CoR, preventing transcription of target genes 
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implicated in myeloid differentiation, thus allowing for continued proliferation of 

undifferentiated progenitor cells and initiation of acute myeloid leukemia (AML) (Lam et al., 

2012).  

 

4.3.3. Angiogenesis and metastasis 

Hypoxic regions of tumors increase HDAC1 expression and activity, resulting in 

enhanced angiogenesis via the repression of the tumor suppressor genes p53 and von Hippel–

Lindau (VHL), and associated with the induction of genes promoting new vessel formation 

such as hypoxia-inducible factor (HIF)-1α and vascular endothelial growth factor (VEGF). 

Casein kinase (CK)2 may be a key mediator for HDAC activation under hypoxia through 

increased protein phosphorylation (Pluemsampant et al., 2008). 

Class I HDACs are involved in the loss of extracellular matrix-related gene expression. 

For instance, HDAC1 inhibits the expression of cystatin, a peptidase inhibitor that suppresses 

tumor invasion (Whetstine et al., 2005). In addition, the repressor Snail recruits HDAC1 and 

HDAC2, as well as the co-repressor mSin3A to the E-cadherin promoter, directly silencing its 

gene expression, which is essential to lower cell–cell adhesion and stimulate the invasiveness 

of cells (Peinado et al., 2004). Similarly, the HDAC3 and peroxisome proliferator-activated 

receptor (PPAR)γ complex repress E-cadherin gene transcription through binding to its 

promoter in prostate cancer cells (Annicotte et al., 2006). Furthermore, HDAC inhibitors 

(HDACi) down-regulate the expression of the C-X-C chemokine receptor (CXCR)4 in acute 

lymphocytic leukemia (ALL) cells, resulting in impaired cell migration (Crazzolara et al., 

2002). Importantly, the HDACi-mediated increase in intercellular adhesion molecule 

(ICAM)1 expression on tumor-derived endothelial cells prevents the escape of tumor cells 

from the immune response by restoring leukocyte-vessel wall interactions and leukocyte 

infiltration into the tumors (Hellebrekers et al., 2006). 

 

5. HDAC inhibitors 
Owing to the reversible nature of epigenetic modifications, considerable efforts have been 

undertaken to generate small molecules inhibiting proteins involved in epigenetic regulation 

like HDACs. Thus, over the years, HDACi have become a promising strategy for the 

treatment of multiple malignancies (Florean et al., 2011; Seidel et al., 2015). 

 

5.1. Classification and structure 

Based on their chemical structures, HDACi were initially sub-divided in five classes, 
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namely hydroxamic acids, carboxylates (short-chain fatty acids), benzamides, depsipeptides 

and cyclic peptides (Li et al., 2013; P.H. Yang et al., 2013). Moreover, a long list of other 

compounds with a broad range of chemical structures was reported to inhibit HDAC 

activities. A multitude of these HDACi was discovered in nature, whereas derivatives have 

been synthesized by rational design or the modification of natural compounds (Losson et al., 

2016). Although most of them are pan-HDACi (i.e. targeting multiple non-sirtuin HDACs), 

an increasing number of molecules are designed to be selective for one class or even for a 

single isoform (Seidel et al., 2012a).  

Three domains characterize the prototypical pharmacophoric model shared by HDACi 

(Figure 3): the zinc binding group (ZBG), which is a metal-binding moiety that chelates the 

catalytic zinc ion; the hydrophobic linker region that mimics the substrate’s lysine chain and 

fits the catalytic site channel; and the cap group that blocks the access of the substrate to the 

active site by targeting the channel rim, mainly responsible for HDAC isoform selectivity (Li 

et al., 2013). HDACi specificity arises not only from interactions with residues in the cap 

region, which is adjacent to the catalytic site (Bertrand, 2010; Li et al., 2013), but also from 

π-π interactions (Ahamed et al., 2016). 

HDACi mainly exert their inhibitory effect by chelating the zinc cofactor, which is 

stabilized by two aspartate and one histidine residues at the active site of the enzyme. Despite 

toxicity due to non-specific metal binding, hydroxamic acid is the most commonly used ZBG 

for its strong coordination of the zinc ion. In addition, the sulfhydryl group exposed upon 

reduction of the depsipeptide disulfide bond is also a potent zinc chelator. In benzamides, the 

amino group is responsible for the chelation of the zinc ion but the distance between the 

carbonyl oxygen and zinc indicates weak interactions. Nevertheless, introduction of novel 

ZBGs is still necessary for improving the pharmacokinetic and safety issues of current 

HDACi (Wu et al., 2011; Zhang et al., 2018).  
 

  
Figure 3: Prototypical pharmacophoric model of HDAC inhibitors (HDACi). 
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5.2. Consequences of HDAC inhibition 

The inhibition of HDAC enzymes in cancer cells leads to hyperacetylation of histone and 

non-histone proteins, resulting in various anticancer properties through many different 

mechanisms (Figure 4) (Mrakovcic et al., 2019). Interestingly, deacetylation of histones H3 

and H4 was reported in genomic regions close to transcription start sites of genes down-

regulated upon HDACi exposure, suggesting that such therapeutic compounds may display 

additional mechanisms of action (Rada-Iglesias et al., 2007). 

Some HDACi display the potency to restore impaired differentiation processes in certain 

tumor types (Schnekenburger et al., 2006), whereas others inhibit aberrant cell-cycle 

progression through increased p21 expression levels (Kumagai et al., 2007). In addition, 

many HDACi induce apoptotic cell death via the restoration of apoptotic pathways, and the 

transcriptional induction or inhibition of pro-apoptotic (e.g. BIM) or anti-apoptotic (e.g. 

survivin) proteins, respectively (Bhatnagar et al., 2009; Xargay-Torrent et al., 2011). 

Furthermore, DNA damage induction implicated in HDACi toxicity toward transformed cells 

has been imputed to reactive oxygen species (ROS) generation (Rosato et al., 2008). 

Accordingly, HDAC inhibition may result in the up-regulation of thioredoxin (Trx) binding 

protein (TBP)2, which binds and inhibits the activity of the ROS antioxidant scavenger Trx 

(Xu et al., 2007). Lethal consequences of ROS production may be strengthened by HDACi 

that interfere with DNA repair processes via the acetylation or transcriptional down-

regulation of DNA repair proteins such as Ku70 or RAD50, respectively (Miller et al., 2010). 

Finally, some HDACi promote endoplasmic reticulum (ER) stress via 78 kDa glucose-

regulated protein (GRP78) acetylation (Rao et al., 2010) or disruption of the aggresome 

pathway (Nawrocki et al., 2006). Such compounds also induce autophagy by inhibiting 

mammalian target of rapamycin (mTOR) (Mrakovcic et al., 2019) or acetylating autophagy-

related proteins (ATGs) for instance (Banreti et al., 2013). Notably, HDACi usually target 

preferentially cancer cells with moderate effects on normal cells (Seidel et al., 2014). 

The nature of response induced by HDACi in cancer cells, as well as the molecular 

mechanisms underlying HDACi-mediated anticancer effects seem to depend on the cancer 

context, along with the HDAC inhibitory profile, the concentration and the time of exposure 

to the inhibitor. In order to facilitate the comprehension, only the cellular processes 

mentioned in the results will be shortly described in the following chapters. 
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Figure 4: Consequences of HDAC inhibition. 
Through the inhibition of HDACs targeting numerous histone and non-histone proteins, pan-HDAC 
inhibitors (HDACi) display many anticancer properties. Trx: thioredoxin; TBP: Trx binding protein. 
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5.2.1. ER stress 

The ER is an essential intracellular organelle of the secretory pathway involved in the 

synthesis, folding, post-translational modifications, and transport of proteins (Cao et al., 

2012). Upon impairment of ER function by physiological and pathological insults, immature 

defective proteins accumulate within this sensitive organelle, triggering a condition called ER 

stress. In response to stress, the ER initiates a tightly orchestrated collection of intracellular 

signal transduction reactions, termed the unfolded protein response (UPR), in attempt to 

restore protein homeostasis (Senft et al., 2015).  

The UPR restructures transcriptional, translational and degradation pathways in order to 

resolve protein misfolding disorders. These actions are accomplished through the activation 

of three trans-membrane ER sensor proteins, namely protein kinase RNA-like ER kinase 

(PERK), inositol-requiring enzyme (IRE)-1α and ATF6, with distinct but overlapping 

functions (Figure 5). Under physiological conditions, the luminal domains of PERK and 

ATF6 proteins are bound to the ER resident chaperone GRP78, which keeps them inactive. 

When misfolded proteins accumulate in the ER, GRP78 is released from these complexes to 

assist with the proper folding of accumulated proteins, resulting to the activation of the two 

ER sensor proteins. In contrast to PERK and ATF6, IRE1α activation is GRP78-independent 

but requires the direct binding of unfolded proteins to its luminal domain (Adams et al., 

2019). Upon activation, the UPR modulators PERK, IRE1α and ATF6 induce signal 

transduction events that alleviate the accumulation of misfolded proteins in the ER by (i) 

increasing transcriptional activation of cytosolic and ER-resident chaperones such as GRP78 

or the heat shock protein (HSP)90-like protein GRP94, (ii) inhibiting protein entry into ER by 

arresting messenger RNA (mRNA) translation, and (iii) stimulating retrograde transport of 

misfolded proteins from the ER into the cytosol for ubiquitination and destruction by a 

process named ER-assisted degradation (Sano et al., 2013; Bruning et al., 2015; Kaneko et 

al., 2017). The timing of induction of UPR pathways and their mutual interactions are 

important issues and ultimately determine the cell response to stress. If the UPR fails to 

reestablish ER homoeostasis, ER stress causes cell dysfunctions leading to cell death 

(Lindholm et al., 2017). 
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Figure 5: ER stress induction elicits UPR signaling pathways.  
Three ER stress sensors [protein kinase RNA-like ER kinase (PERK), activating transcription factor 
(ATF)6, and inositol-requiring enzyme (IRE)-1α] initiate UPR signaling. Upon sensing the presence 
of unfolded or misfolded proteins, IRE-1α undergoes dimerization and autophosphorylation to become 
active, resulting in the splicing of X-box binding protein (XBP)-1 mRNA. Spliced XBP-1 mRNA 
encodes a transcription factor that up-regulates a wide range of UPR target genes, including genes that 
orchestrate ER-assisted degradation or protein folding. When activated through oligomerization and 
autophosphorylation, PERK directly phosphorylates the Ser51 of the α subunit of eukaryotic initiation 
factor (eIF)2, which then subsequently prevents the formation of ribosomal initiation complexes 
leading to global mRNA translational attenuation. In contrast, some mRNAs, such as the one encoding 
ATF4, require eIF2α phosphorylation for translation. The transcription factor ATF4 regulates several 
UPR target genes including those involved in ER stress-mediated apoptosis such as 
CCAAT/enhancer-binding protein homologous protein (CHOP). Upon ER stress conditions, ATF6α 
transits to the Golgi, where it is cleaved by site 1 and site 2 proteases, generating an activated β-ZIP 
factor. This processed form of ATF6α translocates into the nucleus to activate UPR genes involved in 
protein folding, processing, and degradation.  
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5.2.2. Autophagy 

Macro-autophagy (or autophagy) is an evolutionarily ancient catabolic process, highly 

conserved across eukaryotic cells for degradation and recycling of cellular components (Levy 

et al., 2017). The two types of autophagy are referred to as (i) non-selective autophagy, a bulk 

degradation pathway responsible for the clearance of long-lived or aggregated proteins, as 

well as excess, unneeded or damaged organelles, and (ii) selective autophagy that recognizes 

and removes specific cargos (Farre et al., 2016). In both types, the autophagic process begins 

with the expansion of a unique membrane, called phagophore or isolation membrane, through 

the activity of specific autophagy effectors (Figure 6). The nascent membrane then engulfs a 

portion of cytoplasm including soluble proteins, aggregates or organelles. Complete 

sequestration of cytoplasmic constituents within the elongating phagophore eventually results 

in formation of an autophagosome, a double membrane-bounded vesicle. On the 

autophagosomal inner membrane, MT-associated protein 1 light chain (LC)3 under its 

phosphatidylethanolamine (PE)-conjugated form reportedly functions as a receptor for 

sequestosome (SQSTM)1, a selective substrate that binds to LC3, as well as specific cargos 

via its ubiquitin-binding domain, and is preferentially degraded by autophagy. The 

autophagosomal structure then moves along microtubules towards lysosomes for fusion, 

leading to autophagolysosome formation. The inner membrane of the autophagosome and the 

cytoplasm-derived materials packed into the autophagosome are finally degraded by 

lysosomal hydrolytic enzymes such as lipases, proteases and nucleases (Levy et al., 2017; 

Singh et al., 2018).  

Diverse physiological purposes of autophagy have been described, including the 

maintenance of cellular homeostasis and quality control of cytoplasmic components, as well 

as the utilization of degradation products, which are recycled back to the cytoplasm as 

monomeric units for macromolecular synthesis and/or energy production (Singh et al., 2018). 

Consequently, defects in autophagic elimination of cellular contents are associated with 

various pathologies, including cancer (Kroemer, 2015). Although autophagy is frequently 

demonstrated as a survival mechanism for tumor cells, many reports highlight autophagy as a 

tumor suppressor process depending on cell type, properties of drug, as well as duration of 

treatment. For instance, allelic loss of beclin 1, a subunit of the class III phosphoinositide 3-

kinase (PI3K) complex, promotes tumorigenesis (Qu et al., 2003). 
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Figure 6: Autophagic machinery.  
Depending on the signal transduced to mammalian target of rapamycin complex 1 (mTORC1) through 
various pathways including phosphoinositide 3-kinase (PI3K)/AKT, mitogen-activated protein kinase 
(MAPK)/extracellular signal-regulated kinase (ERK), or adenosine monophosphate (AMP)-activated 
protein kinase (AMPK), the induction of autophagic flux starts with the assembly of Unc-51 like 
autophagy activating kinase (ULK)1 complex comprising ULK1 and 2, proteins encoded by 
autophagy-related protein (ATG)13 and 101, and FAK family kinase-interacting protein of 200 kDa 
(FIP200). ULK1-mediated phosphorylation events regulate autophagy. Concomitantly, membranes of 
various organelles contribute to the formation of an isolation membrane known as the phagophore. 
Nucleation of the isolation membrane involves class III PI3K complex constituted of beclin 1, 
ATG14, vacuolar protein sorting (VPS)34 and 15, activating molecule in beclin 1-regulated autophagy 
protein (AMBRA)1, UV radiation resistance associated protein (UVRAG). This complex assembly is 
promoted by ULK1 complex translocation to the phagophore. Beclin 1 inhibitors block the autophagic 
process at that stage. Elongation of the isolation membrane is driven by ATG12–ATG5 conjugation 
mediated by ATG7 and 10, as well as microtubule-associated protein 1 light chain (LC)3 processing. 
Cytoplasmic LC3-I is cleaved by ATG4B to generate a C-terminal-exposed glycine residue to which 
ATG7 and 3 conjugate a phosphatidylethanolamine (PE) moiety. Lipidated LC3-II is then recruited to 
the autophagosomal membranes. Sequestration of cargo bond to sequestosome (SQSTM)1 and closure 
of the membrane result in the completion of double-membrane autophagosome, which fuse with 
lysosomes to form single-membrane autolysosomes. Lastly, enzymatic degradation of cargo inside 
lysosomes is followed by release of biomolecules in the cytosol for reuse. Late-stage autophagy 
inhibitor bafilomycin A1 prevents the fusion between autophagosomes and lysosomes via vacuolar 
H+-ATPase inhibition. Adapted from (Levy et al., 2017). 
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5.2.3. Apoptosis 

Apoptosis is a programmed cell death first described by Kerr et al. (Kerr et al., 1972), and 

characterized by specific morphological and biochemical changes of dying cells, including 

cell shrinkage, nuclear condensation and fragmentation, dynamic membrane blebbing and loss 

of adhesion to neighbours or to extracellular matrix. Three apoptotic pathways exist: the 

extrinsic pathway via the activation of cell death receptor by an extracellular ligand, the 

intrinsic pathway induced by DNA damage, for example, and the granzyme pathway triggered 

by the entrance of granzyme B into the cytoplasm (Figure 7) (Taylor et al., 2008).  

To trigger the extrinsic pathway, extracellular death ligands engage their cognate plasma-

membrane death receptor, leading to the formation of death-inducing signaling complex 

(DISC), which promotes the auto-processing and activation of initiator caspases 8 and 10. 

Active caspase 8 then proteolytically processes and activates executioner caspases 3 and 7. In 

some cases, the extrinsic pathway can also crosstalk with the intrinsic pathway, via caspase 8-

mediated cleavage of pro-apoptotic BH3 interacting domain death agonist (BID). Truncated 

form t-BID is required for oligomerisation of B-cell lymphoma (BCL)-2-associated X protein 

(BAX) and BCL-2 homologous antagonist/killer (BAK), promoting mitochondrial 

cytochrome c release (Taylor et al., 2008; Czabotar et al., 2014). In the intrinsic pathway, 

diverse cytotoxic stimuli provoking cell stress or damage typically activate one or more 

members of the BH3-only family members. When the inhibitory effect of the pro-survival 

BCL-2 proteins is overcome, the assembly of BAK–BAX oligomers is enabled within 

mitochondrial outer membranes. These oligomers drive mitochondrial permeabilization, 

allowing the efflux of cytochrome c into the cytosol. On release from mitochondria, 

cytochrome c can seed apoptosome assembly, which is composed of cytochrome c, pro-

caspase 9 and apoptotic peptidase activating factor (APAF)-1. Active caspase 9 then 

propagates a proteolytic cascade of further caspase activation events, such as the cleavage of 

executioner caspases 3, 6 and 7. Finally, the degradation of inhibitory protein inhibitor of 

caspase-activated DNAse (iCAD) by caspases allows the activation and nuclear translocation 

of the nuclease CAD that induces DNA fragmentation (Czabotar et al., 2014).  

Among proteins implicated in the regulation of apoptotic mechanisms, two main families 

have been characterized. The first one is BCL-2 family divided in three classes: anti-apoptotic 

proteins [BCL-2, BCL-extra large (BCL-xL), BCL-W, myeloid cell leukemia (MCL)-1, 

DIVA...], multi-domain pro-apoptotic proteins (BAX, BAK, BOK...), and BH3-only pro-

apoptotic proteins (BID, BAD, BIK, BIM, NOXA, PUMA...). The second family is the 

inhibitor of apoptosis (IAP) family composed of proteins such as X-linked inhibitor of 
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apoptosis protein (XIAP), cIAP or survivin (Taylor et al., 2008). 

 

  
Figure 7: Apoptosis pathways.  
Apoptosis, or programmed cell death, is triggered by various stimuli, leading to the activation of the 
intrinsic, extrinsic or granzyme pathways. APAF: Apoptotic protease activating factor, BAK: BCL-2 
homologous antagonist/killer, BAX: BCL-2-associated X protein, BID: BH3 interacting domain death 
agonist, iCAD: inhibitor of caspase-activated DNAse, Casp: caspase, FADD: Fas-associated protein 
with death domain, IAP: inhibitor of apoptosis protein. Adapted from (Taylor et al., 2008). 
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Importantly, mitochondrial calcium overload, due to acute release of this sensitizing 

signal from the ER for instance, is one of the pro-apoptotic mechanisms inducing the swelling 

of mitochondria, with perturbation or rupture of the outer membrane, and in turn the release 

of mitochondrial apoptotic factors into the cytosol (Giorgi et al., 2012; Sano et al., 2013) 

 

5.3. Most common HDACi 

Many pan-HDACi have been developed in the last years, some of which have entered 

clinical trials and are currently investigated in different phases against a variety of diseases, 

including different types of cancer [reviewed in (Schnekenburger et al., 2016)]. 

Hematological malignancies reacted well to most of the pan-HDACi already tested clinically, 

but the efficacy on solid tumors was disappointingly poor and also associated with intolerable 

side effects (Bruning et al., 2015).  

Besides studies using HDACi as a single agent, a growing number of completed or 

ongoing clinical trials employ HDACi in combination with other chemotherapeutic drugs in 

order to achieve improved anticancer activities (Seidel et al., 2012a). Thus, the combination 

of ‘classical’ anticancer agents with epigenetic modulators appears to be a promising future 

strategy against cancer (Seidel et al., 2015). 

 

5.3.1.  “Short-chain fatty acid” family: sodium butyrate and valproic acid 

Within the class of short-chain fatty acids, the two most characterized HDACi are 

valproic acid (VPA) and sodium 4-phenylbutyrate (Seidel et al., 2012a). The latter is derived 

from sodium butyrate, a prototypical compound of the “short-chain fatty acid” family initially 

reported to induce differentiation in cultured erythroleukemic cells (Leder et al., 1975) and 

whose short half-life limits its therapeutic application (Florean et al., 2011). Sodium 4-

phenylbutyrate shows selective toxicity against leukemia cells compared to healthy blood 

cells (Batova et al., 2002) and underwent a phase II trial for the treatment of pediatric brain 

tumors (www.clinicaltrials.gov). VPA, a branched derivative of valeric acid, is commonly 

used for its antiepileptic properties (Chateauvieux et al., 2010) and shows selective inhibition 

against class I and IIa HDACs. Moreover, VPA induces the differentiation of AML cells and 

increases responsiveness of Philadelphia-positive chronic myeloid leukemia (CML) and 

promyelocytic leukemia (PML) cell lines to cytarabine (N. Liu et al., 2016). This compound 

was tested in a phase I trial for the treatment of solid tumors and central nervous system 

tumors in children (Su et al., 2011), and in a phase II trials for treatments in combination with 

5-azacytidine in hematological malignancies (Schnekenburger et al., 2016). 
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5.3.2. “Benzamide” family: MS-275 and MGCD103 

The group of benzamides, a class of molecules showing specificity for class I HDACs, 

comprises mainly MS-275 (Entinostat) and MGCD0103 (Mocetinostat) (Seidel et al., 2012a). 

Both of them have entered clinical trials against hematological malignancies and some solid 

tumors. Indeed, MS-275 and MGCD0103 were evaluated in two clinical phase II trials for the 

treatment of patients with refractory chronic lymphocytic leukemia (CLL) and metastatic 

melanoma, respectively (Hauschild et al., 2008; Blum et al., 2009). Moreover, MS-275 was 

used together with 5-azacytidine to generate improved cytotoxic effects against AML and 

ALL (Gao et al., 2008). Interestingly, MGCD0103 possesses two main advantages: an oral 

mode of administration and a long half-life, the latter allowing less frequent drug 

administration but preventing dose escalation or re-treatment (Seidel et al., 2012a). Treatment 

with MS-275 did not achieve any objective responses. However, MS-275 could be evaluated 

as part of a combination therapy to enhance its efficacy (Schnekenburger et al., 2016). 

 

5.3.3. “Hydroxamic acid” family: SAHA, PXD101 and LBH589 

The group of hydroxamate-based HDACi contains several compounds tested in clinical 

trials. Suberoylanilide hydroxamic acid (SAHA; vorinostat) is a pan-HDACi approved by the 

Food and Drug Administration (FDA) in 2006 for the treatment of cutaneous T-cell 

lymphoma (CTCL) (Duvic et al., 2007). Moreover, SAHA has been tested in phase II clinical 

trials against numerous solid cancer types, including breast cancer (Luu et al., 2008), non-

small cell lung cancer (Traynor et al., 2009), ovarian epithelial cancer (Modesitt et al., 2008), 

primary peritoneal cavity cancer and thyroid cancer (Woyach et al., 2009). Two other 

compounds belonging to the class of hydroxamic acids recently obtained FDA approval: 

PXD101 (belinostat) was approved in 2014 for the treatment of patients with relapsed or 

refractory peripheral T-cell lymphoma (PTCL) (Bodiford et al., 2014) and LBH589 

(panobinostat) was approved in 2015 for patients with multiple myeloma (MM) who received 

at least two prior regimens including the proteasome inhibitor bortezomib and an 

immunomodulatory agent (Atadja, 2009; Wahaib et al., 2016). In addition, both LBH-589 and 

PXD101 have undergone different phase clinical trials for the treatment of solid and non-solid 

tumors (Giles et al., 2006; Steele et al., 2008; Ramalingam et al., 2009). 

 

5.3.4. “Depsipeptide” family: FK228 

The depsipeptide FK228 (romidepsin), an epigenetic drug from natural origin, received 
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FDA approval in 2009 for the treatment of CTCL based on two studies, sponsored by 

Gloucester Pharmaceuticals Incorporated and the National Cancer Institute, which highlighted 

the benefits of using FK228, including a response rate of approximately 35%, the duration of 

the response, as well as low and reversible toxicity (Whittaker et al., 2010). Notably, FK228 

has undergone phase II clinical trials for various solid cancers including metastatic breast 

cancer, metastatic renal cell carcinoma, ovarian epithelial or peritoneal cavity cancer, prostate 

cancer and small cell lung cancer (SCLC) (Seidel et al., 2012a). 

The four compounds that have received FDA approval (Figure 8) are class I selective 

(FK-228) or pan-HDAC inhibitors (SAHA, LBH-589, and PXD-101).  

 

 
Figure 8: Molecular structures of Food and Drug Administration-approved HDAC inhibitors.  
SAHA: suberoylanilide hydroxamic acid. 
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6. The isoenzyme HDAC6 

Over the past few years, there has been a significantly increasing interest for the class II 

deacetylase HDAC6 due to its critical role in multiple biological functions through 

deacetylase-dependent and -independent mechanisms regulating many vital cellular 

regulatory processes essential to cell growth, migration and survival. Despite its key 

implication in cell homeostasis, the regulation of HDAC6 as well as its substrate interactions 

and specific functions are not totally unraveled yet (L. Zhang et al., 2015). 

 

6.1. From gene expression to protein structure 

The gene coding for HDAC6 covers 21923 base pairs on chromosome X p11.22–23 

(Voelter-Mahlknecht et al., 2003) and its transcription results in a 3648-bp mRNA 

encompassing 28 exons. Within its promoter, binding sites for nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB) and the glucocorticoid receptor (GR) were 

identified (Ding et al., 2013). In addition, the transcription of HDAC6 is regulated by 

epigenetic mechanisms. Commonly, DNA hypermethylation correlates with heterochromatin 

formation and transcriptionally inactive genes. Accordingly, higher methylation levels of the 

CpG islands of the HDAC6 promoter are associated with lower HDAC6 mRNA expression in 

systemic lupus erythematosus patients (Fang et al., 2016), whereas promoter hypomethylation 

is associated with HDAC6 overexpression in patients with chronic obstructive pulmonary 

disease (Lam et al., 2013). Moreover, HDAC6 expression is also down-regulated by miR 

such as miR-22 (Sibbesen et al., 2015), -433 and -548 (Seidel et al., 2015), which post-

transcriptionally target the 3’-untranslated region of HDAC6 mRNA. 

HDAC6 is a structurally unique isoenzyme of the HDAC family as it is the only member 

harboring two potentially functional active sites (Figure 9). From N-terminal to C-terminal, 

this enzyme is composed of the following domains: a NLS rich in arginine and lysine 

sequences; a leucine-rich NES; two catalytic sites, deacetylase domain (DD)1 and 2 (Hubbert 

et al., 2002); a cytoplasmic retention signal called SE14, which is a repeated sequence of 

eight consecutive Ser-Glu tetradecapeptides (Bertos et al., 2004); and a zinc finger ubiquitin-

binding domain (BUZ) (Seigneurin-Berny et al., 2001) that binds poly-ubiquitinated 

misfolded proteins through the C-terminal Gly-Gly residues of ubiquitin (Pai et al., 2007). Up 

to now, it is controversial whether both DD1 and DD2 of HDAC6 are fully functional. Initial 

studies reported that both domains are catalytically active toward histone substrates, with only 

DD2 displaying tubulin deacetylase activity (Haggarty et al., 2003), whereas more recent 

studies suggested that only DD2 is catalytically active (Zou et al., 2006). In 2016, 
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crystallographic structures of both catalytic domains of zebrafish HDAC6, and of human DD2 

were reported. The two catalytic domains are structurally highly conserved with a similar 

active site. In zebrafish, both DD1 and DD2 are functional, although DD1 has a weaker 

activity and displays much more stringent selectivity towards substrates bearing C-terminal 

acetyl-lysine residues (Hai et al., 2016; Y. Liu et al., 2016). Despite several dissimilarities 

between zebrafish and human HDAC6 proteins, an overall analysis revealed that the structure 

of zebrafish HDAC6 is a valid model to characterize the human enzyme (Miyake et al., 

2016).  

 

 
Figure 9: Schematic structure of HDAC6.  
Figure adapted from (Li et al., 2013). DD: Deacetylase domain; DMB; Dynein motor binding; NLS: 
Nuclear localization sequence; NES: Nuclear export sequence; SE14: Cytoplasmic retention domain; 
BUZ: Ubiquitin binding domain. 
 

6.2. Regulation of HDAC6 activity 

Multiple levels of regulation are required to achieve well-tuned HDAC6 activity. The first 

one is related to its localization within cells. In undifferentiated cells (e.g. embryonic stem 

cells, neuronal cells and some cancer stem cell lines), HDAC6 is mainly localized in the 

nucleus where it regulates TIP60-p400, a chromatin-remodeling complex in which TIP60 

functions as a HAT and p400 mediates exchange of histone dimers in nucleosomes (Chen et 

al., 2013). Upon cell differentiation, HDAC6 translocates to the cytoplasm thanks to its NES 

sequence. The cytoplasmic localization of HDAC6 depends on chromosome region 

maintenance (CRM)1 and an inhibition of this nuclear export protein triggers HDAC6 nuclear 

re-localization (Verdel et al., 2000). Moreover, its retention in the cytoplasm results from an 

inhibition of HDAC6-importin-α interaction due to p300-mediated acetylation at the NLS. 

Notably, the SE14 domain also serves as an important sequence element to stably retain 

HDAC6 in the cytoplasm (Bertos et al., 2004). Within the cytoplasm, HDAC6 has the 

capacity to translocate through its association with HSP90α, along with Ras-related C3 

botulinum toxin substrate (RAC)1. This displacement to actin-enriched membrane ruffles 

follows platelet-derived growth factor (PDGF) stimulation and results in signaling-dependent 

actin remodeling and cell migration (Gao et al., 2007).  
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HDAC6 functions are also regulated by PTMs such as phosphorylation and acetylation by 

specific kinase or HAT, respectively (Kramer et al., 2014). For instance, glycogen synthase 

kinase (GSK)-3β (Chen et al., 2010) and CK2 (Watabe et al., 2011) promote HDAC6 activity 

through enhanced phosphorylation, potentially at Ser22 and at Ser458, respectively, resulting 

in decreased α-tubulin acetylation, whereas human epidermal growth factor receptor (EGFR)-

mediated phosphorylation of HDAC6 on Tyr570 leads to increased acetylated α-tubulin 

(Deribe et al., 2009). In addition, under certain conditions p300 interacts with and acetylates 

HDAC6 resulting in the inhibition of its deacetylase activity (Han et al., 2009). 

Finally, HDAC6 activity is modulated through its direct or indirect interactions with 

various partners, such as the membrane-associated protein dysferlin (Di Fulvio et al., 2011), 

invasion inhibitory protein (IIp)45 (Wu et al., 2010), tubulin polymerization-promoting 

protein/p25 (TPPP/p25) (Tokesi et al., 2010) or farnesyltransferase (Zhou et al., 2009). 

HDAC6 deacetylase activity is inhibited through direct interaction with dysferlin, IIp45 or 

TPPP/p25, as well as via the disruption of the tripartite protein complex composed of HDAC6 

and farnesyltransferase together with microtubules (MTs), promoting subsequent acetylation 

of the MT network.  

 

6.3. Physiological roles of HDAC6 

Unlike most other members of the lysine deacetylase family, HDAC6 does not modify 

histones but controls the acetylation status of many non-histone substrates such as chaperones 

and cytoskeletal proteins (Spange et al., 2009). Consequently, HDAC6 plays a critical role in 

many cellular processes, which are explained in greater details below. 

 

6.3.1. Cytoskeletal dynamics  

The cytoskeletal network is composed of MTs (α- and β-tubulin polymers), intermediate 

filaments (consisting of fibrillar proteins) and filamentous actins (F-actin polymers of 

globular or G-actin). The cytoskeleton controls a wide range of cellular mechanisms, such as 

the maintenance of cellular morphology and polarity, as well as the modulation of 

intracellular transport, endocytosis, mitosis, cell migration and angiogenesis (Aldana-

Masangkay et al., 2011b; Seidel et al., 2015). 

 

6.3.1.1. α-Tubulin 

The acetylation level of α-tubulin is essential for MT structure and functions (Figure 10) 

and is mostly governed by the balance between the actions of ATAT1 (Friedmann et al., 



  Introduction 
	

	 25	

2012) and HDAC6 (Hubbert et al., 2002) on lysine 40 (Figure 11). This modification site of 

α-tubulin, located on the luminal side of MTs, is also targeted by SIRT2 (Misawa et al., 2013; 

Nagai et al., 2013) and various HATs (e.g. ELP3, ARD1, NAT10, and GCN5) that have only 

a minor impact on its global level of acetylation (L. Li et al., 2015; Seidel et al., 2015). 
 

 
Figure 10: Role of HDAC6 in cell division and migration.  
HDAC6 participates in F-actin assembly and microtubule (MT) dynamic through the regulation of the 
acetylation of cortactin and α-tubulin, respectively.  acetyl.  
 

Although α-tubulin acetylation mainly occurs on stable MTs resistant to 

depolymerization, this might rather be a consequence of MT stability. Indeed, the level of 

bound HDAC6, and not tubulin acetylation, determines the stability of MTs. Notably, 

HDAC6-mediated enhancement of cellular motility is due to decreased tubulin acetylation 

leading to reduced MT stability (L. Li et al., 2015). 

 

 
Figure 11: Reciprocal reaction of acetylation-deacetylation on lysine 40 of α-tubulin catalyzed by 
α-tubulin acetyltransferase (ATAT)1 and histone deacetylase (HDAC)6, respectively.  
Adapted from (L. Li et al., 2015). 
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HDAC6-dependent α-tubulin deacetylation contributes to the regulation of endocytic 

transport and degradation of receptor tyrosine kinases, such as EGFR, in various cancer 

subtypes (Gao et al., 2010; W. Liu et al., 2012). HDAC6 prolongs EGFR signaling by 

delaying its degradation in gastric cancer cells (Park et al., 2014), whereas decreased HDAC6 

expression leads to an increase in EGFR protein turnover in lung cancer cells (Kamemura et 

al., 2008). Thus, the loss of HDAC6 activity causes a decrease in the steady-state level of 

EGFR due to the deregulation of the MT-dependent trafficking of EGFR-containing 

endosomal vesicles and the subsequent delivery of endocytosed EGFR to the lysosome for 

degradation (Deribe et al., 2009; Gao et al., 2010).  

 

6.3.1.2. Cortactin 

Cortactin is a protein involved in the rearrangement of the F-actin cytoskeleton through 

the promotion of F-actin polymerization and crosslinking. The balance between the catalytic 

activities of the acetyltransferase PCAF on one side, and HDAC6 and SIRT1 on the other side 

determines the level of acetylation of lysine residues within F-actin-binding repeats of 

cortactin (Figure 10). Upon deacetylation, cortactin binds to F-actin and enhances its 

polymerization, stimulating cell motility (Zhang et al., 2007; Zhang et al., 2009). 

 

6.3.2. HDAC6 and misfolded proteins 

The accumulation of misfolded proteins leads to the formation of toxic protein aggregates 

and disturbs protein homeostasis by interacting with normal native proteins and inhibiting 

their function and activity. Therefore, cells need to continuously protect themselves against 

misfolded proteins. Interestingly, HDAC6 appears both as a sensor of stressful stimuli and as 

an effector, which mediates and coordinates appropriate cell responses to manage the cellular 

stress induced by cytotoxic assaults (Matthias et al., 2008). Depending on the physio-

pathological situation, cells are able to counteract the toxic effects of misfolded proteins by 

activating different defense mechanisms involving HDAC6 thanks to unique cytoprotective 

functions dependent and independent of its deacetylase activity (Bruning et al., 2015) (Figure 

12). 
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Figure 12: Role of HDAC6 in protein degradation.  
HDAC6 is implicated in protein degradation that is either proteasome-independent by forming 
aggresomes or proteasome-dependent based on the acetylation status of the chaperone heat shock 
protein (HSP)90α. acetyl, ubiquitin. HSF: heat shock factor; MT: microtubule; VCP: valosin-
containing protein. 
 

6.3.2.1. Repair of misfolded proteins 

HDAC6 is implicated in protein renaturation through its interaction with the chaperone 

HSP90α (Bali et al., 2005; Kovacs et al., 2005) (Figure 12), which is the most common and 

abundantly expressed HSP in eukaryotic cells (Miyata et al., 2013). Upon deacetylation by 

HDAC6, HSP90α binds client proteins, which rely on its chaperoning activity to maintain a 

stable and favorable conformation allowing physiological activities (Bruning et al., 2015; 

Seidel et al., 2015) and protein homeostasis (Kramer et al., 2014). Acetylation of HSP90α 

impedes its chaperone activity and therefore triggers proteasome-mediated degradation of its 

pro-growth and pro-survival client oncoproteins, including the breakpoint cluster region 
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(BCR)-V-Abl Abelson murine leukemia viral oncogene homolog (ABL), androgen receptor 

(AR), p53, Erb-B2 receptor tyrosine kinase (ERBB)2, AKT, RAF1, EGFR, fms related 

tyrosine kinase (FLT)3 (Bali et al., 2005; Bolden et al., 2006; Kim et al., 2009), GR (Jochems 

et al., 2015), fibroblast growth factor (FGF)-3 (Ota et al., 2016) and HIF-1α (Ryu et al., 

2017b).   

 

6.3.2.2. Proteasomal degradation 

HDAC6 regulates proteasome-dependent protein degradation and elimination (Figure 

12). In unstressed cells, HDAC6 recruits a partner, the adenosine triphosphate (ATP)-

dependent chaperone p97/valosin-containing protein (VCP), to a complex in which HSP90α 

interacts with the major heat shock transcription factor (HSF)1 to maintain it in an inactive 

form. When poly-ubiquitinated proteins accumulate, they recruit and bind HDAC6 triggering 

the disruption of the repressive HDAC6/HSP90α/HSF1 complex (Boyault et al., 2007b), 

resulting in increased HSF1-mediated gene transcription of various cytoprotective chaperone 

proteins (e.g. HSPs). The chaperone p97/VCP contributes to the specific separation of 

HSP90α and HSF1 by its “segregase” activity (Boyault et al., 2006). Furthermore, p97/VCP 

dissociates poly-ubiquitinated proteins bound to HDAC6, and is implicated in the binding and 

remodeling of proteins before their delivery to the proteasome (Boyault et al., 2006; Boyault 

et al., 2007b). 

 

6.3.2.3. Autophagic degradation 

HDAC6 is involved in the aggresome–autophagy pathway through an adaptor role in a 

deacetylase-independent manner (Figure 12). Upon inhibition or physiological overload of the 

proteasome machinery, specific ubiquitin-binding proteins such as HDAC6 detect and recruit 

individual poly-ubiquitinated proteins and small ubiquitinated aggregates, via their zinc finger 

ubiquitin-binding domain (Olzmann et al., 2007). Intriguingly, the unusual structural feature 

of its BUZ domain suggests that HDAC6 exclusively recognizes and binds unanchored K63-

linked ubiquitin chains in aggregates. Accordingly, HDAC6 appears to pair with two different 

deubiquitinases, aggregate-associated ataxin 3 and proteasomal Poh1, to control aggresome 

formation and clearance, respectively (Ouyang et al., 2012; Hao et al., 2013). By serving as 

an adaptor protein between ubiquitinated protein aggregates and dynein, HDAC6 facilitates 

the loading of aggregated proteins onto the MT motor protein complex, which is important for 

addressing misfolded proteins to the MT-organizing center (MTOC) (Kawaguchi et al., 

2003). Upon α-tubulin deacetylation, HDAC6 mediates retrograde transport of aggregate-
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containing inclusion bodies along the microtubular network towards the MTOC (Kawaguchi 

et al., 2003; Iwata et al., 2005), where intermediate filaments surround and sequester the 

misfolded and deposited proteins to form aggresomes (Rodriguez-Gonzalez et al., 2008). 

Aggresomes recruit proteasomes and a large amount of functional chaperones, which help to 

resolubilize these aggregates, or further maturate through engulfment into autophagosomes 

(Aldana-Masangkay et al., 2011b). HDAC6 subsequently recruits and deacetylates cortactin, 

thereby promoting F-actin remodeling essential for efficient autophagosome–lysosome fusion 

and protein aggregate autophagic clearance (J.Y. Lee et al., 2010a).  

Thanks to its ability to bind ubiquitin, HDAC6 also plays a role in the elimination of 

damaged and poly-ubiquitinated mitochondria by mitophagy. Together with the ubiquitin-

binding protein SQSTM1, also called p62, HDAC6 is recruited to mitochondria marked by 

parkin-mediated ubiquitination to form mito-aggresomes (J.Y. Lee et al., 2010b). Moreover, 

HDAC6 and SQSTM1 colocalize with the E3 ubiquitin ligase tripartite motif containing 

(TRIM)50 to aggregate formation sites (Fusco et al., 2012; Fusco et al., 2014). Interestingly, 

a specific binding domain of SQSTM1, localized in an undefined region between the ZZ-type 

zinc finger domain of SQSTM1 and tumor necrosis factor (TNF) receptor associated factor 

(TRAF)6 binding region (i.e. residues 164-225), interacts with DD2 of HDAC6 to modulate 

HDAC6-mediated deacetylation of α-tubulin, which controls MT stability (Yan et al., 2013). 

Disruption of the SQSTM1-HDAC6 interaction blocks the autophagosome-lysosome fusion, 

which triggers different types of cell death through oxidative stress and lysosomal rupture 

(Chen et al., 2015). Of note, HDAC6 and SQSTM1 have also been associated with the 

clearance of non-ubiquitinated substrates through the aggresome pathway (Watanabe et al., 

2011). Additionally, HDAC6 regulates autophagic degradation of misfolded proteins by 

deacetylation of ATGs. For example, it induces the deacetylation of LC3B-II, a key regulator 

of autophagy (Liu et al., 2013), concomitant with SQSTM1 degradation. 

 

6.3.2.4. Unfolded protein response and cell death 

HDAC6 is implicated in ER stress by deacetylating GRP78. This ATP-dependent 

chaperone is located in the ER where it helps protein folding and assembly. When GRP78 is 

acetylated, it dissociates from PERK, initiating UPR followed by cell death (Rao et al., 2010). 

 

6.3.3. Apoptosis 

HDAC6 regulates apoptosis by controlling the acetylation status of Ku70, a DNA repair 

nuclear factor also localized in the cytoplasm, where it interacts with the pro-apoptotic BAX 
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protein (Figure 13). Deacetylated Ku70 leads to BAX sequestration, which inhibits apoptosis, 

whereas acetylated Ku70 causes the dissociation of the complex and thereby the release of 

BAX, which subsequently triggers apoptosis (Subramanian et al., 2011). Moreover, Ku70 

acetylation disrupts its interaction with the anti-apoptotic protein Fas-associated death domain 

protein (FADD)-like IL-1 β-converting enzyme (FLICE) inhibitory protein (FLIP), which is 

then degraded by the proteasome, resulting in apoptosis induction (Kerr et al., 2012). HDAC6 

also controls apoptosis through its implication in PI3K/AKT and mitogen-activated protein 

kinase (MAPK)/extracellular signal-regulated kinases (ERK) signaling pathways (Figure 13). 

After inhibition, HDAC6 detaches from protein phosphatase (PP)1 (Balliu et al., 2015), 

promoting the dephosphorylation of its targets phospho-AKT and phospho-ERK, which leads 

to reduced cell proliferation and an induction of cell death in cancer cells. Moreover, 

phosphorylated AKT and ERK levels are decreased upon HSP90α hyperacetylation, triggered 

by HDAC6 inhibition (Lee et al., 2008; Seidel et al., 2015). 

 

 
Figure 13: HDAC6 possesses anti-apoptotic properties. 
HDAC6 deacetylates Ku70, which sequesters BCL-2-associated X protein (BAX) and Fas-associated 
death domain protein (FADD)-like interleukin-1β-converting enzyme (FLICE) inhibitory protein 
(FLIP), as well as plays a role in the phosphoinositide 3-kinase (PI3K)/AKT and mitogen-activated 
protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) signaling pathways. acetyl, 
phosphate. HSP: heat shock protein; PP: protein phosphatase. 
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6.3.4. Transcriptional repression 

Upon localization in the nucleus, HDAC6 recruitment to regulatory sequences of target 

gene promoters may result in their transcriptional repression (Figure 14). For instance, at the 

c-MYC promoter, HDAC6 is retained in a protein complex whose critical components appear 

to be repressing factors such as SMRT and HDAC11. Authors point out that the dynamic 

association of those nuclear proteins, along with vitamin D receptor (VDR) and transducer 

beta-like 1, X-linked (TBL1X), may sufficiently explain the mechanisms of c-MYC down-

regulation by the nuclear hormone 1α,25-dihydroxyvitamin D3 (Toropainen et al., 2010).  

Upon ligand stimulation, GR forms a complex with HDAC6, which directly interacts 

with the GR activation function (AF)-1 domain via a LXXLL motif leading to histone H3 and 

H4 deacetylation. The subsequent chromatin remodeling orchestrates GR gene expression by 

a negative feedback regulation (Govindan, 2010). 

In osteoblasts, HDAC6 and RUNX2 directly interact with each other and with chromatin. 

This interaction suggests a contribution of HDAC6 to RUNX2-mediated repression of the 

cyclin-dependent kinase inhibitor p21 (Westendorf et al., 2002). In addition, the sequestration 

of p53 in a complex along with RUNX2 and HDAC6 prevents its transcriptional activities 

(Ozaki et al., 2013), likely through HDAC6-mediated deacetylation at lysine 381/382 (Ryu et 

al., 2017a). 

Co-localization experiments established a direct association and co-recruitment of ligand-

dependent nuclear receptor co-repressor (LCoR) and HDAC6 to promoters of genes under 

estradiol regulation. Here, HDAC6 acts as a cofactor of LCoR-mediated transcriptional 

repression of estrogen target genes in breast cancer cells. However, it is unclear whether they 

also enhance the expression of a subset of estrogen-stimulated genes. Notably, LCoR and 

HDAC6 seem to be associated with distinct complexes within bone morphogenetic protein 

(BMP)7 promoter (Palijan et al., 2009). 

HDAC6 was reported to interact with the promoter of Ras homolog family member B 

(RhoB) and repress its expression. Upon HDAC6 inhibition, RhoB transcription could be 

regulated via p300-mediated acetylation of HDAC6, which would result in decreased HDAC6 

deacetylase activity. The subsequent tubulin deacetylation would indirectly suppress 

specificity protein (Sp)1 transcriptional activity that promotes the expression of oncogenes 

(Marlow et al., 2015). 
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Figure 14: HDAC6 participates in gene regulation. 
HDAC6 regulates genes through the formation of various transcriptional repressor complexes. GR: 
glucocorticoid receptor; LCoR: ligand-dependent nuclear receptor co-repressor; RhoB: Ras homolog 
family member B; RUNX: runt-related transcription factor; SMRT: silencing mediator for retinoid or 
thyroid-hormone receptors. 
 

6.3.5. Pro-oxidant activity 

The redox regulatory proteins peroxiredoxins (Prxs) are thiol-dependent peroxidases, 

which detoxify H2O2, organic hydroperoxides and peroxynitrite to protect cells against free 

radical accumulation. Prx 1 and 2 are specific substrates of HDAC6 deacetylase activity, 

which thus plays an essential role in redox regulation and cellular stress response. Upon 

HDAC6 inhibition, increased acetylation of the antioxidant enzymes Prx 1 and 2 on Lys197 

and Lys196 residues, respectively, is associated with enhanced H2O2-reducing activity, 

leading to an increased cellular resistance to H2O2-induced cell death (Figure 15). 

Remarkably, this effect may contribute to cancer cell resistance to chemotherapy (Parmigiani 

et al., 2008). 

 

 
Figure 15: HDAC6 is involved in redox regulation. 
HDAC6 possesses pro-oxidant properties via the deacetylation of peroxiredoxin (Prx)1/2. acetyl. 
 

6.4. HDAC6 in cancer 

Nowadays, it is well established that HDAC6 exerts functions in various disease 

processes, such as in neurodegenerative and chronic diseases (Batchu et al., 2016), in viral 

infections by affecting viral replication (Zheng et al., 2017), or in autoimmune diseases by 

their capacity to decrease the immunosuppressive potential of regulatory T cells (Kalin et al., 
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2012). We will focus on the critical implications of HDAC6 in diverse mechanisms related to 

cancer including tumor initiation, development and metastasis (Lee et al., 2008; P.H. Yang et 

al., 2013). HDAC6 expression is up- or down-regulated in several cancer subtypes (Table 2) 

in which it can play a role as tumor inducer or suppressor depending on cancer type and stage 

(de Ruijter et al., 2003; Seidel et al., 2015). In cancer, aberrant HDAC6 overexpression 

correlates with advanced cancer stages and increased neoplastic transformation (Aldana-

Masangkay et al., 2011b; Bruning et al., 2015).  

 

Table 2: HDAC6 expression is deregulated in various cancer subtypes. 

Cancer Expression-comments Reference 
ALL Overexpressed - expression 

increased in advanced stage 
(Bradbury et al., 2005; 
Moreno et al., 2010) 

AML Overexpressed relative to adult (Bradbury et al., 2005) 
Brain cancer Overexpressed (de Ruijter et al., 2003) 
Breast cancer Overexpressed - correlated with 

better or poor prognosis 
(Yoshida et al., 2004; Zhang 
et al., 2004; Saji et al., 2005) 

Cholangiocarcinoma Overexpressed (Gradilone et al., 2013) 
CLL Overexpressed - correlated with 

longer survival 
(Van Damme et al., 2012) 

CTCL Overexpressed - correlated with 
longer survival 

(Marquard et al., 2008) 

GBM Overexpressed (S. Li et al., 2015) 
HCC Overexpressed - expression 

increased in advanced stage  
Under expressed - correlated with 
poor prognosis 

(Jung et al., 2012; Kanno et 
al., 2012; Ding et al., 2013; Lv 
et al., 2016) 

Lung adenocarcinoma Overexpressed (Wang et al., 2016b) 
Melanoma Overexpressed (Bai et al., 2015) 
Oral squamous cell 
carcinoma 

Overexpressed - expression 
increased in advanced stage 

(Sakuma et al., 2006; Witt et 
al., 2009) 

Ovarian cancer Overexpressed - expression 
increased in advanced stage 

(de Ruijter et al., 2003; 
Bazzaro et al., 2008) 

Pancreatic cancer Overexpressed (Li et al., 2014) 
Urothelial cancer Overexpressed (Rosik et al., 2014) 
ALL: acute lymphocytic leukemia, AML: acute myeloid leukemia, CLL: chronic lymphocytic 
leukemia, CTCL: cutaneous T-cell lymphoma, GBM: glioblastoma, HCC: hepatocellular carcinoma. 
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6.4.1. Tumor progression 

It has been demonstrated that HDAC6 regulates cell proliferation at distinct cell-cycle 

phases. HDAC6 interacts with and is inhibited by the deubiquitinating enzyme 

cylindromatosis (CYLD) in the perinuclear region, significantly delaying the G1-to-S-phase 

transition, and in the midbody where it regulates the rate of cytokinesis in a deubiquitinase-

independent manner (Wickstrom et al., 2010). Moreover, HDAC6 regulates the c-Raf-PP1-

ERK signaling pathway and inhibition of HDAC6 activity contributes to early M-phase cell-

cycle transition arrest via sustained ERK activation in prostate cancer (Chuang et al., 2013). 

Additionally, cancer developmental steps such as the sustained activation of growth factor 

signaling and cellular proliferation are achieved through the modulation of specific HDAC6-

related pathways, such as (i) the HDAC6-peptidylprolyl cis/trans isomerase NIMA-

interacting (PIN)1 axis, whose activation underlies the positive effects of G protein-coupled 

receptor kinase (GRK)2 in both luminal and basal breast cancer cells (Nogues et al., 2016); 

(ii) HDAC6-mediated attenuation of TGFβ receptor signaling promoting glioblastoma growth 

(S. Li et al., 2015); (iii) HDAC6-p53 molecular network that controls hepatocellular 

carcinoma development (Ding et al., 2013). 

 

6.4.2. Angiogenesis 

HDAC6 is implicated in various mechanisms underlying angiogenesis, which is an 

essential process for tumor progression and metastatic spread. First, HDAC6, whose mRNA 

and protein expression levels are up-regulated by hypoxia in endothelial cells (ECes) (Kaluza 

et al., 2011), increases HIF-1α stability in cancer cells via direct deacetylation, and also 

indirectly through the modulation of HSP90α chaperone function (Ryu et al., 2017b). HIF-1α 

protein accumulation stimulates its transcriptional activity towards target genes promoting 

angiogenesis such as VEGF (Qian et al., 2006). Additionally, HDAC6-mediated HSP90α 

deacetylation ensures adequate binding to VEGF receptor (VEGFR)-1 or VEGFR-2, which 

transduces angiogenic signaling upon VEGF-A stimulation (Park et al., 2008). Furthermore, 

pro-angiogenic effects of HDAC6 in ECes are achieved via HDAC6-modulated (i) 

stimulation of membrane ruffling at the leading edge to promote cell polarization, (ii) 

regulation of ECe migration and generation of capillary-like structures in a MT end-binding 

protein (EB)1-dependent manner (Li et al., 2011), and (iii) deacetylation of the actin-

remodeling protein cortactin, which is necessary for ECe migration and sprouting (Kaluza et 

al., 2011). Surprisingly, hypoxia-induced suppression of HDAC6 promotes angiogenesis in 

hepatocellular carcinoma by significantly up-regulating HIF-1α/VEGF-A expression levels 
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(Lv et al., 2016). Although the mechanisms underlying hypoxia-induced modulation of 

HDAC6 expression have not been extensively described, one study showed that HDAC6 

down-regulation by hypoxia was mediated by increased expression of miR-26a that directly 

targeted the 3’-untranslated region of HDAC6 mRNA (Lee et al., 2015). 

 

6.4.3. Epithelial-to-mesenchymal transition 

Type-3 epithelial-to-mesenchymal transition (EMT) is a hallmark of metastatic cancer, 

promoting tumor cell motility and invasiveness (Kalin et al., 2013). TGFβ-mediated EMT 

induction is accompanied with HDAC6-dependent loss of α-tubulin acetylation, supporting 

that HDAC6 represents a key regulator of this process (Gu et al., 2016). In non-small cell 

lung cancer, HDAC6 regulates the TGFβ-induced Notch-1 signaling cascade activation via 

deacetylation of HSP90α (Deskin et al., 2016), whereas in lung adenocarcinoma, HDAC6 

interplays with the TGFβ-SMAD3 signaling cascade and is required for the maximal 

expression of various TGFβ-induced EMT markers, such as the proteins E-cadherin and 

vimentin (Shan et al., 2008). 

 

6.4.4. Aggressiveness: migration, invasion and metastasis 

Thanks to its influence on the acetylation status of α-tubulin and other cytoskeletal 

proteins such as cortactin [reviewed by Boyault et al. (Boyault et al., 2007a)], HDAC6 

promotes cell motility and contributes to the invasiveness and metastasis of many cancers 

including breast cancer (Saji et al., 2005), prostate cancer (Hou et al., 2015), Burkitt's 

lymphoma (Ding et al., 2014), neuroblastoma (Zhang et al., 2014) and hepatocellular 

carcinoma (HCC) (Kanno et al., 2012). In other cancer types, HDAC6 stimulates tumor cell 

aggressiveness by acting synergistically with other partners such as SIRT2 in bladder cancer 

(Zuo et al., 2012), cytoplasmic linker protein (CLIP)-170 in pancreatic cancer cells (Li et al., 

2014), HDAC5 in melanoma cells (J. Liu et al., 2016), and estrogen receptor (EsR)α ligand in 

EsRα-positive breast cancer cells (Azuma et al., 2009). Interestingly, stress signals can 

stimulate the migration of cancer cells by enhancing HDAC6 gene transcription through a 

protein kinase A (PKA)/Epac/ERK-dependent signaling pathway in lung and other cancer 

cells (Lim et al., 2016). Accordingly, HDAC6 inhibition or depletion increases acetylated α-

tubulin levels (Miyake et al., 2016), which enhances MT stability and reduces cancer cell 

growth and migration (Hubbert et al., 2002). For example, Ras association domain family 

member (RASSF)1A regulates cell migration through inhibition of HDAC6 activity (Jung et 

al., 2013). 
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6.4.5. Cancer resistance to therapeutic agents 

HDAC6 is implicated in cancer cell resistance to various chemotherapeutic agents. 

HDAC6 overexpression, resulting in EGFR stabilization and activation, confers resistance to 

the EGFR inhibitor gefitinib in lung adenocarcinoma (Wang et al., 2016b), and to the VEGF 

inhibitor sorafenib in non-small lung cancer cells (Wang et al., 2016a). Furthermore, the 

balance of HDAC6-p97/VCP influences HDAC6-facilitated autophagic clearance of 

ubiquitinated misfolded proteins, which is crucial to ER stress-tolerance (ERST)-associated 

temozolomide resistance in glioma (Li et al., 2017). In contrast, HDAC6 inhibition or 

depletion sensitizes cancer cells to chemotherapeutic compounds such as doxorubicin and 

etoposide in transformed but not in normal cells (Namdar et al., 2010; Lee et al., 2013); 

placlitaxel (Marcus et al., 2005) and cisplatin (Wang et al., 2012) in non-small cell lung 

cancer; vincristine and bortezomib in ALL (Aldana-Masangkay et al., 2011a). 

 

7. HDAC6 inhibitors 
Since epigenetic mechanisms are virtually involved in all signaling pathways, non-

selective HDACi alter many cellular processes leading to many side effects for patients 

during cancer therapy. Nowadays, an increasing number of investigations are focusing on the 

development of isotype-selective HDACi (Balasubramanian et al., 2009; Qin et al., 2017) to 

target cancer cells more specifically and reduce side effects (Gryder et al., 2012). 

Considering its unique physiological function and structure, as well as its implication in 

cancer progression, HDAC6 isoenzyme became an interesting and important pharmacological 

target for cancer therapy (P.H. Yang et al., 2013; Seidel et al., 2015). Diverse HDAC6i have 

been synthetized with the hope of designing a highly selective and potent compound, with 

suitable pharmacological properties. However, the selectivity and potency for most of them 

have only been characterized in vitro and tested on a limited number of cancer cell lines in 

which they display an anti-proliferative activity and promote cancer cell death. In addition, 

some molecules were tested on mouse tumors, decreasing tumor size without affecting animal 

weight, which suggests that HDAC6 inhibition would not cause major side effects (Bruning et 

al., 2015; Seidel et al., 2015). Up to now, only tubacin and tubastatin A were intensively 

reported in the literature as selective HDAC6 inhibitors (HDAC6i), while ACY-241 and 

ACY-1215 are undergoing clinical trials (Figure 16). 
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7.1. Tubacin 

The hydroxamate-based tubacin, whose name is shortened from ‘tubulin acetylation 

inducer’, is considered as the first HDAC6-selective inhibitor and has been isolated through a 

high-throughput screening based on a multidimensional chemical genetic screen of 7392 

small molecules and cell-based assays. Tubacin is characterized by a 1,3-dioxane structure 

and specifically inhibits α-tubulin deacetylation in a dose-dependent manner with no cross-

reactive histone deacetylase activity (Haggarty et al., 2003). Since tubacin possesses non-

drug-like qualities such as a high lipophilicity and elaborate synthesis, it is used mainly as a 

pharmacological tool in in vitro fundamental research to discern the biological functions of 

HDAC6 in numerous cellular processes rather than as a potential drug for clinical 

applications. 

Tubacin alone is neither able to alter gene expression in microarray analysis, nor does it 

induce any changes in cell cycle progression and cause aberrant mitotic spindle formation. 

Combining tubacin with other chemotherapeutic agents that stimulate stress response 

pathways in cancer cells, such as doxorubicin (topoisomerase II inhibitor), bortezomib 

(proteasome inhibitor) or 17-AAG (HSP90α inhibitor), enhances the inhibition of 

proliferation and viability of cancer cell lines (Li et al., 2013; Seidel et al., 2015). In addition, 

the combined use of bortezomib with tubacin results in an accumulation of cytotoxic proteins 

and aggregates in cancer cells. Indeed, these two drugs display a synergistic effect against 

MM cell lines with no detectable toxic effect on normal noncancerous peripheral blood 

mononuclear cells (PBMCs) (P.H. Yang et al., 2013; Bruning et al., 2015). Different studies 

also revealed the efficacy of tubacin as a single agent against leukemia cells and a chemo-

sensitizing effect to cytotoxic drugs in breast and prostate cancer cells (Bruning et al., 2015).  

 

7.2. Tubastatin A 

Butler et al. synthetized molecules following the canonical HDACi structure constituted 

of a hydroxamic acid, a linker and a carbazole system as an aromatic cap group. In order to 

find drug-like compounds with decreased lipophilicity, a tertiary amino moiety was added to 

the carbazole moiety to form salts improving the solubility of compounds. The resulting 

derivative called tubastatin A is another selective HDAC6i thanks to its tricyclic cap group, 

large and rigid enough to occupy the wider channel rim in the catalytic domain of HDAC6 

compared to that of HDAC1. Tubastatin A was initially considered as a promising anticancer 

drug (Butler et al., 2010); however, it displays apparently limited efficacy on solid cancer 

cells (P.H. Yang et al., 2013; Bruning et al., 2015; Seidel et al., 2015). 
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7.3. ACY-1215 

Among HDAC6 inhibitors, the hydroxamic acid-based compound ACY-1215 

(rocilinostat) is currently undergoing clinical trials (www.clinicaltrials.gov). In cellulo, this 

molecule induces α-tubulin acetylation, as well as ER stress and caspase-dependent apoptosis, 

in synergy with bortezomib in MM cell lines. Accordingly, a preclinical study was conducted 

in a MM mouse model using ACY-1215 in combination with the proteasome inhibitor 

bortezomib resulting in increased α-tubulin acetylation associated with delayed tumor growth 

and improved mouse survival (Santo et al., 2012). Similarly, ACY-1215 sensitizes a BRAF-

mutant melanoma cell line to the anticancer effects of the BRAF inhibitor vemurafenib, 

which occur partly through stimulation of ER stress and inactivation of ERK (Peng et al., 

2017). 

The promising pre-clinical data and the oral applicability of this compound have led to 

several clinical studies. Those trials are mainly conducted by Acetylon Pharmaceuticals, Inc. 

to test the efficacy of ACY-1215 either as a single agent or in combination with bortezomib 

and dexamethasone in patients with MM and other lymphoid malignancies (Vogl et al., 

2017). 
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Figure 16: Molecular structures of selected HDAC6 inhibitors. 
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8. Cancers 

8.1. Chronic myeloid leukemia 

8.1.1. Classification of leukemia 

The term leukemia describes abnormal proliferation and development of one or more cell 

lines in the bone marrow (BM). The broad classification of leukemia is still based on the cell 

origin (myeloid versus lymphoid) and the rapidity of the clinical course (acute versus 

chronic), resulting in four main types of leukemia. In chronic leukemia, slowly progressive 

accumulation (rather than proliferation) of cells in the BM and peripheral tissues 

predominates. Replacement of the normal hematopoietic tissue in the BM by tumor cells can 

occur before the onset of overt leukemia (Arber et al., 2016). 

CML is a hematological disorder characterized by an abnormal accumulation of clonal 

pluripotent hematopoietic stem cells in peripheral blood, BM and the spleen. Patients with 

CML consequently display symptoms such as anemia, extreme blood granulocytosis with 

immaturity, basophilia, thrombocytosis, and splenomegaly. Without treatment, CML 

ultimately progresses from a chronic phase that is primarily asymptomatic and characterized 

by an increase in granulocytes, to an accelerated phase, with a rapid expansion of 

granulocytes, and terminal blast crisis that resembles acute leukemia, leading to metastasis, 

organ failure and death (Thompson et al., 2015).  

 

8.1.2. Epidemiology 

Worldwide, 1.2 to 1.5 million people are currently living with CML. In the United States, 

CML has an incidence of 1-2 cases per 100,000 adults, and accounts for approximately 15% 

of newly diagnosed cases of leukemia in adults (Jabbour et al., 2018). While the number of 

patients diagnosed each year has stayed relatively constant, survival rates have more than 

doubled owing to advances in treatment.  

The associated risk factors that may affect CML initiation include age (increased risk after 

65 years of age), gender (higher genetic predisposition in males), obesity, and heavy exposure 

to radiation (Kabat et al., 2013).  

 

8.1.3. Pathophysiology 

In 95% of patients, CML pathogenesis is driven by a cytogenetic abnormality known as 

the Philadelphia chromosome resulting from the reciprocal translocation t(9;22)(q34;11) 

between BCR and ABL genes (Figure 17). The resulting BCR-ABL fusion gene is translated 

in different BCR-ABL proteins that vary in size and pathogenicity depending on the location 
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of the breakpoint in the BCR gene. Three breakpoint cluster regions in the BCR gene have 

been described to date: major (M-BCR; p210), minor (m-BCR; p230), and micro (µ-BCR; 

p190) (Mughal et al., 2016). The majority of patients with CML display breakpoints in exon 

a2 of the ABL gene and either in exons 13 (b2) or 14 (b3) of the BCR gene, resulting in 

fusion genes that are transcribed either to a b2a2 or b3a2 mRNA. The final product of this 

genetic rearrangement is a 210-kDa cytoplasmic fusion protein that is essential and sufficient 

for the malignant transformation of CML. Less frequently, CML is induced by atypical BCR-

ABL transcripts, involving for instance, ABL exon a3 instead of a2 or transcripts with an 

e1a2, e19a2, or e6a2 junction (Pane et al., 2002). 

The oncogenic BCR-ABL protein, displaying abnormal constitutive tyrosine kinase 

activity, interacts with a variety of effector proteins involved in oncogenic pathways, which 

leads to the disruption of key cellular processes (Figure 17). Among these effectors, STAT5 is 

a transcription factor aberrantly activated through BCR-ABL-mediated constitutive 

phosphorylation, which then up-regulates the expression of BCL-xL and MCL-1, two anti-

apoptotic BCL-2 family members. Another effector is growth factor receptor-bound protein 

(GRB)2 that binds to a tyrosine-phosphorylated site of BCR-ABL via its SH2 domain. The 

BCR-ABL/GRB2 complex recruits son of sevenless (SOS), which induces the activation of 

GRB2-associated binding protein (GAB)2. Consequently, the GRB2/GAB2/SOS complex 

causes constitutive activation of PI3K and Ras signaling pathways. The latter stimulates the 

activation of MAPK proteins, which results in the up-regulation of c-MYC expression. This 

proto-oncogene then regulates the expression of survivin, a member of the IAP family that 

inhibits caspase activation, thereby leading to a negative regulation of apoptosis (Cilloni et 

al., 2012). Subsequently, the activation of these signaling pathways leads to uncontrolled cell 

proliferation, impaired transcriptional activity, decreased adherence of leukemia cells to the 

BM stroma, malignant expansion of hematopoietic stem cell populations, and stimulated 

survival of tumor cells owing to a reduced apoptotic response to mutagenic stimuli (Bose et 

al., 2013; Apperley, 2015). 

 

8.1.4. Current treatments 

The development of tyrosine kinase inhibitors (TKi), including imatinib, more than 10 

years ago helped to transform Philadelphia chromosome-positive CML from a life-

threatening disease to, in most cases, a chronic condition when managed with appropriate 

treatments (Novartis, Basel, Switzerland) (Garcia-Gutierrez et al., 2019).  
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8.1.4.1. First-generation inhibitor: imatinib 

Imatinib consists in a typical bisarylanilino core comprising a phenyl ring and a pyridine-

pyrimidine moiety, containing a benzamide-piperazine group in the meta-position of the 

aniline-type nitrogen atom (Rossari et al., 2018). Imatinib is a type II TKi that only binds to 

the inactive state of BCR-ABL, which is characterized by a specific DFG (Asp-Phe-Gly)-out 

conformation of the unphosphorylated activation loop, in which the DFG motif is being 

folded away from the conformation required for ATP phosphate transfer. Imatinib 

interactions with BCR-ABL are mediated by (i) a unique hydrogen bond donor-acceptor pair 

and hydrophobic ‘tail’ moiety that form van der Waals interactions with the hydrophobic site 

of BCR-ABL, also referred to as the ‘allosteric site’, that is directly adjacent to the ATP 

binding pocket created by the DFG-out conformation, and (ii) a ‘head’ group that extends to 

the adenine region and forms a single hydrogen bond with the kinase hinge residue (Schindler 

et al., 2000; Liu et al., 2006). Notably, imatinib is most efficacious in the chronic phase of 

CML when a majority of patients achieve durable complete cytogenetic response.   

Nevertheless, such therapeutic regimens are associated with TKi resistance and severe 

side effects, which represent barriers to effective treatments. Clinical resistance to imatinib 

can be elicited by various BCR-ABL-dependent and -independent mechanisms. The BCR-

ABL-dependent mechanisms include selection of sub-clones containing point mutations, and 

the over-expression or amplification of the BCR-ABL gene. Mutations in BCR-ABL are 

present in 40 to 90% of imatinib-resistant patients, depending on the sensitivity of the 

detection method and the stage of CML (Balabanov et al., 2014). Over a hundred mutations 

have been identified (Meenakshi Sundaram et al., 2019) and the seven most common 

mutations, accounting for about 66% of all mutations discovered to date, comprise G250A/E, 

Y253F/H and E255D/K/R/V located in the ATP binding P-loop, T315I located at the imatinib 

binding site, M351T and F359C/L/V/R located in the catalytic C-loop and finally H396P 

located at the activation A-loop (Jabbour et al., 2013). The “gatekeeper” T315I mutation, 

representing 4 to 15% of the mutations described, leads to the loss of an oxygen molecule and 

the creation of a steric hindrance, which prevent the hydrogen bond between imatinib and the 

tyrosine kinase domain, as well as the binding of such inhibitor (Bixby et al., 2009; Linev et 

al., 2018). Mutations at the P-loop result in a conformational change whereas mutations 

occurring at A-loop stabilize BCR-ABL in active conformation, both impeding imatinib from 

binding to BCR-ABL (An et al., 2010; Jabbour et al., 2013).  

The BCR-ABL-independent mechanisms involve factors influencing the intracellular 

concentration of imatinib and activation of BCR-ABL independent pathways (Roychowdhury 
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et al., 2011; Nestal de Moraes et al., 2012). The transformation of imatinib to its main 

circulating metabolite, the pharmacologically active N-desmethyl piperazine derivative, is 

mediated by cytochrome P450 (CYP) family, and in particular the CYP3A4 isoform, whose 

expression may vary among patients, resulting in distinct drug responses (Balabanov et al., 

2014; Ankathil et al., 2018). Alterations in drug influx and efflux are also reported to affect 

imatinib intracellular concentration. Accordingly, a polymorphism of the organic cation 

transporter (OCT)1, responsible for the influx of imatinib into cells, is associated with 

imatinib resistance (Jabbour et al., 2013). In addition, imatinib is a substrate of the ATP-

binding cassette (ABC) efflux transporter P-glycoprotein, also known as multi-drug resistance 

protein (MDR)1, whose overexpression has been associated with chemotherapy failure in 

leukemia (Holohan et al., 2013). 

Furthermore, the quiescent population of leukemic stem cells (LSCs), characterized by a 

high activity of aldehyde dehydrogenase (ALDH) enzymes that catalyze the oxidation of 

intracellular cytotoxic aldehydes into their corresponding carboxylic acids (Marcato et al., 

2011), constitutes a possible reservoir for the development of therapeutic resistance or disease 

progression through escape mechanisms of altered self-renewal, differentiation, and survival 

pathways (Roychowdhury et al., 2011; Zhou et al., 2015). 

Therefore, it is critical to explore novel therapeutic approaches to address these limitations 

(Thompson et al., 2015). The need for alternative or additional treatment for imatinib-

resistant BCR-ABL-positive leukemia has guided the design of second generation TKi (see 

chapters 8.1.4.2. and 8.1.4.3. for more details) (Weisberg et al., 2007). Additionally, 

treatment of cancerous cells with imatinib combined with another drug such as HDACi (see 

chapter 8.1.4.4. for more details) could sensitize cells to the cell killing effects of imatinib and 

allow lessening the concentration of each compound, thus reducing side effects.  

 

8.1.4.2. Second-generation inhibitors: dasatinib, nilotinib and bosutinib 

Dasatinib is a smaller TKi than imatinib, establishing fewer interactions with its targets, 

and binding BCR-ABL very versatility, in both active and inactive conformations. 

Nevertheless, the inactive DFG-out conformation has higher entropy than the DFG-in active 

conformation, the latter being thus preferentially inhibited by dasatinib. Conversely, nilotinib 

binds to the DFG-out inactive conformation of the BCR-ABL protein (Rossari et al., 2018). 

In vitro, dasatinib and nilotinib display 325-fold and 10- to 50-fold greater potency against 

native BCR-ABL, respectively, in comparison to imatinib, as well as activity against all 

currently described imatinib-resistant BCR-ABL mutations except T315I (Wei et al., 2010). 
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Therefore, dasatinib and nilotinib became FDA-approved for the second-line treatment of 

CML, i.e. for the treatment of patients with chronic or accelerated phase CML associated with 

resistance or intolerance to prior therapy, including imatinib. Despite this, dasatinib- and 

nilotinib-insensitive BCR-ABL mutations have been identified in vitro (Stein et al., 2010). 

Bosutinib is a potent dual SRC/ABL kinase inhibitor with considerable activity against 

BCR-ABL and most imatinib-resistant BCR-ABL mutants except T315I and V299L (Cortes 

et al., 2018b). Bosutinib is approved for the treatment of CML in patients previously treated 

with one or more TKi and for whom imatinib, nilotinib, and dasatinib are not considered as 

appropriate treatment options, or in patients resistant or intolerant to prior therapy. More 

recently, bosutinib was approved for first-line treatment of patients with newly diagnosed 

chronic phase CML (Cortes et al., 2018a).  

 

8.1.4.3. Third-generation inhibitor: ponatinib 

To date, the only approved third-generation TKi is ponatinib, a dual SRC/ABL inhibitor 

designed to overcome the gatekeeper T315I mutation. Ponatinib is indicated for the treatment 

of CML patients in every phase of the disease resistant and/or intolerant to dasatinib and 

nilotinib and for whom imatinib is not indicated anymore, or for patients with T315I mutation 

(Massaro et al., 2018). Structurally, ponatinib closely overlaps nilotinib despite several 

differences such as the insertion of an ethynyl linker to accommodate isoleucine side chain 

without any steric interference also in inactive conformation (Rossari et al., 2018).  
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Figure 17: CML pathogenesis and impact of treatment with tyrosine kinase inhibitor imatinib. 
Breakpoint cluster region-Abelson murine leukemia viral oncogene homolog 1 (BCR-ABL)-
dependent signaling pathways are activated upon phosphorylation of the tyrosine (Tyr) 177 of BCR-
ABL. Growth factor receptor-bound protein (GRB)2, phosphorylated by BCR-ABL, is associated to 
Son of Sevenless (SOS) and GRB2-associated-binding protein (GAB)2, leading to the activation of 
phosphatidylinositol 3-kinase (PI3K) and Ras signaling pathways. The latter is responsible of the 
expression of c-MYC gene via mitogen-activated protein kinases (MAPK). BCR-ABL also induces 
phosphorylation of signal transducer and activator of transcription (STAT)5, which is responsible of 
the expression of Bcl-xL et MCL-1 genes. Those BCR-ABL dependent signaling pathways are 
implicated in cell proliferation and survival. Imatinib induces cell cycle arrest and apoptotic cell death 
by preventing the binding of BCR-ABL target proteins (e.g. GRB2 and STAT5) in its active site. 
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8.1.4.4. HDAC inhibitors 

The regulation of HDAC1 and 2 is essential in maintaining CML cell survival (Chen et 

al., 2019). Alteration of the normal balance between HATs and HDACs, partly owing to the 

up-regulation of class I HDACs, leads to aberrant acetylation status of apoptosis-related non-

histone proteins p53 and Ku70, which promotes BCR-ABL-independent imatinib resistance 

(S.M. Lee et al., 2007). Accordingly, the HDACi AR-42 may increase the sensitivity of CML 

cells to imatinib and reverse imatinib resistance by regulating HDAC1 expression, which is 

up-regulated in imatinib-resistant cells (Wei et al., 2018). Furthermore, low protein tyrosine 

phosphatase non-receptor type 6 (PTPN6) expression level, correlated with CML progression 

and observed in cell lines and patients with advanced phase CML, results from its regulation 

by HDAC1 through direct binding (Zhang et al., 2017).  

Mechanistically, HDACi-mediated HSP90α hyperacetylation leads to the inhibition of the 

interaction between this chaperone and BCR-ABL, thereby promoting BCR-ABL 

proteasomal degradation (Nimmanapalli et al., 2003). Some HDACi also reduce the ratio of 

anti-apoptotic exon 3- to pro-apoptotic exon 4-containing BIM transcripts in CML cell lines 

and primary CML progenitors with the BIM deletion polymorphism, inducing apoptotic cell 

death and restoring TKI-sensitivity (Rauzan et al., 2017). Finally, HDACi target the AKT-

mTOR signaling pathway, down-regulating the level of phosphorylated eIF4E that 

participates in the translation of tumor-associated proteins such as c-MYC, cyclin D1, and 

MCL-1 (Jia et al., 2019).  

 

It has already been shown that combining HDACi with TKi or dual BCR-ABL and 

Aurora kinase inhibitors synergistically induce anti-CML effects like induction of apoptosis 

in imatinib-sensitive and -resistant cells, as well as primary cells from patients expressing 

wild-type and imatinib-resistant mutant forms of BCR-ABL (Morotti et al., 2006; Dai et al., 

2008; Fiskus et al., 2008; Matsuda et al., 2016). Noteworthy, cell mortality is not increased in 

normal cells incubated with such co-treatments (Nguyen et al., 2011). In addition, HDACi-

TKi combination induces apoptosis in pro-B Ba/F3 murine cells expressing either wild-type 

BCR-ABL in an ectopic manner, or the imatinib-resistant T315I and E255K point-mutated 

BCR-ABL (Fiskus et al., 2006b). Such combination also exhibited antitumor activity in vivo 

(Okabe et al., 2014), significantly prolonging the survival of mice xenografted with imatinib-

resistant BCR-ABL+ leukemic cells (Nguyen et al., 2011).  

HDACi in combination with TKi exert anticancer properties through various mechanisms. 

First, their synergistic effect involves reduction of cyclin D1 levels, as well as induction of 
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p21 and p27 expression (Fiskus et al., 2006b; Kim et al., 2007). Additionally, such therapies 

enhance the activation of mitochondria-dependent caspase cascades (Bu et al., 2014), ROS 

generation and DNA damage induction (Nguyen et al., 2011), accompanied by up-regulated 

and decreased expression of BIM and anti-apoptosis proteins, such as MCL-1 and XIAP, 

respectively (Bu et al., 2014). Finally, combined treatments induce stronger depletion of 

BCR-ABL, p-Crk-like protein (p-CrkL), p-STAT5, p-ERK1/2, c-MYC, and BCL-xL levels 

(Fiskus et al., 2006a; Fiskus et al., 2006b).  

 

TKi-HDACi combinations display also the potential to eliminate LSCs responsible for 

TKi resistance (Al Baghdadi et al., 2012) by up-regulating hsa-miR-196a expression 

(Bamodu et al., 2018) or suppressing γ-catenin, which displays a β-catenin-independent role 

in survival and self-renewal of LSCs (Jin et al., 2016). Interestingly, therapeutic activity 

against LSCs was reproduced in in vivo mice models (Bamodu et al., 2018).  

 
8.2. Multiple myeloma 

MM is a hematological malignancy derived from post-germinal center B cells (Harada et 

al., 2016). Physiologically, B cells originate from pluripotent hematopoietic stem cells in the 

BM. Once the B cell pathway has been selected, B cell development and differentiation 

occurs in a series of stages, progressing from pro- to pre-, to immature B cells (Regna et al., 

2016). MM is characterized by a clonal proliferation of malignant plasma cells that 

accumulate primarily in a favorable microenvironmental niche of the BM and produce high 

levels of immunoglobulin (Raab et al., 2009; He et al., 2016). The progression of MM almost 

always occurs from an asymptomatic pre-malignant stage known as monoclonal gammopathy 

of undetermined significance (MGUS) through smoldering MM to active MM and then 

plasma cell leukemia (Figure 18) (Abramson, 2016; Harada et al., 2016). 
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Figure 18: MM pathogenesis. 
MM cell interactions with cellular components of the surrounding BM microenvironment are essential 
for the disease progression. Green and red arrows represent positive and negative interactions, 
respectively. BM: bone marrow, IGH: immunoglobulin heavy locus, IL: interleukin, MGUS: 
monoclonal gammopathy of undetermined significance. Adapted from (Kumar et al., 2017). 
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accounts for 1.8% of all new cancer cases and more than 10% of all hematological 

malignancies in the United States (Abramson, 2016; Tandon et al., 2016). So far, the outcome 

of MM patients has not been satisfactory, with a median survival of 2 to 5 years and a 5-year 

overall survival rate of only 45% for patients with MM at distant stage, which accounts for 

95% of all new diagnosed cases (Cottini et al., 2015; Tandon et al., 2016). Consequently, 

MM is still an incurable pathology in most cases.  

The etiology of MM is poorly deciphered partly due to low frequency of the disease 

making its investigation difficult, as well as the fact that the risk factors playing a major role 

for malignant diseases, such as tobacco consumption and diet, have not been found obviously 

implicated in MM pathogenesis. Nevertheless, few risk factors may affect MM initiation, 

such as age (increased risk after 65 years old), race (incidence 2 times higher among African 

Americans than Caucasian population), gender (slightly more prevalent in males) and family 

history (Becker, 2011). 

 

8.2.2. Diagnostic criteria 

For several decades, the major clinical features of MM corresponded to increased blood 

calcium level, renal insufficiency, anemia, and bone lesions (CRAB) (He et al., 2016). In 

addition to this classic tetrad, the diagnostic criteria for MM were expanded to include 

validated biomarkers predictive of myeloma-related end organ damage (Rajkumar et al., 

2014). For instance, another feature of MM is the accumulation of high levels of monoclonal 

immunoglobulins or paraproteins in blood and/or urine, which is considered as an important 

contributor to renal damage (Afifi et al., 2015; Tandon et al., 2016). 

 
8.2.3. Pathophysiology 

MM is a biologically complex disease that can exhibit marked heterogeneity in terms of 

cytogenetic alterations, thereby leading to individual variations in overall response and 

survival of patients under identical therapeutic strategies (Tandon et al., 2016). Initiation and 

progression of MM is associated with genetic abnormalities such as point mutations, deletions 

(e.g. del(17p)), or chromosomal translocations (e.g. t(11;14), t(4;14), t(14;16), t(6;14) 

affecting CCND1, MMSET/FGFR3, c-MAF, CCND3 expression, respectively), as well as 

epigenetic alterations including global DNA hypomethylation, histone hypermethylation (e.g. 

histone H3 lysine 9 mono-methylation, lysine 36 di-methylation or lysine 27 tri-methylation) 

and hypoacetylation, or aberrant miR expression (Alzrigat et al., 2018). Those lesions may 

result in activation or deregulation of critical oncogenic signaling pathways including NF-κB, 



Introduction   
	

50	

Wnt/β-catenin, CDK/retinoblastoma protein (pRb), Janus kinase/signal transducer and 

activator of transcription protein (JAK/STAT) and ERK pathways, which contribute to the 

pathogenesis of MM (Harada et al., 2016; Tandon et al., 2016). 

Evidence indicates that the BM microenvironment surrounding tumor cells has a pivotal 

role in myeloma pathogenesis, mediating cell survival, proliferation and resistance to 

anticancer drugs (Raab et al., 2009; Harada et al., 2016). Drug resistance is acquired through 

functional and physical interactions of MM cells with the BM microenvironment via two 

overlapping mechanisms. First, BM stromal cells (BMSCs) produce soluble factors, such as 

interleukin (IL)-6 and insulin-like growth factor (IGF)-1, to activate signal transduction 

pathways resulting in drug resistance. Second, BMSCs up-regulate the expression of cell 

cycle inhibitors, anti-apoptotic members of the BCL-2 family and ABC drug transporters in 

myeloma cells upon direct adhesion (Furukawa et al., 2016).  

 

8.2.4. Current treatments 

For several decades the standard-of-care drugs for treating MM were alkylating agents, 

primarily melphalan, in combination with corticosteroids. Over the past decade, this treatment 

paradigm has shifted dramatically with the introduction of chemotherapy, steroids, 

immunomodulatory drugs (IMiDs) and proteasome inhibitors (Pi). Conjunction of MM 

therapy with autologous stem cell transplantation has further extended the range of 

therapeutic options for combatting this disease (Abramson, 2016). Despite remarkable 

advances in MM therapies and the consequent improvement in clinical outcomes, nearly all 

patients eventually relapse and become refractory to treatment, likely due to a continuous 

selection of more biologically aggressive sub-clones (Lopez-Iglesias et al., 2016; Pogue et al., 

2016; Manni et al., 2017). As a result, MM remains an incurable disease, justifying an urgent 

need for novel therapeutic agents and combinations with conventional treatments that may 

further inhibit important survival pathways for these tumor cells and overcome acquired or 

intrinsic drug resistance (He et al., 2016; Hideshima et al., 2016; Lopez-Iglesias et al., 2016).  

A new generation of Pi and IMiDs is already demonstrating efficacy in relapsed or 

refractory MM (RRMM). Multiple additional strategies are currently incorporated in the MM 

therapeutic platform, consisting of molecules interfering with protein catabolism such as 

HDAC6-specific inhibitors, epigenetic therapies including HDACi, immune-based 

therapeutic strategies and agents targeting various signaling pathways (e.g. AKT, CRM1, c-

MYC and NF-κB) (Cottini et al., 2015).  
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8.2.4.1. Proteasome inhibitors 

MM displays a unique biology characterized by high rates of protein synthesis, resulting 

in ER stress and activation of the UPR. Plasma cell differentiation and survival depend on 

UPR activation, which results in up-regulation of protein degradation by the 26S proteasome. 

Accordingly, the introduction of Pi into MM therapies has led to a dramatic enhancement of 

clinical outcomes (Vogl et al., 2017). 

The FDA-approved Pi bortezomib (Velcade®) blocks the degradation of poly-

ubiquitinated misfolded proteins, amplifies ER stress, and triggers apoptosis of MM cells. 

Consequently, it has rapidly been tested in preclinical and clinical studies demonstrating 

remarkable anti-MM efficacy (Hideshima et al., 2001). Although most MM patients receiving 

continuous bortezomib-containing therapy do not develop severe adverse events, the number 

of cases with acquired resistance to bortezomib therapy has increased continuously, mainly 

due to point mutations or over-expression of the gene coding for the proteasome β5 subunit. 

The majority of the substituted amino acid residues are located around the S1 specificity 

pocket of the proteasome β5 subunit, leading to conformational changes that may disrupt the 

affinity between the chymotrypsin-like active site and bortezomib. Notably, drug efflux via P-

glycoprotein appears to only mediate a low level of bortezomib resistance (Lu et al., 2013).  

Several clinical studies of bortezomib treatment for RRMM showed that the median 

duration of response ranged from 6 to 12 months with or without dexamethasone, which 

supports the theory that MM cells eventually develop resistance to bortezomib, leading to 

relapse of disease in the majority of patients within a year. To explore effective treatment 

strategy for overcoming bortezomib resistance, several clinical trials using new agents or 

combination therapy with bortezomib have been performed (Hideshima et al., 2016). 

Alternatively, the second-generation Pi carfilzomib, ixazomib, and marizomib also show 

improved pharmacological properties, offering benefits in terms of increased efficacy and 

reduced toxicity as off-target effect, as well as displaying promising anti-tumor responses 

(Hideshima et al., 2016; Ri, 2016). Furthermore, the efficacy of second-generation Pi is not 

affected by bortezomib resistance as they offer a different chemical structure, mechanism of 

action and biological properties (Chhabra, 2017).  

 

8.2.4.2. HDAC and HDAC6 inhibitors  

Multiple HDACi inhibit myeloma cell survival and proliferation by various mechanisms. 

Treatments with non-selective or class I HDACi induce cell cycle arrest in the G0/G1 phase 

through reduced expression of cell cycle-dependent cyclins and CDKs, or up-regulation of the 
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cell cycle inhibitors, p21 and/or p53 (Afifi et al., 2015; Harada et al., 2016). Early preclinical 

data revealed that SAHA induces cell growth arrest as a result of increased levels of p21, p53 

and hypophosphorylated pRb, in addition to decreased levels of cyclin D1 and CDK4 (Afifi et 

al., 2015). HDACi can also induce both apoptotic and non-apoptotic cell death, overcoming 

drug resistance mediated by the BM environment. In addition, HDACi-induced apoptosis can 

be mediated via the intrinsic and extrinsic pathways by stimulating mitochondrial cytochrome 

c translocation and release, up-regulating APAF-1, and inducing cleavage of caspases 3 and 9 

(Afifi et al., 2015; Harada et al., 2016). Interestingly, GRP78 was identified as a novel non-

histone target of HDACi (Rao et al., 2010). Upon inhibition of class 1 HDACs, acetylated 

GRP78 activates UPR and contributes to the antitumor activity of HDACi such as SAHA 

(Kahali et al., 2012). 

The pan-HDACi panobinostat has shown significant clinical benefit and is the first one 

approved for use in combination with bortezomib and dexamethasone for the treatment of 

patients with relapsed or relapsed and refractory MM who have received ≥2 prior regimens 

including bortezomib and an IMiD (Richardson et al., 2017). Caspase-8-mediated post-

translational Sp1 degradation appears to be among major mechanisms for synergistic anti-

MM effects of panobinostat and Pi in combination (Bat-Erdene et al., 2016).  

Non-selective HDACi induce potent cytotoxicity against MM cells in the preclinical 

setting (Harada et al., 2016). Clinical trials with pan-HDACi in combination with bortezomib 

and dexamethasone have shown improved outcomes, but also substantially increased toxicity 

(Vogl et al., 2017). Indeed, pan-HDACi induce unfavorable side effects due to the broad 

range of modulation of histone and non-histone protein functions (Harada et al., 2016). To 

minimize these side effects, research has focused on the development isoform-selective 

HDACi. To date, HDAC6i are the only class of isoform-selective HDACi whose significance 

in MM biology has well been documented due to the unique role of HDAC6 in the 

aggresome/autophagy pathway (Harada et al., 2016).  

HDAC6 mediates trafficking of cytosolic poly-ubiquitinated misfolded proteins to the 

aggresome/autophagy pathway, which serves as an alternative route for protein degradation 

upon proteasome inhibition and thereby contributes to therapeutic resistance towards 

proteasome inhibitor therapy (see chapter 6.3.2.3. for more details). Therefore, the selective 

inhibition of HDAC6, leading to increased α-tubulin acetylation and accumulation of poly-

ubiquitinated proteins in MM cells, may yield improved efficacy and synergistic cytotoxicity 

when combined with proteasome inhibition (Vogl et al., 2017). Furthermore, it has been 

reported that the simultaneous targeting of the integrated networks of aggresome, proteasome, 
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and autophagy-lysosome system potently enhances efficient ER stress-mediated apoptosis in 

MM cells (Moriya et al., 2015). 

Selected clinical trials evaluating the efficacy of HDACi and HDAC6i in combination 

treatment in patients with MM are summarized in Table 3.  

 

Table 3: Selected clinical trials with HDACi in combination treatments in MM. 
The more advanced phase for each co-treatment was selected from online database provided 
by the U.S. National Library of Medicine.  
Selectivity Name Combination treatments Phase 
Pan HDACi Vorinostat 

(SAHA) 
Bortezomib – dexamethasone 
Bortezomib 
Marizomib 
Dexamethasone – lenalidomide  
Bortezomib – dexamethasone – lenalidomide 
Carfilzomib – dexamethasone – lenalidomide  
Lenalidomide 
Bortezomib – doxorubicin  
Bortezomib – dexamethasone – doxorubicin  
Melphalan – Prednisone  
Bortezomib – carfilzomib – thalidomide – lenalidomide 

2 
3 
1 
2 
1 
2 
1 
1 
2 
2 
3 

 Panobinostat 
(LBH589) 

Bortezomib – dexamethasone 
Bortezomib – dexamethasone – thalidomide  
Everolimus 
Carfilzomib 
Bortezomib 
Bortezomib – dexamethasone – lenalidomide  
Carfilzomib – dexamethasone  
Carfilzomib – dexamethasone – lenalidomide  
Melphalan 
Dexamethasone – lenalidomide 
Busulfan – dexamethasone – gemcitabine – melphalan – 
Palifermin  
Dexamethasone – ixazomib 

4 
2 
2 
2 
1 
2 
2 
2 
2 
2 
2 
 
2 

 Belinostat 
(PXD101) 

Dexamethasone 
Bortezomib 

2 
2 

 Romidepsin Pralatrexate 2 
 AR-42 Pomalidomide 1 
 JNJ-2641585 Bortezomib – dexamethasone  1 
HDAC6i ACY-1215 Dexamethasone – lenalidomide  

Bortezomib – dexamethasone  
Dexamethasone – pomalidomide 

2 
2 
2 

 ACY-241 Dexamethasone – pomalidomide  
PVX-410 – lenalidomide  

1 
1 

HDACi: histone deacetylase inhibitor, HDAC6i: HDAC6 inhibitor, SAHA: suberoylanilide 
hydroxamic acid. 
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9. MAKV compounds 
MAKV-8 and its derivatives, as well as MAKV-15, have been synthetized in the 

laboratory of Guy Bormans (Laboratory of Radiopharmacy, KU Leuven, Leuven, Belgium).  

 

9.1. MAKV-8 and derived compounds 

The synthesis of compound MAKV-8, characterized by a linker of 6-methylene units and 

a CAP group with arylisoxazole, was accomplished through the chemistry of nitrile oxide 

cycloaddition (NOC), assembling related building blocks, namely the 5-arylisoxazole-3-

carboxylic acid ethyl esters (Kozikowski et al., 2008; P.H. Yang et al., 2013). The activity of 

this compound has been tested with isolated enzymes and pancreatic cancer cell lines in vitro 

in order to understand the structure-activity and structure-selective relationships. Their results 

showed that compound 3 (MAKV-8) displayed an IC50 value of 2 pM towards HDAC3 and 

HDAC6 and its in vitro anti-proliferative activity against pancreatic cancer cell lines was 

similar to the one of SAHA (Kozikowski et al., 2008; P.H. Yang et al., 2013). The four 

MAKV-8 derived compounds, synthetized by the group of Guy Bormans, were named 

MAKV-6, -7, -10 and -12; the two first ones lack the linker, whereas the hydroxamate group 

of the two last ones is substituted by a methylester group (Figure 19). 

 

  
Figure 19: Chemical structures of MAKV-8 and derived compounds.  
IC50 values from (Kozikowski et al., 2008). 
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9.2. MAKV-15 compound 

Compounds MAKV-15 and tubastatin A (Figure 20) were synthesized using structure-

based drug design combined with homology modeling techniques (Butler et al., 2010). In the 

paper from Butler et al., compound 6 (tubastatin A) and 7 (MAKV-15), characterized with 

tetrahydro-γ-carboline and tetrahydro-β-carboline moiety, respectively, were obtained through 

modification of the tricyclic. Based on the in vitro results from the literature, this small 

change between the two molecules has an impact on the potency and selectivity towards 

HDAC6. Indeed, both of the compounds displayed higher selectivity for HDAC6 over 

HDAC1 compared to tubacin. Tubastatin A and MAKV-15 displayed an IC50 value of 15 and 

1.4 nM towards HDAC6 and about a 1000- and 3500-fold selectivity for HDAC6 over 

HDAC1, respectively (Butler et al., 2010; P.H. Yang et al., 2013). 

 

 
Figure 20: Chemical structures of tubastatin A and MAKV-15.  
The blue rectangles highlight the change in the N-position. IC50 values from (Butler et al., 2010).	 	

MAKV-15 
IC50 (HDAC6): 1.4 nM 

Tubastatin A 
IC50 (HDAC6): 15.3 nM 





	 	 Objectives	
	

56	

Objectives 

 

HDACs play a role in the modulation of the acetylation status of proteins. Disruptions of 

the functional acetylation patterns contribute to tumorigenesis and can be triggered by various 

mechanisms such as aberrant activation or overexpression of HDAC isoforms. Targeting 

HDAC activities with small molecule inhibitors thus represents a promising anticancer 

strategy for hematological malignancies. However, through their implications in many cell 

processes, treatment of cancer with pan-HDACi is associated with unwanted side effects, 

leading to the research of more potent and selective HDACi. 

 

The main goal of this project is to develop efficient therapeutic approaches for the 

treatment of hematological malignancies based on the use of HDACi in combination with 

targeted drug therapies. To achieve our objectives, the research project consists on the 

following specific aims: 

 

1. To identify new synthetic pan- or selective HDACi with improved inhibitory properties 

in vitro using a fluorimetric HDAC activity assay and in cellulo by analyzing the acetylation 

status of HDAC target proteins. 

 

2. To characterize the anticancer properties of selected HDACi alone or in combination 

with targeted drug therapies. 

• HDACi-TKi in CML  

First, we intend to assess the effects of those inhibitors on cell proliferation and viability 

by Trypan blue exclusion test. The effect on cell cycle distribution will be studied using flow 

cytometry and the type of induced cell death evaluated via nuclear morphology analysis and 

flow cytometric assessment of phosphatidylserine (PS) exposure. The effects of compounds 

on proteins implicated in cell death pathways will be investigated by performing western 

blotting to analyze caspase and poly (ADP-ribose) polymerase (PARP)-1 cleavage. To 

determine whether co-treatments display a synergistic effect on cell mortality, the 

combination index will be calculated using the CompuSyn software. Finally, the replicative 

ability of tumor cells in a 3D model will be evaluated by clonogenic assay. Importantly, the 

toxicity of co-treatments will be studied on CML cells by comparison to healthy cell models.  
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To further describe the HDACi anticancer potential, GRP78 expression level will be 

analyzed as a marker of ER stress. Accordingly, the activation of UPR sensor pathways 

including PERK/eIF2α/ATF4; ATF6; as well as the amount of spliced XBP1 mRNA will be 

studied. In addition, compound-mediated induction of the autophagic process will be 

evaluated by (i) analysis of cellular structures by transmission electron microscopy (TEM), 

(ii) cell morphology assessment after GIEMSA staining, (iii) visualization and quantification 

of autophagy-associated vacuoles after Cyto-ID® staining, and (iv) analysis by western 

blotting of autophagic markers. Finally, the effect of MAKV-8 on histone H2AX 

phosphorylation (γH2AX) levels will be studied by western blotting as the earliest marker for 

DNA damage localized at double strand breaks (DSBs). 

 

• HDAC6i-proteasome inhibitor-common chemotherapeutic drug or BCL-2 family 

protein inhibitors in MM.  

We aim to assess the effects of those inhibitors on cell proliferation and viability by 

Trypan Blue exclusion test and the type of induced cell death via nuclear morphology 

analysis. The effect on cell cycle distribution will also be studied by flow cytometry. 

 

3. To understand the mechanisms of action underlying most effective drug combinations 

with MAKV-8 and imatinib. Since CML pathogenesis is mainly driven by BCR-ABL fusion 

oncoprotein that displays constitutive tyrosine kinase activity leading to aberrant downstream 

signaling, the effects of co-treatment will be examined on the expression and phosphorylation 

of BCR-ABL and its downstream targets. Furthermore, we will evaluate whether a MAKV-8-

imatinib treatment could reduce the ALDH-positive cell population representing a subset of 

hematopoietic stem cells that are implicated in TKi resistance and relapse in CML patients. 

 

4. Test the potency of most promising combinational strategies in in vivo models. For that 

purpose, we will visualize tumor growth thanks to xenografted fluorescent CML cell lines in 

zebrafish. 
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Material and methods 

 

1. Cell culture 

1.1. Cell models 

Human CML and MM cell lines were purchased from various culture collections (Table 

4). Human CML KBM-5 cells were kindly provided by Dr. Bharat B. Aggarwal. Imatinib-

resistant K-562 cells (K-562R) were a gift from of the Catholic University, Seoul and 

imatinib-resistant KBM-5 cells (KBM-5R) were established as previously described 

(Mazumder et al., 2018). The human MM MM1.S cell line was kindly provided by Wim 

Vanden Berghe (University of Antwerpen, Belgium). Of note, the MM cell lines used in the 

experiments (Table 5) were representative of the molecular heterogeneity described in 

patients (www.keatslab.org/myeloma-cell-lines/hmcl-characteristics). 

Cells were cultured in the appropriate medium (BioWhittaker, Lonza, Verviers, Belgium) 

supplemented with heat-inactivated fetal calf serum (FCS) and 1% antibiotic-antimycotic 

(BioWhittaker) at 37°C in a humid atmosphere and 5% CO2, and sub-cultured to the 

appropriate concentration every two or three days (Table 4). 
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Table 4: Culture characteristics. 

Cells were purchased from American Type Culture Collection (ATCC; Manassas, Virginia, 

USA); Deutsche Sammlung für Mikroorganismen und Zellkulturen (DSMZ; Braunschweig, 

Germany); Japanese Collection of Research Bioresources (JCRB; Osaka, Japan). 

Cancer Cell line Provider Medium FCS1 Seeding density  
CML K-562 DSMZ RPMI 1640 10%  2×105 cells/ml 

K-562R CU RPMI 1640 10%  3×105 cells/ml 

KBM-5 MDACC IMDM 10% 2×105 cells/ml 

KBM-5R NA IMDM 10% 3×105 cells/ml 

MEG-01 DSMZ RPMI 1640 10% 2.5×105 cells/ml 

MM AMO-1 DSMZ RPMI 1640 20% 5×105 cells/ml 

JJN-3 DSMZ DMEM (40%) + 

IMDM (40%) 

20% 3×105 cells/ml 

KMS-12-PE DSMZ RPMI 1640 20% 5×105 cells/ml 

KMS-28-BM JCRB RPMI 1640 10% 5×105 cells/ml 

KMS-34 JCRB RPMI 1640 10%  3×105 cells/ml 

MM1.R2 ATCC RPMI 1640 10% 3×105 cells/ml 

MM1.S2 KUL RPMI 1640 10% 3×105 cells/ml 

MOLP-8 DSMZ RPMI 1640 20% 4×105 cells/ml 

OPM-2 DSMZ RPMI 1640 10% 3×105 cells/ml 

U-266 DSMZ RPMI 1640 10% 4×105 cells/ml 
1 All cells were cultured in medium supplemented with heat-inactivated FCS from BioWhittaker 
except KMS-34 cells, for which FCS is provided by BioWest (Nuaillé, France). 
2 The parental MM1.S cell line and the subline MM1.R are sensitive and resistant to dexamethasone, 
respectively. 
CML: chronic myelogenous leukemia; CU: Catholic University; DMEM: Dulbecco's Modified Eagle's 
medium; FCS: fetal calf serum; IMDM: Iscove's Modified Dulbecco's Medium; KUL: University of 
Leuven; MDACC: M.D. Anderson Cancer Center; MM: multiple myeloma; NA: not applicable; 
RPMI: Roswell Park Memorial Institute. 
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Table 5: Cytogenetic abnormalities of multiple myeloma cell lines. 

Cell line Translocation Gene Cytogenetic characteristics 
AMO-1 t(12;14) KRAS Heterozygous A146T 
  NRAS, TP53 Wild type 
  TRAF3 Heterozygous A484Afs 
JJN-3 t(14;16) + t(8;14) KRAS, TRAF3 Wild type 
  TP53 Homozygous deletion 
KMS-12-PE t(11;14) CDKN2C Homozygous deletion 
  KRAS, NRAS, TRAF3 Wild type 
  FGFR3 Heterozygous S321C 
  TP53 Homozygous R337L 
KMS-28-BM t(4;14) FGFR3 Expressed 
  KRAS Homozygous G12A 
  TRAF3 Wild type 
KMS-34 t(4;14) FGFR3 Expressed 
  TP53 Homozygous W146X 
  TRAF3 Heterozygous S352N 
MM.1R t(14;16) + t(8;14) CDKN2C Homozygous deletion 
MM.1S  KRAS Heterozygous G12A 
  NRAS, TP53 Wild type 
  TRAF3 Homozygous K536-N545delinsD 
MOLP-8 t(11;14) KRAS Heterozygous deletion K179 
  NRAS Heterozygous Q61L 
OPM-2 t(4;14) CDKN2C Homozygous deletion 
  FGFR3 Heterozygous K650E 
  KRAS, NRAS, TRAF3 Wild type 
  TP53 Homozygous R175H 
U-266 t(11;14) BRAF Heterozygous K601N 
  KRAS, NRAS Wild type 
  pRb Homozygous E419X and K228R 
  TP53 Homozygous A161T 
  TRAF3 Homozygous K550IfsX3 
CDKN: cyclin-dependent kinase inhibitor, FGF: fibroblast growth factor, FGFR: FGF receptor, pRb: 
retinoblastoma protein, TNF: tumor necrosis factor, TP53: tumor protein p53, TRAF: TNF receptor-
associated factor. 
 

1.2. Healthy models 

1.2.1. Proliferating and non-proliferating peripheral blood mononuclear cells 

PBMCs were isolated from fresh blood of healthy human donors (Red Cross, Luxemburg, 

Luxemburg) with their consent and respect of anonymity. Blood was diluted eight times in 

sterile Dulbecco's Phosphate Buffered Saline (DPBS; BioWhittaker) supplemented with 2 

mM ethylenediaminetetraacetic acid (EDTA; MP Biomedicals, Illkirch, France), then 

carefully added to 30% Ficoll-PaqueTM Premium (GE Healthcare, Roosendaal, The 

Netherlands). The following centrifugation at 400 g for 30 minutes allowed the formation of 
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layers based on a density gradient, containing from bottom to top: erythrocytes/granulocytes, 

Ficoll-Paque media, mononuclear cells, and plasma. PBMCs were collected, washed twice in 

1X DPBS-2 mM EDTA, counted and seeded at 5x106 cells/ml in RPMI 1640 supplemented 

with 10% heat-inactivated FCS and 1% antibiotic-antimycotic (BioWhittaker). Treatments 

with indicated compounds were performed 24 hours later on PBMCs seeded at a 

concentration of 106 cells/ml. 

PBMCs were induced to proliferate by using a cocktail of mitogens and cytokines 

including phytohemagglutinin (PHA) and IL-2. After isolation by density gradient, PBMCs 

were transferred into a culture flask pre-conditioned with heat-inactivated human AB serum 

(BioWhittaker) at a concentration of 2x106 cells/ml in RMPI-1640 supplemented with 1% 

antibiotic-antimycotic and 10% inactivated human AB serum. After an overnight incubation 

at 37°C, floating lymphoid cells were collected and resuspended at 106 cells/ml in RMPI-

1640 supplemented with 1% antibiotic-antimycotic, 1% HEPES (Invitrogen, Tournai, 

Belgium), 1% sodium pyruvate (Invitrogen), 0.1% 2-mercaptoethanol (Invitrogen), 1% non-

essential amino acids (Invitrogen), 5% FCS, 10% human AB serum; 1µg/ml PHA (Gentaur, 

Kampenhout, Belgium) and 50 units/ml IL-2 (Miltenyi Biotec, Utrecht, The Netherlands).  

Concomitantly, two samples of 107 PBMCs were resuspended in 10 ml of phosphate 

buffer saline (1X PBS: 137 mM NaCl ; 2.7 mM KCl ; 10 mM Na2HPO4 ; 1.8 mM KH2PO4 ; 

pH7.4) supplemented with or without 0.1 µM 5,6-carboxyfluorescein diacetate succinimidyl 

ester (CFSE ; CellTraceTM, Thermofisher, Waltham, Massachusetts, USA) and incubated in 

the dark for 20 minutes. To remove any free dye remaining in the solution, PBMCs 

underwent a 5-minute incubation with additional 40 ml of RPMI 1640 supplemented with 

10% FCS. After washing with 1X PBS, cells were resuspended at 106 cells/ml in RMPI-1640 

supplemented with 1% antibiotic-antimycotic, 1% HEPES, 1% sodium pyruvate, 0.1% 2-

mercaptoethanol, 1% non-essential amino acids, 5% FCS and 10% human AB serum. CFSE-

stained and unstained PBMCs were then split in two flasks, followed by addition of 1µg/ml 

PHA and 50 units/ml IL-2 in one of the flasks. After 72 hours, the blastogenic response of T-

cells lymphocytic sub-populations was validated by a multiparametric and comparative 

analysis between stimulated versus non-stimulated cells. First, cell proliferation was 

determined using the Trypan Blue exclusion method (see chapter 1.5 for more details) and 

counting non-stimulated versus stimulated PBMCs under bright field microscope. Then, two 

samples of 2×105 cells from non-stimulated and stimulated PBMCs were washed once with 

1X PBS. Pellets of cells were resuspended in 50 µl of 1X PBS supplemented with 3 µl of 

FITC-conjugated mouse anti-human CD (cluster of differentiation)3 (BD Pharmingen, 
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Erembodegem, Belgium) in first sample and 3 µl of FITC-conjugated mouse IgG 2a, κ 

isotype control (BD Pharmingen) in second one. After a 20-minute incubation in the dark, 

200 µl of Annexin V Binding Buffer (see chapter 10 for more details) was added to cells. 

Stained and unstained samples were processed through a cytometer (FACS Calibur, BD 

Biosciences, San Jose, CA, USA) and data were recorded statistically (10,000 events/sample) 

using the CellQuest Pro software (BD Biosciences). Morphological cellular changes 

associated with cell activation, replicative ability of T-cell lymphocytes and the purity of the 

T-cell lymphocytic proliferating population were monitored by assessment of FSC-H versus 

SSC-H parameters, CFSE and anti-CD3-associated intensity of fluorescence, respectively. 

Data were analyzed using the Flow-Jo 8.8.5 software (Tree Star, Inc., Ashland, OR, USA). 

Once the blastogenic response was confirmed, cells were resuspended in fresh RPMI-

1640 medium, completed and supplemented with mitogens/cytokines as reported above, at the 

concentration of 106 cells/ml prior to treatments with indicated compounds. 

 

1.2.2. Platelets 

Fresh human platelets at a concentration of 1.2 to 1.5x109 cells/ml (Red Cross) were 

obtained from healthy human donors with their consent and respect of anonymity. On the day 

of reception, platelets were diluted 10X in RPMI 1640 supplemented with 1% antibiotic-

antimycotic and treated with indicated compounds. 

 

1.2.3. RPMI-1788 cells 

Human RPMI-1788 cells, which are derived from B lymphocytes, were purchased from 

ATCC. They were cultured in RPMI 1640 (BioWhittaker) supplemented with 20% heat-

inactivated FCS and 1% antibiotic-antimycotic (BioWhittaker), and subcultured at a seeding 

concentration of 3×105 cells/ml every two or three days. 

 

1.2.4. CD34+ cells 

Umbilical cord blood was kindly provided by Clinique Bohler (Luxemburg, Luxemburg) 

and collected in 50-ml tubes containing 20 units/ml of heparin (Ratiopharm, Ulm, Germany). 

Donor’s written informed consent was in agreement with the National Committee of Research 

Ethics in Luxemburg. PBMCs were first isolated as previously described and washed twice in 

1X DPBS-2 mM EDTA. Then, CD34+ cells were purified by magnetic cell sorting following 

manufacturer’s instructions. For 108 PBMCs, 300 µl of magnetic cell sorting (MACS) 

solution (1X DPBS ; 2 mM EDTA ; 0.5% (v/v) bovine serum albumin (BSA) solution 
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(Sigma, Bornem, Belgium) were added to PBMCs without resuspension, as well as 100 µl of 

FcR Blocking Reagent Human and 100 µl of CD34 Microbeads Human (CD34 MicroBead 

Kit Human, Miltenyi Biotec). After a 30-minute incubation at 4°C, cells were diluted in 10 ml 

of MACS solution, centrifuged for 7 minutes at 340 g, and resuspended in 500 µl of MACS 

solution. Magnetically-labeled CD34+ cells were successively isolated on two LS MACS 

separation columns (Miltenyi Biotec) pre-activated with 2 ml of MACS solution, the first one 

supplemented with pre-separation filter (Miltenyi Biotec) to eliminate red blood cells. After 

magnetic selection of CD34+ cells that are held in suspension within each column, three-time 

washing with 3 ml of MACS solution was followed by an elution of cells from the column 

using 4 ml of MACS solution and piston. CD34+ cells were finally seeded at 2x105 cells/ml in 

serum-free condition in Stem Line Medium II (Sigma) supplemented with 2% (v/v) L-

glutamine, 1% antibiotic-antimycotic (BioWhittaker), 10 ng/ml IL-3 (ReliaTech, 

Wolfenbüttel, Germany) and 50 ng/ml stem cell factor (SCF; ReliaTech), and cultivated for 3 

days before treatment. 

 

1.3. Transfections 

Transfections were performed with HiPerFect Transfection Reagent (HPF; Qiagen, Venlo, 

The Netherlands), which is a blend of cationic and neutral lipids allowing efficient 

introduction of small interfering RNAs (siRNAs) into cells. 

siRNAs targeting beclin 1 (BECN1) gene were obtained from Qiagen: Hs_BECN1_2 

(si00055580) or non-targeting siRNA (AllStars Negative Control siRNA). K-562 cells were 

transfected with 1 nM siRNA using 1.5 µl of HPF according to manufacturer’s instructions. 

Briefly, 100 µl of cells were seeded at a concentration of 1.2×106 cells/ml in culture medium 

with 10% FCS and incubated at 37°C and 5% CO2 during the following steps. In a final 

volume of 100 µl, appropriate amount of siRNA corresponding to a final concentration of 1 

nM was diluted in RPMI 1640 without FCS, then 1.5 µl HPF was added to the diluted siRNA. 

After vortexing the samples, 10-minute incubation at RT enabled the formation of 

transfection complexes, which were then added dropwise onto the cells and uniformly 

distributed by gentle agitation of the vial. After 6-hour incubation in normal growth 

conditions, 400 µl of culture medium with 12.5% FCS were added to the cells. Notably, all 

the volumes need to be scaled up based on the number of cells required for subsequent 

experiments. Cell number and viability were evaluated 24 hours post-transfection, and then 

cells were harvested to analyze gene silencing or treated for subsequent experiment. 

 



	 	 Material and Methods	
	

64	

1.4. Chemicals and cell treatments 

Cells were treated in their exponential phase. Compounds MAKV-6, -7, -8, -10, -12 and -

15 were provided by Guy Borman’s laboratory (Laboratory of Radiopharmacy, University of 

Leuven, Belgium) and dissolved in dimethylsulfoxide (DMSO). The descriptions of the other 

compounds used to treat the cells are presented in Table 6. These compounds were used in the 

concentrations indicated in each experiment, and treatment with the appropriate solvent alone 

corresponded to the vehicle. 

 

Table 6: Compounds used in this study. 

Compounds were purchased from various companies: Adooq Bioscience (Irvine, CA, USA); 

ApexBio Technology (Houston, TX, USA); Cayman Bio-connect (Ann Arbor, MI, USA); 

Millipore (Merck, Brussels, Belgium); Selleckchem Bio-connect (Munich, Germany); Sigma 

(Bornem, Belgium); Teva Pharma (Antwerpen, Belgium). 

Compound Provider Solvent Purpose Storage 

A1210477 Selleckchem Bio-connect DMSO MCL-1 inhibitor -80°C 

ABT-199 Selleckchem Bio-connect DMSO BCL-2 inhibitor -80°C 

ACY-1215 Adooq Bioscience DMSO HDAC6i -20°C 

Bortezomib Selleckchem Bio-connect DMSO Proteasome inhibitor -80°C 

Cisplatin Teva Pharma Saline solution Alkylating-like agent RT 

Dexamethasone Sigma Ethanol Immunomodulatory 

agent 

-20°C 

Doxorubicin Sigma Water Topoisomerase II 

inhibitor 

-20°C 

Imatinib Sigma DMSO TKi -20°C 

Rapamycin Selleckchem Bio-connect DMSO mTOR inhibitor -80°C 

S63845 ApexBio Technology DMSO MCL-1 inhibitor -20°C 

SAHA Cayman Bio-connect  DMSO HDACi -20°C 

Thapsigargin Sigma DMSO SERCA inhibitor -20°C 

Tubastatin A Sigma DMSO HDAC6i -20°C 

Z-VAD-FMK Millipore  DMSO Caspase inhibitor -20°C 

BCL: B-cell lymphoma, DMSO: dimethyl sulfoxide, HDACi: histone deacetylase inhibitor, mTOR: 
mammalian target of rapamycin, RT: room temperature, SAHA: suberoylanilide hydroxamic acid, 
SERCA: sarco/endoplasmic reticulum Ca2+ ATPase, TKi: tyrosine kinase inhibitor, Z-VAD-FMK: 
carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone. 
 



Material and Methods	 	 	
	

	 65	

At the end of treatments, cells were used for further experiments or collected by 

centrifugation at 350 g for 7 minutes, washed twice in cold 1X PBS and stored at -80°C prior 

subsequent analysis. 

 

1.5. Cell viability and proliferation test 

Cell viability was evaluated using the Trypan Blue exclusion method (BioWhittaker). This 

method is based on the capacity of viable cells to actively reject the dye in the extracellular 

medium, appearing in white under the microscope, while dead cells turn blue because they 

have lost this ability of expulsion.  

Cells were processed using a semi-automated image-based cell analyzer (Cedex XS 

Innovatis, Roche, Luxembourg, Luxembourg), which provided the cell number as well as cell 

viability based on this Trypan Blue exclusion method.  

 

2. Computational analysis of public CML datasets  
The gene expression microarray datasets E-MTAB-2581 from (Scott et al., 2016) and 

GSE97562 (Aviles-Vazquez et al., 2017) were downloaded from the ArrayExpress database 

(Kolesnikov et al., 2015) and the Gene Expression Omnibus repository, respectively. The 

datasets were normalized using the Robust Multichip Average algorithm from the oligo R 

package (version 1.48.0) (Carvalho et al., 2010) and was batch corrected using the function 

removeBatchEffect from the limma R package (version 3.40.2) (Ritchie et al., 2015). The 

ggboxplot function from the ggpubr package (version 0.2.1) (Kassambara, 2018) was used to 

draw the boxplots in R 3.6.0 (R Development Core Team, 2010) and RStudio (RStudio Team, 

2015). 

 

3. Docking studies 

Docking studies were carried out using AutoDock Vina software (The Scripps Research 

Institute, CA, USA) (Trott et al., 2010). Initial structures of HDAC1, HDAC2, HDAC3, 

HDAC4, HDAC6, HDAC7 and HDAC8 were obtained from the Protein Data Bank (PDB; 

PDB codes: 4BKX, 4LY1, 4A69, 2VQM, 5EDU, 3C10, and 3EW8, respectively), and 

coordinates for MAKV-6, -7, -8, -10 and -12, and SAHA were generated using ChemDraw 

Professional software (version 15.0, PerkinElmer Informatics). To prepare the structure for 

docking, the ligand and all water molecules were removed. The size of the docking grid was 

40 Å × 40 Å × 40 Å, which encompassed most of the entire structures of the HDAC isoforms. 
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AutoDock Vina program was run with four-way multithreading, and the other parameters 

were default settings in AutoDock Vina program. Figures were generated using PyMol (The 

PyMOL Molecular Graphics System, version 2.0 Schrödinger, LLC).  

 

4. Protein extractions 

4.1. Total extraction 

Cell pellets were resuspended in 10% (v/v) Mammalian Protein Extraction Reagent 

solution (MPER®, Thermofisher, Erembodegen, Belgium) supplemented with 1X protease 

inhibitor cocktail (Complete EDTA-free, Roche). After a constant agitation of 10 minutes at 

room temperature which allowed the mild detergent present in the solution to dissolve cell 

membranes, the samples were centrifuged at 14,000 g for 10 minutes at 4°C. Supernatants 

containing total soluble proteins were collected and stored at -80°C. 

 

4.2. Acid extraction 

Cell pellets were resuspended in 1 ml of hypotonic lysis buffer (10 mM Tris-HCl pH8 ; 1 

mM KCl ; 1.5 mM MgCl2 ; 1 mM DTT ; 1X Complete EDTA-free) supplemented with 10 

µM SAHA, and incubated for 30 minutes at 4°C under a constant and gentle agitation. All the 

following steps were done at 4°C. After a centrifugation at 10,000 g for 10 minutes, nuclei 

were lysed by resuspension in 400 µl of 0.4 N sulfuric acid and gentle agitation for 30 

minutes. The samples were then centrifuged at 16,000 g for 10 minutes, and trichloroacetic 

acid was added drop by drop to the supernatant up to a final concentration of 25%. The 

precipitation of proteins, mainly composed of histones, progressed overnight.  

On the second day, the samples were centrifuged at 16,000 g for 10 minutes to collect 

principally histones in the pellets, which were then washed twice with 500 µl of cold acetone. 

When pellets were dry and devoid of acetone, they were dissolved in pure water, then 

transferred into fresh tubes and stored at -80°C.  

 

4.3. Determination of protein concentration with Bradford method 

The Bradford method is a colorimetric assay used to determine protein concentration and 

based on the absorbance of a Commassie dye solution turning from red to blue color in the 

presence of proteins. When proteins are very concentrated, the bound fraction of the dye is 

high, and the blue color is intense.  

To measure the protein concentration of samples, 160 µl of appropriately diluted samples 

were added to 40 µl of Bradford reagent (BioRad, Temse, Belgium), this being done in 
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duplicates. After 5 minutes of incubation, the absorbance of each well was read at a 590 nm 

wavelength in a spectrophotometer (SpectraCount, Canberra Packard, Schwadorf, Austria) 

conducted by the Plate-reader software. The mean of the duplicate values was calculated and 

put into the equation coming from the standard curve of BSA to calculate concentration of 

proteins. 

 

5. Western blot 
The western blot is an analytical technique allowing the specific detection of proteins in a 

cell lysate. Protein samples in Laemmli buffer (125 mM Tris-HCl pH6.8 ; 20% glycerol ; 4% 

SDS ; 5% 2-β-mercapto-ethanol ; 0,005% bromophenol blue) are denaturated at 100°C for 5 

minutes and loaded into a discontinuous polyacrylamide gel constituted of two parts: the 

upper staking gel (125 mM Tris-HCl pH6,8 ; 0,1% SDS ; 0,1% ammonium persulfate ; 0,1 % 

TEMED (v/v) ; 4% acryl/bisacry 37,5:1) in which proteins were concentrated thanks to the 

difference of pH and salinity, and the lower running gel (373 mM Tris-HCl pH8,8 ; 0,1% 

SDS ; 0,1% ammonium persulfate ; 0,1 % TEMED (v/v) ; acryl/bisacry 37,5:1) whose final 

concentration was adjusted depending on the size of the proteins to detect.  

Electrophoresis gels were immerged in electrophoresis buffer (25 mM Tris ; 0.192 mM 

glycine ; 0.1% SDS), and, thanks to an electrical field of 200 volts/cm2, proteins were 

separated according to their molecular weight in denaturing conditions by a method called 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins 

surrounded by SDS, a strong anionic detergent, were denatured and gained a negative global 

charge identical for all proteins. After migration, proteins were transferred onto methanol-

activated polyvinylidene difluoride (PVDF) membranes (GE Healthcare), thanks to a constant 

transversal electrical field of 100 volts/cm2 in cold transfer buffer (25 mM Tris ; 0,192 mM 

glycine ; 5% methanol for all proteins except LC3 that required 10% methanol).  

On the membrane, proteins are analyzed by immunodetection consisting in the use of a 

primary antibody, directed against an epitope of the target protein, which is then recognized 

by the secondary antibody coupled to a system of detection. To limit unspecific binding of the 

primary antibody, the membranes were incubated with a blocking solution – 1X PBS-0.1% 

Tween® with 5% milk or BSA (Table 7) – for one hour at room temperature. After an 

incubation overnight at 4°C with the suitable blocking solution and the primary antibody 

(Table 7), the membranes were incubated for one hour at room temperature with the 

secondary antibody in PBS-Tween® with 5% of blocking agent. This secondary antibody is 

coupled to a Horseradish peroxidase which, in presence of an oxidative agent and luminol, 
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oxidates the latter. The signal given by this highly sensitive chemiluminescent detection 

reagent (kit ECL Plus Western Blotting Detection System, GE Healthcare) was acquired by a 

CCD-based imaging system (ImageQuant LAS 500; GE Healthcare). Quantifications of 

western blots were performed with ImageQuant TL software (GE Healthcare) and the 

corresponding fold-change values reported to control are indicated underneath western blot 

pictures, unless otherwise specified. EC50 values, which represent 50% of the maximum 

effect, were calculated using Prism software.  

In addition to the protein of interest, β-actin or α-tubulin, and histone H1 were detected on 

the membranes as loading control for total proteins and histone extract, respectively.  

 
Table 7: Conditions for the use of antibodies in western blots. 

Dilutions of primary and secondary antibodies were performed in 1X PBS-0.1% Tween® with 

5% blocking agent. Primary antibodies were purchased from various companies: BD 

Biosciences (San Jose, CA, USA); Cell Signaling (Leiden, The Netherlands); Millipore 

(Merck, Brussels, Belgium); Santa Cruz Biotechnology (Boechout, Belgium). Secondary 

antibodies were obtained from Santa Cruz except in cases reported in Table 7. 

Target 
(kDa) 

Company Blocking Primary 
antibody 
dilution – 
blocking 
agent 

Secondary 
antibody 
dilution – 
blocking 
agent 

Host 
of primary 
antibody 

Acetylated α-
tubulin (K40) 
(55) 

Santa Cruz Milk 1/1000 - Milk 1/5000 - Milk Mouse 

Acetylated histone 
H4 
(11) 

Millipore BSA 1/50,000 - 
Milk 

1/5000 - Milk Rabbit 

β-actin 
(42) 

Sigma Milk 1/20,000 - 
Milk 

1/10,000 - 
Milk 

Mouse 

BCL-2 
(25) 

Calbiochem Milk 1/2000 - Milk 1/5000 - Milk Mouse 

BCL-xL 
(32) 

Santa Cruz Milk 1/1000 - Milk 1/2000 - Milk Mouse 

BCR-ABL/ABL 
(210/120) 

Santa Cruz Milk 1/1000 - BSA 1/2500 - Milk Mouse 

Beclin 1 
(60) 

Cell Signaling Milk 1/1000 - BSA 1/4000 - BSA Rabbit 

c-MYC 
(62) 

BD Biosciences Milk 1/250 - Milk 1/1000 - Milk Mouse 

Caspase 3 
(17/19, 35) 

Cell Signaling Milk 1/1000 - Milk 1/4000 - Milk Mouse 

Caspase 7 
(20, 30, 35) 

Cell Signaling Milk 1/1000 - Milk 1/2000 - Milk Mouse 
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Caspase 8 
(18, 43, 57) 

Cell Signaling Milk 1/1000 - BSA 1/4000 - Milk Mouse 

Caspase 9 
(10, 35, 47) 

Cell Signaling Milk 1/1000 - Milk 1/10,000 - 
Milk 

Rabbit 

eIF2α 
(37) 

Cell Signaling Milk 1/2000 - Milk 1/4000 - Milk Rabbit 

γ-H2AX (Ser139) 
(15) 

Millipore Milk 1/500 – Milk 1/2500 – Milk Mouse 

GRP78 
(78) 

Santa Cruz Milk 1/1000 - Milk 1/4000 - Milk Rabbit 

HDAC6 
(160) 

Santa Cruz Milk 1/2500 - Milk 1/1000 - Milk Rabbit 

Histone H1 
(30) 

Millipore Milk 1/2000 - BSA 1/2500 - Milk Mouse 

LC3 
(16-18) 

Sigma Milk 1/1000 – Milk 
(2h RT) 

1/5000 – Milk 
(Amersham) 

Rabbit 

MCL-1 
(40) 

Cell Signaling Milk 1/1000 - BSA 1/4000 - Milk Rabbit 

SQSTM1 
(62) 

Santa Cruz Milk 1/1000 - Milk 1/2000 - Milk Mouse 

PARP-1 
(24, 89, 116) 

Cell Signaling Milk 1/1000 - Milk 1/4000 - Milk Rabbit 

PERK 
(140) 

Cell Signaling Milk 1/1000 - Milk 1/4000 - Milk Rabbit 

Phosphorylated 
BCR (Tyr177) 
(210) 

 Cell Signaling Milk 1/1000 - BSA 1/5000 - Milk Rabbit 

Phosphorylated 
eIF2α (Ser51) 
(37) 

Cell Signaling BSA 1/2000 - BSA 1/4000 - Milk Rabbit 

Phosphorylated 
PERK (Thr981) 
(140) 

Santa Cruz BSA 1/1000 - BSA 1/4000 - Milk Rabbit 

Phosphorylated 
STAT5 (Tyr694) 
(90) 

Cell Signaling Milk 1/1000 - Milk 1/20000 - Milk Rabbit 

STAT5 
(90) 

Cell Signaling BSA 1/5000 - BSA 1/1000 - Milk Rabbit 

Ubiquitin Santa Cruz BSA 1/200 - BSA 1/5000 - Milk Mouse 
BCL: B-cell lymphoma; BCR-ABL: Breakpoint cluster region-Abelson murine leukemia viral 
oncogene homolog 1; BSA: bovine serum albumin; eIF: eukaryotic initiation factor; GRP78: 78 kDa 
glucose-regulated protein; HDAC: histone deacetylase; LC3: MT-associated protein 1 light chain 3; 
PARP: poly (ADP-ribose) polymerase; PERK: protein kinase RNA-like ER kinase; RT: room 
temperature; SQSTM: sequestosome; STAT: signal transducer and activator of transcription. 
 

6. In vitro HDAC activity assay 
The HDAC fluorimetric assay allows in vitro measurement of either whole or one specific 

deacetylase activity. A synthetic peptide-like substrate containing an acetylated lysine side 

chain, a fluorophore and a quencher is incubated in presence of a source of HDAC activity. 

Only the deacetylated substrate becomes sensitive to cleavage by a “developer”, allowing the 
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release of a fluorescent molecule. The fluorophore has an emission wavelength of 460 nm 

when excited with a 360 nm light (Figure 21). 

 

 
Figure 21: Principle of HDAC activity assay.  
An acetylated substrate is bound to a quencher inhibiting the fluorophore (Fluo). In presence of 
HDAC enzymatic activity, the substrate is deacetylated, becoming recognizable for the “developer”. 
The developer-mediated cleavage of the deacetylated substrate allows the release of the fluorophore 
whose fluorescence is measured. Fluor-de-Lys®: Fluorogenic Histone Deacetylase Lysyl. 
 

In vitro total HDAC activity (classes I, II and IV) was measured using total protein 

extracts from K-562 cells. Using a 96-well plate, 50 µM Fluorogenic Histone Deacetylase 

Lysyl (Fluor-de-Lys®) substrate (Enzo Life Sciences, Antwerpen, Belgium) was incubated 

with 10 µg of proteins and increasing concentrations of the compound tested for its potential 

inhibitory effect. After 45 minutes of incubation at 37°C, a developing solution containing 1X 

Fluor-de-Lys® developer I concentrate (Enzo Life Science) and 2 µM SAHA was added to the 

previous mixture and incubated for 10 minutes at 37°C to stop the reaction and generate a 

molecule whose fluorescent signal was measured on a fluorescence microplate reader 

(Spectra MAX Gemini, Molecular devices, INC. Sunyvale, CA, USA) using the Soft Max Pro 

software. All reagents were diluted in a buffer containing 50 mM Tris-HCl, pH8 ; 137 mM 

NaCl ; 2,7 mM KCl and 1 mM MgCl2. 

Specific in vitro HDAC activities were measured using 1 unit of recombinant proteins 

(HDAC1 or HDAC6, Enzo Life Science) incubated with 10 µM Fluor-de-Lys®-Sirt1 substrate 

(Enzo Life Science) and increasing concentrations of the compound tested for its potential 
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inhibitory effect. After 1 hour of incubation at 37°C, the developing solution consisting of 1X 

Fluor-de-Lys® developer II concentrate (Enzo Life Science) supplemented with 2 µM SAHA 

was added to stop the reaction. After 10 minutes of incubation at 37°C, fluorescence was 

measured as for total HDAC activity. All tested compounds were diluted in a buffer 

containing 50 mM Tris-HCl, pH8 ; 137 mM NaCl ; 2,7 mM KCl ; 1 mM MgCl2 and 1 mg/ml 

BSA.  

The potential inhibitory activity of tested compounds was determined in three steps. First, 

the amount of fluorescence generated by the deacetylated substrate itself was established by 

subtracting the basal fluorescent signal generated by the substrate in absence of HDAC 

activity. Then, the percentage of activity for each dilution of the compounds was calculated 

by comparing their amount of fluorescence with the one generated by the vehicle control. 

Finally, the IC50, representing the drug concentration that causes 50% inhibition of a specified 

individual target, were determined using Prism software (GraphPad Software, Inc., La Jolla, 

CA, USA). 

 

7. Clonogenic assay 
Clonogenic assay, also referred as colony formation assay, is a cell culture method 

allowing the study of single cell capacity to form colonies in a 3-dimensional matrix. 

Colonies are detected thanks to 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide 

(MTT), which is reduced into purple-colored insoluble formazan by NAD(P)H-dependent 

oxidoreductase enzymes of metabolically active cells.  

1000 cells were grown in 1 ml of semi solid methylcellulose medium (Methocult H4230; 

StemCell Technologies Inc., Grenoble, France) supplemented with 10% heat-inactivated FCS 

(BioWhittaker) in a 12-well plate well. Colonies were detected after 10 days of culture by 

adding 300 µl of MTT reagent (5 mg/ml ; Sigma) and incubating for 15 minutes at 37°C. 

Pictures were taken with the GelDoc XR+ System (BioRad) driven by Quantity One® 

software (BioRad) and quantifications were conducted using Image J software (U.S. National 

Institute of Health, Bethesda, MD, USA). 

 

8. Evaluation of nuclear morphology by fluorescent microscopy 
The identification of the type of cell death (apoptosis versus necrosis) is possible after the 

staining of cells with two fluorescent dyes: Hoechst 33342 and propidium iodide (PI). Both 

molecules intercalate between the bases of the DNA, allowing the study of the nuclear 



	 	 Material and Methods	
	

72	

morphology, but reach the nucleus in different conditions. Hoechst 33342 enters all cells and 

stains their nucleus in blue, while PI stains the nucleus in red only if the cells have lost the 

integrity of their membrane either by going through necrosis or being in a stage of late 

apoptosis. Therefore, this double staining is necessary to differentiate alive, necrotic and 

apoptotic cells.  

To perform nuclear morphology analyses, cells were incubated at 37°C for 15 minutes 

with a Hoechst 33342 (Invitrogen) solution (1 µg/ml). After centrifugation at 350 g for 5 

minutes, cell pellets were resuspended in 1X PBS supplemented with 1 µg/ml PI (Sigma). 

Finally, a few microliters of cells suspension were dropped on a microscope slide and 

visualized under an IX81 (MT10) fluorescent microscope (Olympus, Aartselaar, Belgium) 

allowing the counting of the different cell populations after each treatment. 

 

9. Study of mitochondrial membrane potential 
Mitochondrial membrane potential (MMP) was assessed thanks to MitoTracker® Red 

Chloromethyl-X Rosamine (Thermofisher), which stains active mitochondria in live cells 

since its accumulation is dependent upon MMP. The chloromethyl moiety covalently reacts 

with intra-mitochondrial thiols on peptide or proteins to form a thioester bond and generate 

fluorescent aldehyde conjugates whose excitation and emission wave lengths are 579 nm and 

599 nm, respectively.  

To label healthy mitochondria, 1 µl of 0.1 mM MitoTracker® Red CMXRos was added to 

1 ml of cell suspension, which was then incubated for 30 minutes at 37°C. Stained samples 

were processed through a cytometer (FACS Calibur, BD Biosciences) and data were recorded 

statistically (20,000 events/sample) using the CellQuest Pro software. Data were analyzed 

using the Flow-Jo 8.8.5 software (Tree Star, Inc., Ashland, OR, USA). A two-dimensional dot 

plot (SSC vs. FL2-H) was produced in order to delineate cells with high vs. low MMP. 

 

10. Assessment of apoptosis induction by flow cytometry 

Fluorescent Annexin V conjugates are commonly used to detect apoptotic cells thanks to 

their strong and specific affinity for PS, which are exposed to the external cellular 

environment upon apoptosis induction.  

FITC Annexin V Apoptosis Detection Kit I (BD Biosciences) was used according to 

supplier’s instructions. Briefly, 5 µl of Annexin V and 5 µl of PI were added to 100 µl of 1X 

Annexin V Binding Buffer containing 105 cells. After 15 minutes of incubation at RT in the 
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dark. 400 µl of 1X Binding Buffer were added to the samples. Of note, platelets were only 

stained with Annexin V since they are devoid of nucleus. 

Stained samples were processed through a cytometer (FACS Calibur, BD Biosciences) 

and data were recorded statistically (10,000 events/sample) using the CellQuest Pro software. 

Compensation was needed because of a contamination of the green signal (Annexin V) in the 

red signal (PI). Data were analyzed using the Flow-Jo 8.8.5 software. A two-dimensional dot 

plot (FL1-H vs. FL2-H) was produced in order to distinguish Annexin V-negative/PI-negative 

(alive) and Annexin V-positive (apoptotic) cells. 

 

11. Analysis of cell morphology with Giemsa staining 
The technique used to visualize global cell morphology is a modified May-Grünwald-

Giemsa staining that is based on differential staining properties of two dyes, eosin and 

methylene blue. The first one is acid, selectively fixing acidophilic cell constituents, while the 

second one is basic and selectively fix basophilic cell constituents.  

Around 200,000 cells resuspended in 100 µl of 1X PBS were spun down onto a 

microscope slide by centrifugation at 700 rpm for 4 minutes using a cytofuge (Shandon 

Cytospin 4, Thermofisher). Slides were then air-dried and soaked successively for a few 

seconds in the 3 solutions constituting the Differential Quik Stain kit (Dade Behring SA, 

Brussels, Belgium): the first solution fixes the cells, the second one stains the cytoplasm in 

red and the third one stains the nucleus in blue. Slides are finally washed in Giemsa water (1 

liter of distilled water supplemented with one buffer tablet pH6.8, Millipore), air-dried and 

observed under the microscope Leica DM2000 (Lecuit, Howald, Luxembourg) equipped with 

a DFC420C camera. Images were acquired with Leica FireCam software. 

 

12. Monitoring autophagy in live cells 

The Cyto-ID® Autophagy Detection Kit (Enzo Life Science) was used to evaluate the 

autophagic activity of cells by monitoring the appearance of autophagic vesicles highlighted 

by a 488 nm-excitable green fluorescent cationic amphiphilic tracer dye that becomes brightly 

fluorescent in vesicles produced during autophagy (details not provided by supplier). 

Briefly, 106 cells were resuspended in 100 µl of Microscopy Dual Detection Reagent 

solution [i.e. 1X Assay Buffer supplemented with 5% FCS, 0.2% Cyto-ID® Green Detection 

Reagent (v/v) and 0.1% Hoechst 33342 Nuclear Stain (v/v)], incubated for 30 minutes at 
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37°C in the dark, washed in 1X Assay Buffer, and visualized under an IX81 (MT10) 

fluorescent microscope. 

 

13. Transmission electron microscopy 

TEM is a method in which an electron beam is transmitted through a sectioned sample to 

form an image with a significantly higher resolution than light microscopes.  

Before TEM analysis, samples were subjected to different steps:  

- (i) For primary fixation, 5x106 cells were resuspended in 1 ml of ice-cold 0.1 M sodium 

cacodylate solution pH7.2 (Sigma) supplemented with 2.5% glutaraldehyde (Electron 

Microscopy Science, Hatfield, PA, USA) and incubated for 8 hours at 4°C. Fixed cells were 

then washed twice in 500 µl of ice-cold 0.1 M sodium cacodylate solution and stored at 4°C 

until the following step.  

- (ii) For resin embedding, cells were first incubated in a mixture constituted of 1 ml of 

2% osmium tetroxide and 1 ml of 0.1 M cacodylate buffer for 2 hours at 4°C and then washed 

twice in cold distilled water. After being en bloc stained thanks to an incubation with 0.5% 

uranyl acetate over night at 4°C, cells were dehydrated thanks to successive incubations of 10 

minutes in 30, 50, 70, 80, 90 % ethanol solutions, followed by three incubations in 100% 

ethanol. The transition between dehydration and infiltration steps was done by incubating 

cells twice in 2 ml of 100% propylene oxide for 10 minutes.  

- (iii) For the infiltration step, cells were incubated for 2 hours in a mixture composed of 1 

ml of propylene oxide and 1 ml of Spurr’s resin, followed by an overnight and a 2-hour 

incubations in 2 ml of Spurr’s resin. In order to allow polymerization of the resin, cells were 

incubated in 2 ml of Spurr’s resin for at least 24 hours in a dry oven at 70°C.  

After being sectioned with an ultramicrotome (MT-X, RMC, Tucson, AZ, USA), samples 

were stained with 2% uranyl acetate for 7 min then with Reynolds’ lead citrate for 7 minutes. 

Observation was realized under a transmission electron microscope (LIBRA 120, Carl Zeiss, 

Germany). 

 

14. Cell cycle analysis by flow cytometry 

Cell cycle analysis by flow cytometry is based on the fluorescence intensity emitted by 

cell nuclei stained with PI, a dye that intercalates between the two DNA strands. This 

intensity is therefore proportional to the amount of DNA.  
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One million of cells were fixed by adding cold 70% ethanol drop by drop while gently 

vortexing. After 30 minutes incubation at 4°C, cells were washed twice with cold 1X PBS and 

incubated 20 minutes in 500 µl of 1X PBS supplemented with RNase A (100 µg/ml, Roche) 

and PI in solution (1 µg/ml).  

Stained samples were processed through a cytometer (FACS Calibur, BD Biosciences) 

and data were recorded statistically (10,000 events/sample) using the CellQuest Pro software. 

Data were analyzed using the Flow-Jo 8.8.5 software. A two-dimensional dot plot (FL2-A vs. 

FL2-W) was produced in order to only select the cells of interest by discriminating doublets 

and eliminating dead cells. The gated cells were then plotted in a histogram based on 

fluorescence intensity, which showed cell repartition in the phases of the cycle. The 

percentage of cells in each phase of cycle was determined by the Dean-Jet-Fox algorithm. 

 

15. Analysis of gene expression 

15.1. RNA extraction 

Total RNA are extracted with the NucleoSpin® RNA plus kit (Macherey-Nagel, Hoerdt, 

France) according to manufacturer’s instructions. Briefly, a maximum of 4×106 cells were 

first lysed by incubation in a chaotropic ion lysis buffer solution, which immediately 

inactivated RNases. After clarifying the lysate and removing contaminating gDNA, the RNA 

was bound to silica columns. Two subsequent wash steps removed salts, metabolites, and 

macromolecular cellular components. Finally, RNA was eluted with RNase-free water and 

stored at -80°C. 

The RNA concentration was calculated with a microspectrophotometer (NanoDrop ND 

1000, Thermo Scientific). By measuring the optical density of samples at a wavelength of 260 

nm, the device allowed the determination of RNA concentration thanks to Lambert-Beer law. 

It also calculated two ratios of absorbance A260/A280 et A260/A230 that give additional 

indication about the quality and purity of samples, respectively. 

 

15.2. Reverse transcription 

Reverse transcription allows the transformation of single strand RNA into complementary 

double strand DNA thanks to a viral reverse transcriptase, in presence of nucleotidic primers 

and nucleotides. 

RNA (1 µg) was denatured at 70°C for 10 minutes in presence of 0.5 µg oligo(dT)15 

primers that subsequently hybridized to the denatured RNA. Denatured RNA was then rapidly 

transferred on ice to prevent secondary structure reformation. To each sample was added a 
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reaction mixture composed of 1X reverse transcriptase buffer, 10 mM DTT, 0.5 mM of each 

dNTP, 40 units of RNAsein® Ribonuclease inhibitor and 50 units of M-MLV (Moloney-

Murine Leukemia Virus) reverse transcriptase, RNase (H-), point mutant (Promega, Leiden, 

The Netherlands). The synthesis of the cDNA strands then took place for 1.5 hour at 42°C, 

and ended with 15 minutes at 70°C to inactivate the reverse transcriptase. Finally, the reaction 

mixture was incubated with 2.2 units of RNase H at 37°C for 20 minutes to digest RNA. After 

addition of RNase free water to reach a concentration of 4 ng/µl cDNA, newly synthesized 

cDNA strands were stored at -20 ° C. 

 

15.3. End-point polymerase chain reaction 

Polymerase chain reaction (PCR) is a technique producing a high number of copies of a 

DNA sequence defined by the pair of sense and antisense synthetic oligonucleotides. Products 

of end-point PCR are detected on a polyacrylamide gel stained with ethidium bromide, a 

DNA intercalating agent that fluoresces under UV light. 

cDNA (4 ng) were used as template for amplification by PCR in a reaction mixture 

composed of 0.4 µM of preliminarily validated primer forward and reverse (Eurogentec, 

Liege, Belgium; XBP-1: forward 5’-GGAGTTAAGACAGCGCTTGG-3’, reverse 5’-

ACTGGGTCCAAGTTGTCCAG-3’), 1.25 units of HotStart Taq® DNA polymerase 

(Qiagen), 1X buffer and 0.2 mM of each dNTP (Invitrogen). Amplification of the target gene 

was realized in a Mastercycler® gradient (Eppendorf, Aarschot, Belgium) and started with an 

initial 15-minute incubation at 95°C to activate the HotStart Taq® DNA polymerase, 

followed by 35 successive repetitions of three phases: denaturation at 94°C for 30 seconds, 

hybridization at 60°C for 1 minute and elongation at 72°C for 2 minutes. Amplification ends 

with an additional elongation phase of 10 minutes at 72°C.  

PCR products in GBX DNA loading buffer (50 mM Tris-HCl pH7.6 ; 50 mM EDTA ; 

50% glycerol ; 0.005% xylene cyanol ; 0,005% bromophenol blue) were loaded on a 

continuous 15% acrylamide gel [1X Tris Borate EDTA (TBE) buffer: 90 mM Tris, 90 mM 

boric acid, 2.5 mM EDTA pH8 , 0.1% ammonium persulfate, 0.1% TEMED (v/v) ; 15% 

acryl/bisacry 37.5:1]. Gels were immerged in 1X TBE buffer and, thanks to an electrical field 

of 200 volts/cm2, PCR products migrated according to their size. 

After migration, gels were immerged in ethidium bromide (Promega) solution (0.5 µg/ml) 

for 10 minutes, and then exposed to UV light to reveal stained PCR product. Pictures were 

taken with GelDoc XR+ System (BioRad) driven by Quantity One® software. 
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15.4. Real-time PCR 

In real-time PCR, the amplification of the transcript can be followed over time thanks to 

the measurement of the fluorescence emitted at each cycle by SYBR Green, a molecule that 

fluoresces only when intercalated between the two amplified DNA strands.  

In 96-well plates, 8 ng of cDNA were mixed with 1X Power SYBR® Green PCR Master 

Mix (Applied Biosystems, Halle, Belgium) and 0.1 µM of preliminarily validated primers 

(Eurogentec; β-actin: forward 5’-CTCTTCCAGCCTTCCTTCCT-3’, reverse 5’-

AGCACTGTGTTGGCGTACAG-3’; DDIT3: forward 5’-TGGAAGCCTGGTATGAGGAC-

3’, reverse 5’-AAGCAGGGTCAAGAGTGGTG-3’).  

Amplification of the target gene and detection of fluorescence were realized in a 7300 

Real Time PCR System (Applied Biosystems) driven by the 7300 System software. During 

the PCR reaction, cDNA went through 40 successive repetitions of three phases: denaturation 

at 95°C for 15 seconds, then hybridization and elongation at 60°C for 60 seconds. The second 

step at 60°C allowed the specific pairing of the sense and antisense primers on their 

complementary sequence on the cDNA and polymerase-mediated elongation of a strand 

complementary to the cDNA from the 3'-OH ends of hybridized primers. Additionally, melt 

curve was produced to verify the quality of the target gene amplification, i.e. absence of non-

specific product amplification or primer dimer formation. 

Based on the amplification curve, the software determined a cycle threshold (Ct) where (i) 

the fluorescence exceeded the background noise, and (ii) the amplification curve was in the 

linear phase, which allowed their comparison. Results were analyzed thanks to the following 

equations: ∆Ct = Ct (gene of interest) – Ct (housekeeping gene), in which the amount of target gene 

was normalized to the endogenous level of β-actin; and 2-∆Ct, allowing the comparison of 

target gene expression in the different conditions of treatment.  

 

16. Study of ALDH+ population 

To identify progenitor cells on the basis of their ALDH activity, ALDEFLUORTM kit 

(StemCell Technologies Inc.) was used according to manufacturer’s procedures. Briefly, 106 

cells were resuspended in 1 ml of ALDEFLUORTM Assay Buffer. Immediately after addition 

of 5 µl of activated ALDEFLUORTM Reagent, a fluorescent substrate for ALDH that freely 

diffuses into viable cells, 0.5 ml of the cell suspension was transferred into another tube 

containing 5 µl of diethylaminobenzaldehyde (DEAB), a specific inhibitor of ALDH used to 

set up the threshold of background fluorescence. Samples were incubated at 37°C for 40 
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minutes, then centrifuged at 250 g for 5 minutes. Cells were resuspended in 0.5 ml of 

ALDEFLUORTM Assay Buffer and stored on ice.  

Stained samples were processed through a cytometer (FACS Calibur, BD Biosciences) 

and data were recorded statistically (100,000 events/sample) using the CellQuest Pro 

software. Data were analyzed using the Flow-Jo 8.8.5 software. After excluding dead cells 

and debris from the analysis, a two-dimensional dot plot (FL1-H vs. SSC) was produced in 

order to delineate cells with high vs. low ALDH activity by comparison to the corresponding 

DEAB-treated control cells.  

 

17. Tumor growth evaluation of xenografted cells in zebrafish 
Wild type zebrafish (Danio rerio) were obtained from the Zebrafish International 

Resource Center (ZIRC, University of Oregon, OR, USA), and maintained according SNU 

guidelines at 28.5°C with 10-hour dark/14-hour light cycles.  

One male and one female zebrafish were separated in a partition tank filled with UV-

sterilized and filtered tap water at 28.5°C in the dark. After 24 hours of separation, fishes of 

both genders were mixed to initiate mating. Fertilized eggs were directly transferred from 

mating tank to a 55 cm2 Petri dish containing 5 ml of fresh 1X Danieau’s solution (58 mM 

NaCl ; 0.7 mM KCl ; 0.4 mM MgSO4 ; 0.6 mM Ca(NO3)2 ; 5 mM HEPES solution ; pH7.6), 

washed three times with 5 ml of 1X Danieau’s solution and incubated for 8 hours at 28.5°C. 

Eggs were then incubated in 1X Danieau’s solution supplemented with 0.03% 1-phenyl-2-

thiourea (PTU) to inhibit pigmentation. Opaque eggs, representing unfertilized eggs or 

containing undeveloped embryos, were sort out to prevent contamination. Twenty-four hours 

post fertilization, embryos were dechorionated using forceps under a microscope and hatching 

embryos were incubated in 1X Danieau’s solution-0.03% PTU at 28.5°C until 48 hours post 

fertilization.  

In the meantime, cells were treated with compound for the indicated period of time in 

order to maintain viability but commit cells towards cell death. Two hours before the end of 

treatment, cells were stained with 2 µM CM-Dil (Invitrogen), a fluorescent cell tracker dye.  

Micropipettes for injection and anesthesia were generated from a 1.0-mm glass capillary 

(World Precision Instruments, FL, USA) by using a micropipette puller (Shutter Instrument, 

USA). Zebrafishes were anesthetized in a 0.02% (w/v) tricaine solution (Sigma, St. Louis, 

MO, USA) for 5 minutes and immobilized on an agar plate. Prior to injection, 106 cells were 

diluted in 50 µl of 1X PBS supplemented with 1% phenol red sodium salt solution. 

Micropipettes were then loaded with 20 µl of cells suspension and 200 cells were injected into 
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the yolk sac of the zebrafish through 5 injections of 2 nl each using a PV820 microinjector 

(World Precision Instruments). Subsequently, fishes were allowed to recover for 15 minutes 

in 5 ml of 1X fresh Danieau’s solution-0.03% PTU and were then dispatched in 24-well 

plates with 1 ml of 1X fresh Danieau’s solution-0.03% PTU. After a 72-hour incubation at 

28.5°C, fishes were anesthetized in a 0.02% (w/v) tricaine solution and immobilized on a 

glass slide with a drop of 1X Danieau’s solution supplemented with 3% (w/v) methylcellulose 

(Sigma). Pictures of sided fishes were taken under Leica DE/DM 5000B fluorescent 

microscope driven by the LAS V4.2 software and the size of fluorescent tumors was 

quantified by Image J software. 

 

18. Statistical analyses 
All histograms represent the mean ± standard deviation (SD) of at least 3 independent 

experiments. Significant differences were determined using one-way or two-way analyses of 

variance (ANOVA) followed by the Holm-Sidak’s multiple comparison tests in the Prism 8.0 

software. Variations between patient and Cyto-ID-stained samples were evaluated using 

Welch t-test in the R 3.6.0 software and paired t-test in the Prism 8.0 software, respectively. 

Statistical significances were evaluated with p-values below 0.05 and represented by the 

following legend: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. In all experiments, results of treated 

samples were statistically compared to the corresponding vehicle unless otherwise specified.  

The combination index (CI) was calculated according to Chou and Talalay (Chou, 2006) 

using Compusyn Software (ComboSyn, Inc., Paramus, NJ, USA). This method for drug 

combination is based on the median-effect equation, which is derived from the mass-action 

law principle and encompasses the Michaelis-Menten, Hill, Henderson-Hasselbalch and 

Scatchard equations (Chou, 2010). CI values below or above 1 indicate synergism or 

antagonism, respectively, whereas the effect is determined to be additive if the CI is equal to 

1.  
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Results 

 

HDACs became promising targets for anticancer therapy due to the deregulation of their 

expression and/or activity in various cancers. More specifically, the isoenzyme HDAC6 is 

closely implicated in cancer progression, mainly through its overexpression.  

In this work, we evaluated the anticancer properties of new hydroxamate-based (i) pan-

HDACi and (ii) HDAC6i, alone or in combination with targeted therapies. For that purpose, 

we first tested their potential inhibitory activity for total HDAC or specific HDAC 

isoenzymes in vitro and in cellulo. Then, we studied the effect of the compounds alone or in 

combination on cell proliferation and viability to orientate further investigations on their 

anticancer potential and underlying mechanisms of action. 

 

1. Characterization of the anticancer properties of a new hydroxamate-based 

pan-HDACi: MAKV-8 
In the initial study, authors synthetized new potential HDACi by use of NOC chemistry, 

and evaluated their selectivity on isolated enzymes (HDAC1, 2, 3 and 8 from class I, and 

HDAC6 and 10 from class II). In their data, the molecule 3 (MAKV-8) was reported to act as 

a selective HDACi as it displayed IC50 values of 100 nM and 2 pM against HDAC1 and 

HDAC3 or HDAC6, respectively, and showed anti-proliferative activity against pancreatic 

cancer cell lines (Kozikowski et al., 2008).  

Based on those data, the group of Prof. Guy Bormans synthetized the molecule and 

derived four other molecules. MAKV-6 and MAKV-7 lack the linker chain, whose length 

plays a role in the selectivity and potency of inhibition, whereas MAKV-10 and MAKV-12 

lack the hydroxamate group that represents a metabolic liability as it is directly implicated in 

the mechanism of HDAC inhibition by chelating the zinc ion (Figure 19). 

 

1.1. In vitro inhibitory potential of MAKV-8 on HDAC isoenzymes 

First, we assessed the inhibitory potential of MAKV-8 against HDAC activities in vitro, 

using a fluorimetric HDAC activity assay. Notably, an inhibition of total HDAC activity can 

be due to a strong inhibition of one important HDAC isoenzyme, or a weaker inhibition of 

several HDAC isoenzymes. This analysis reveals that MAKV-8 inhibits total HDAC activity 

as well as that of recombinant HDAC1 and HDAC6 with IC50 values of 5.8, 2.6, and 11.4 nM, 

respectively. IC50 values within the same concentration range suggest that multiple activities 
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are inhibited in vitro. Moreover, the potency of the inhibition was evaluated by comparison 

with SAHA, used as a positive control for the inhibition of selected enzyme activity. MAKV-

8 appears to be a stronger HDACi in vitro than the reference compound SAHA, as about 10% 

of the total HDAC activity remains following incubation with 2 µM SAHA and 0.1 µM 

MAKV-8 (Figure 22).  

 

  
Figure 22: Effect of MAKV-8 on HDAC1, HDAC6 and total HDAC activities.  
In vitro HDAC activity assays were performed with increasing concentrations of MAKV-8. Relative 
activities of total HDAC, HDAC1 and HDAC6 were determined by comparison to the vehicle, and 
IC50 values for each HDAC activities were calculated using nonlinear regression from Prism software. 
SAHA (2 µM) was used as a reference HDACi. Results correspond to the mean ± SD of at least three 
independent experiments. IC50: concentration inhibiting 50% of enzymatic activity.  
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Lipinski’s rule of five is an experimental and computational approach to estimate the 

solubility and permeability in discovery and development settings (Lipinski, 2004). Over the 

years, those features have been improved with various extensions such as the Ghose filter 

(Ghose et al., 1999) or the Veber’s Rule. (Veber et al., 2002). In silico predictions showed 

that MAKV-8 has low lipophilicity, as characterized by a LogP coefficient below 5 and a 

logD7.4 of 2.8, which is a major criterion for orally active drugs. Unlike the other pan-HDACi, 

the molecular flexibility for membrane permeation, as defined by the number of rotatable 

bonds, and the drug transport properties predicted by topological polar surface area are not 

favorable for MAKV-8, which displays values that are nevertheless close to the defined limits 

and imply free diffusion over the cell membrane. Indeed, this compound expresses a 

topological polar surface area of 142.79 combined with a molecular weight of 446.5 Da; 

further 4 and 10 hydrogen bond donors and acceptors, respectively, are recognized. 

Interestingly, MAKV-8 displays a favorable intestinal absorption parameter and plasma 

protein-binding potential based on comparison to PXD-101, which has a high plasma protein 

binding percentage that predicts a limited bioavailability (Table 8). Altogether, MAKV-8 

globally displays favorable druglikeness parameters and a low predicted risk of toxicity, 

similar to FDA-approved pan-HDACi. 

Concerning the pharmacokinetics of HDACi, some of them are reportedly metabolized by 

CYP biotransformation enzymes. In addition, such compounds have the ability to modulate 

CYP enzymatic activities and/or expression (Lin et al., 2015). Several HDACi have also been 

found to increase P-glycoprotein expression levels in various cancer cells (Lee et al., 2012). 

According to in silico predictions, MAKV-8 is a weak substrate of CYP3A4 and inhibits 

CYP2D6, but not CYP2C19, CYP2C9 and CYP3A4. Additionally, MAKV-8 is not predicted 

to be an inhibitor of P-glycoprotein-mediated drug efflux mechanisms. 
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Table 8: In silico prediction of the MAKV-8 druglikeness and oral bioavailability based 

on Lipinski’s Rule of Five extended with Ghose filter and on Veber’s Rule. 
Method Parameter (unit)   Values   

  Theoretical  MAKV-8 SAHA PXD-101 LBH-589 

Lipinski’s rule 

of five  

Volume (Å3) NA 411.02 255.64 266.11 330.62 

 LogP ≤5 3.49 2.47 2.19 3.19 

 MW (Da) ≤500 446.5 264.32 318.35 349.43 

 n-OHNH ≤5 4 3 3 4 

 n-ON ≤10 10 5 6 5 

Ghose filter n-atoms 20≤ x ≤70 32 19 22 26 

Veber’s Rule n-rotb ≤10 12 8 5 7 

 TPSA (Å2) ≤140 142.79 78.42 95.5 77.14 

Absorption BBBP 0.1≤ MA ≤2 0.12 0.22 0.18 1.16 

 IA (%) ≥70 76.68 84.53 89.94 89.23 

 PPB (%) <90 82.82 72.16 94.26 78.3 

Toxicity Rat NA Negative Negative Negative Negative 

BBBP: blood-brain barrier penetration; IA: intestinal absorption; MA: middle absorption; LogP: 
octanol-water partition coefficient; MW: molecular weight; n-: number of; OHNH: hydrogen bond 
donors; ON: hydrogen bond acceptors; rotb: rotatable bonds; NA: not applicable; PPB: plasma protein 
binding; TPSA: topological polar surface area.  
 

In order to gain insight into the modes of interaction between MAKV-8 and human 

HDACs, we implemented a docking simulation on a panel of HDAC isoforms frequently 

associated with tumorigenesis. Results indicate that the hydroxamate group and hydrophobic 

linker region of MAKV-8 can establish efficient interactions in the ligand-binding pocket of 

all HDAC isoenzymes, whereas the CAP group of MAKV-8 interacts with loops around the 

ligand-binding pocket (Figure 23). Noteworthy, HDAC4 loop bends outwards allowing an 

interaction with MAKV-8 via a broader interface.  
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Figure 23: Docking of MAKV-8 into human HDAC isoenzymes. 
Docking poses of MAKV-8 molecule, represented as stick model (orange), on the crystal structure of 
the indicated HDAC isoenzymes that are superposed (white; PDB codes: 4BKX, 4LY1, 4A69, 2VQM, 
5EDU, 3C10, and 3EW8 for HDAC1, HDAC2, HDAC3, HDAC4, HDAC6, HDAC7 and HDAC8, 
respectively). Residues forming hydrophobic effects in the binding sites are shown as stick 
representation with residue numbering corresponding to HDAC1 to 8 from top to bottom. Zinc atom is 
shown as a purple sphere; nitrogen and oxygen are colored in blue and red, respectively. 
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Moreover, comparative molecular analysis demonstrates that MAKV-8 displays lower 

binding affinity energy values than SAHA for all tested HDACs, with average values of -6.2 

and -7.1 kcal/mol, respectively. Interestingly, the two compounds present similar binding 

affinities for HDAC2, HDAC3 and HDAC8, whereas distinct binding affinities are obtained 

for HDAC1, HDAC4, HDAC6 and HDAC7 (Table 9). Altogether, our results suggest more 

potent binding affinities and moderately different pan-HDAC inhibitory profile for MAKV-8 

compared to SAHA, which is in line with our in vitro results.  

 

Table 9: Comparative molecular docking of MAKV-8 against selected HDACs. 

HDAC (PDB code) MAKV-8 SAHA 
HDAC1 (4BKX) -6.7 -5.4 

HDAC2 (4LY1) -7.2 -6.7 

HDAC3 (4A69) -6.9 -6.5 

HDAC4 (2VQM) -7.7 -5.6 

HDAC6 (5EDU) -7.2 -6.1 

HDAC7 (3C10) -7.1 -6.0 

HDAC8 (3EW8) -7.0 -6.9 

Average -7.1 -6.2 

Binding affinity energy values (kcal/mol) for the indicated Protein Data Bank (PDB) codes were 
calculated using AutoDock Vina program. SAHA was used as a reference pan-HDACi. 

 

1.2. MAKV-8 significantly induces target protein acetylation 

Results from enzymatic assays are not sufficient to evaluate the inhibitory potential of a 

compound as it could act differently in cells due to their pharmacokinetic properties. To 

determine whether MAKV-8 also acted as a HDACi in cellulo, we next analyzed by western 

blot the effect of increasing concentrations of compound compared to the reference drug 

SAHA on the acetylation of histone H4, a nuclear substrate of class I, II and IV HDACs, and 

α-tubulin, a cytoplasmic substrate of HDAC6. In K-562 cells, MAKV-8 strongly induces the 

acetylation levels of α-tubulin and histone H4 in a concentration-dependent manner, observed 

from 5 and 1 µM, respectively, with the maximal acetylation level reached between 15 and 25 

µM for both protein targets (Figure 24A). SAHA increases α-tubulin and histone H4 

acetylation levels from 0.5 and 0.25 µM, respectively, in a similar manner to that observed 

with MAKV-8, albeit at lower concentrations. Nevertheless, the EC50 values determined for 

MAKV-8 and SAHA against acetyl α-tubulin and acetyl histone H4 suggest distinct HDAC 
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inhibitory profiles (Figure 24A). Indeed, MAKV-8 displays increased selectivity against 

nuclear HDACs targeting histone H4 compared to HDAC6 (EC50 values of 5.9 and 12.1 µM, 

respectively), whereas SAHA acts similarly on both targets (EC50 values of 2.6 and 1.9 µM, 

respectively). Notably, concentrations of compounds near the EC50 values have been used for 

subsequent experiments. In KBM-5 and MEG-01 cells, MAKV-8 exposure also enhances α-

tubulin and histone H4 acetylation detected from a concentration of 1 and 5 µM, respectively 

(Figure 24B).  

Additionally, kinetic analysis of the acetylation status of α-tubulin and H4 shows a rapid 

and time-dependent increase in histone H4 and α-tubulin acetylation noted from 2 hours 

following MAKV-8 treatment, with the peak occurring between 8 and 24 hours. With SAHA, 

similar effects are observed with acetyl α-tubulin, but the acetylation of histone H4 is 

maintained at a later time (Figure 24C). 

 

In conclusion, MAKV-8 acts as a more potent HDACi than SAHA in vitro, which is 

in agreement with docking poses within the ligand-binding pocket of all HDAC 

isoenzymes associated with stronger binding affinities. Additionally, MAKV-8 inhibits 

multiple HDAC activities in cellulo, seemingly with a distinct HDAC inhibitory profile 

compared to SAHA. 
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Figure 24: Effect of MAKV-8 on the acetylation of histone H4 and α-tubulin in CML cells.  
(A) K-562, (B) KBM5 and MEG-01 cells were treated with increasing concentrations of MAKV-8 for 
24 hours. (C) K-562 cells were treated with 15 µM MAKV-8 for the indicated period of times. 
Acetylation of histone H4 and α-tubulin was assessed by western blot, with β-actin and histone H1 as 
loading controls for α-tubulin and histone H4, respectively. SAHA was used as a reference HDACi. 
Quantification values are indicated underneath corresponding blots that are representative of three 
independent experiments. EC50 values (i.e. 50% of the maximum effect) were determined using prism 
software and represent the mean ± SD of three independent experiments. 
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1.3. The potent pan-HDACi MAKV-8 displays cytotoxic properties in CML cells 

We further evaluated whether MAKV-8 treatments exert anticancer properties against 

CML cells. CML cell lines were incubated with increasing concentrations of MAKV-8, and 

their proliferation and viability were assessed after up to 72 hours of treatment using a Trypan 

blue assay. In K-562 cells, the inhibition of proliferation is triggered beginning at 3.33 µM 

MAKV-8 after 48 hours of treatment whereas an increase of cell death is detected only after 

72 hours of treatment starting at 10 µM MAKV-8. After 48 and 72 hours of treatment with 

33.3 µM MAKV-8, cell viability is reduced of 30 and 70%, respectively. Similarly, in KBM-5 

and MEG-01 cell lines, decreased proliferation is noted after 48 hours of treatment with 

MAKV-8 starting from a concentration of 3.33 µM, whereas cell death is induced at 10 µM 

MAKV-8. After 72 hours of treatment with 10 µM MAKV-8, cell viability is reduced of 70 

and 30% in KBM-5 and MEG-01 cells, respectively (Figure 25). 

 

 
Figure 25: Effect of MAKV-8 on CML cell proliferation and viability.  
CML cells were treated with increasing concentrations of MAKV-8 for up to 72 hours, and cell 
proliferation and viability were assessed based on the Trypan Blue exclusion method. Results 
correspond to the mean ± SD of three independent experiments and were analyzed by a two-way 
ANOVA with *, **, *** indicating p < 0.05, p < 0.01, p < 0.001, respectively. Pink and blue 
rectangles highlight the concentrations of MAKV-8 from which a decrease of proliferation and an 
induction of cell death are detected, respectively. 
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To evaluate the potential of MAKV-8 to impair the replicative ability of cancer cells in a 

3D model, CML colony formation assays were performed in a semi-solid medium in the 

presence of increasing concentrations of compound. Results demonstrate that the colony 

forming capacity of cells is strongly reduced by MAKV-8 exposure detected from 5 µM in K-

562 and MEG-01 cells, and 10 µM in KBM-5 cells (Figure 26). 

 

  
Figure 26: Effect of MAKV-8 on CML colony formation capacity.  
CML cells were grown in the presence of increasing concentrations of MAKV-8 for 10 days and 
colonies were then detected after addition of MTT. Representative pictures (upper panel) and 
quantifications corresponding to the mean of total MTT intensity ± SD (lower panel) from three 
independent experiments are provided. Results were analyzed by a one-way ANOVA with **, *** 
indicating p < 0.01, p < 0.001, respectively. 
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In conclusion, MAKV-8 inhibits CML cell replicative and survival abilities. 

 

1.4. MAKV-8 derivatives are less potent molecules than their parent compound  

In order to gain insight into the relationship between the structure of MAKV-8 and its 

deacetylase inhibiting activities, we tested the HDAC inhibitory potential against total HDAC 

or HDAC6 activities of four derivatives: MAKV-6 and -7 lack the linker part, whereas the 

hydroxamate group of MAKV-10 and -12 is substituted with a methylester group. In vitro, 

MAKV-6 and MAKV-7 inhibit total HDAC and HDAC6 activities, with IC50 values ranging 

in the low µM, demonstrating a lower potency than MAKV-8. Such compounds have an IC50 

inhibitory activity against total HDAC of 1.05 and 22 µM, respectively, and HDAC6 of 1.94 

and 3.14 µM, respectively. In contrast, MAKV-10 and MAKV-12 fail to inhibit HDAC 

activities with concentrations up to 100 µM (Figure 27A). 

Accordingly, docking analyses of MAKV-8 derivatives highlights moderate binding to 

HDAC6, but with lower affinity than MAKV-8. Compounds MAKV-6 and -7 cannot bind 

properly in the HDAC6 ligand-binding pocket, whereas the pose of MAKV-10 and -12 in the 

ligand-binding pocket do not allow suitable interaction with the zinc atom. The docking 

results are therefore in line with the in vitro results (Figure 27B, Table 10).  
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Figure 27: Effect of MAKV-8 derived compounds on HDAC6 and total HDAC activities.  
(A) In vitro HDAC activity assays were performed with increasing concentrations of MAKV-8 
derived compounds. Relative activities of total HDAC and HDAC6 were determined by comparison to 
the vehicle, and IC50 values for each HDAC activities were calculated using nonlinear regression from 
Prism software. Results correspond to the mean ± SD of at least three independent experiments. IC50: 
concentration inhibiting 50% of enzymatic activity. (B) Docking poses of MAKV-8 derivatives, 
superposed and represented as stick model, on the crystal structure of HDAC6 (white; PDB code: 
5EDU). Residues forming hydrophobic effects in the binding sites are shown as stick representation 
with residue numbering. Zinc atom is shown as a purple sphere; nitrogen and oxygen are colored in 
blue and red, respectively. 
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Table 10: Comparative molecular docking of MAKV-8 derivatives against HDAC6. 

Compounds Binding affinity (kcal/mol) 

MAKV-6 -5.9 

MAKV-7 -6.4 

MAKV-8 -7.2 

MAKV-10 -6.9 

MAKV-12 -6.1 

Binding affinity energy values for Protein Data Bank (PDB) code 5EDU were calculated using 
AutoDock Vina program. 
 

We also tested whether MAKV-8-derived compounds have the ability to modulate protein 

acetylation. K-562 cells were treated with increasing concentrations of MAKV-6, -7, -10 and 

-12 compounds for 24 hours and α-tubulin and histone H4 acetylation levels were evaluated 

by western blots. Results show that MAKV-6 and 7 increase only histone H4 acetylation at 

higher concentrations compared to MAKV-8, detected from 15 µM and 25 µM, respectively, 

but fail to increase α-tubulin acetylation, suggesting a preferential inhibition of HDACs 

targeting histones but with a much lower potency than MAKV-8. Compounds MAKV-10 and 

-12 do not augment α-tubulin and histone H4 acetylation levels even at the highest 

concentrations tested, confirming in vitro results (Figure 28).  
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Figure 28: Effect of MAKV-8 derived compounds on the acetylation of histone H4 and α-tubulin 
in K-562 cells.  
K-562 cells were treated with increasing concentrations of the indicated MAKV-8 derived compounds 
for 24 hours and acetylation levels of histone H4 and α-tubulin were assessed by western blot, with β-
actin and histone H1 as loading controls for α-tubulin and histone H4, respectively. SAHA was used 
as a reference HDACi. Quantification values are indicated underneath corresponding blots that are 
representative of three independent experiments.  
 

Finally, we measured the proliferation and viability of K-562 cells treated with increasing 

concentrations of MAKV-8 derived compounds for up to 72 hours. After 48 hours of 

treatment, we detect a diminution in K-562 cell proliferation starting at 5 µM MAKV-6 or 10 

µM MAKV-7, and a reduction in cell viability of 45 and 25% starting at 25 µM MAKV-6 and 

MAKV-7, respectively. In contrast, neither MAKV-10 nor MAKV-12 has any impact on cell 

proliferation and viability (Figure 29), suggesting that the anticancer effects of MAKV-8 are 

associated with the inhibition of HDAC activities.  
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Figure 29: Effect of MAKV-8 derived compounds on cell proliferation and viability.  
K-562 cells were treated with increasing concentrations of the indicated MAKV-8 derived compounds 
for 24, 48 and 72 hours, and cell proliferation and viability were assessed based on the Trypan Blue 
exclusion method. Results correspond to the mean ± SD of three independent experiments and were 
analyzed by a two-way ANOVA with **, *** indicating p < 0.01, p < 0.001, respectively.  
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In conclusion, MAKV-8 derived molecules are less effective against HDAC activity 

in vitro and less active against cancer cells. 

 

Characterization of MAKV-8 derived molecules, lacking the linker (MAKV-6 and -7) or 

the hydroxamate group (MAKV-10 and -12), was stopped because they present a lower 

potency as HDACi. Therefore, the hydroxamate group, as well as the length of the linker, can 

be considered as valuable lead structures in the pursuit of novel potent HDACi in vitro and in 

cellulo. 

 

1.5. MAKV-8 induces cell cycle arrest and apoptotic cell death in CML cells 

Many pan-HDACi have the ability to modulate and stop cell cycle, leading to an 

accumulation of cells in one of the three G0/G1, S, or G2 phases. Generally, cancerous cells 

accumulate in the G0/G1 phase upon treatment with a pan-HDACi. Since treatment of cells 

with MAKV-8 hampers CML cell proliferation, the effect of compound on K-562 cell cycle 

distribution was studied by flow cytometry after 24 and 48 hours of treatment. In order to 

focus only on aspects of cell cycle modulation, we used MAKV-8 concentrations for which 

we observed growth inhibition without cell death induction. Results presented in Figure 30 

demonstrate that K-562 cell repartition in the three phases of cell cycle is time and 

concentration-dependent. A progressive increase in the cell population is observed in the G1 

phase at 1 and 5 µM at both 24 and 48 hours, while at 10 µM, the decrease in the cell 

population in S phase at 24 hours is followed by an accumulation in G1 after 48 hours. 

Overall, accumulation of cells in G1 phase reaches its maximum at 48 hours, following a 

treatment with 5 µM MAKV-8. Treatments with 5 or 10 µM MAKV-8 also induce a decrease 

in cell accumulation in S phase up to 9% whatever the time compared to 30-35% in untreated 

cells (Figure 30). By comparison, treatment of cells with 2 µM SAHA induces a progressive 

accumulation in G1 phase, as reported in literature (Nimmanapalli et al., 2003).  
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Figure 30: Effect of MAKV-8 on K-562 cell cycle.  
K-562 cells were treated with 1, 5 and 10 µM of MAKV-8 for 24 and 48 hours. Distribution of cells in 
the three phases of cell cycle was obtained after their staining with propidium iodide and analysis by 
flow cytometry. SAHA was used as a reference HDACi. Results correspond to the mean ± SD of three 
independent experiments and were analyzed by a two-way ANOVA with *, **, *** indicating p < 
0.05, p < 0.01, p < 0.001, respectively.  
 

Since treatment of cells with 10 µM MAKV-8 induces a decrease in cell viability detected 

at 48 hours, we next evaluated the type of cell death occurring upon MAKV-8 treatment. K-

562 cells treated with MAKV-8 for two periods of time were stained with Hoechst-PI, and the 

type of cell death induced was first characterized by analysis of nuclear morphology under a 

UV-microscope. Cell counting shows a time and concentration-dependent increase in 

apoptotic cells accompanied by a moderate increase in PI-positive cells (<15%). Accordingly, 

when cells are concomitantly incubated with 50 µM of the pan-caspase inhibitor Z-VAD-

FMK and 25 µM MAKV-8 for 48 hours, the induction of apoptosis is almost completely 

prevented, going from 50 to 2% (Figure 31). K-562 cells treated with 50 µM cisplatin for 24 

hours are used as a positive control of apoptosis induction.  
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Figure 31: Effect of MAKV-8 on K-562 cell death.  
K-562 cells were treated with 10 and 25 µM of MAKV-8 for 48 and 72 hours. Where indicated, cells 
were pre-incubated for 1 hour with the caspase inhibitor Z-VAD-FMK. The study of nuclear 
morphology was performed by fluorescence microscopy after Hoechst-propidium iodide staining. 
Representative pictures (upper panel) and quantification corresponding to the mean ± SD (lower 
panel) from three independent experiments are provided. Results were analyzed by a two-way 
ANOVA with *, **, *** indicating p < 0.05, p < 0.01, p < 0.001, respectively.  
 

To characterize the apoptotic pathway leading to cell death after the treatment of K-562 
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and 48 hours. Notably, PARP-1 is a target of caspase 3, which inactivates it by cleavage. 

Treatment with 5 µM MAKV-8 induces the cleavage of caspase 9 after 24 hours, and more 

importantly after 48 hours. The resulting cleavages of caspases 3 and 7, as well as that of 

PARP-1, display the same time pattern. After treatment with 10 µM MAKV-8, caspase 8 is 

cleaved at 24 hours in addition to the cleavage of caspases 3, 7, 9 and PARP-1. At this 

concentration, cleavage of all proteins is also more important after 48 hours of treatment 

(Figure 32). Overall, results correspond to the induction of caspase-dependent apoptosis. In 

cells treated with 50 µM cisplatin for 24 hours, we observe a cleavage of caspases 3, 8, 9, and 

PARP-1, which is in correlation with apoptosis induction (Dasari et al., 2014).  

 

 
Figure 32: Effect of MAKV-8 on caspase and PARP-1 cleavage in K-562 cells.  
K-562 cells were treated with 5 and 10 µM of MAKV-8 for the indicated period of time, and the 
cleavage of caspases 3, 7, 8 and 9, as well as PARP-1, was analyzed by western blot, with β-actin as a 
loading control. Cisplatin was used as the positive control for caspase and PARP-1 cleavage. Blots are 
representative of three independent experiments. 
 
 

In conclusion, K-562 cells treated with low concentrations of MAKV-8 accumulate in 

the G1 phase of cell cycle and die by caspase-dependent apoptosis. 
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1.6. MAKV-8 triggers ER stress, stimulates autophagic flux and, provokes DNA 

damage  

Depending on their HDAC inhibitory profiles, pan-HDACi can elicit a broad range of 

biological responses that impede the growth and/or survival of tumor cells (Schnekenburger 

et al., 2016). 

 

1.6.1. Evaluation of ER stress induction  

Inhibited cell cycle progression could be due to the activation of ER stress-induced UPR 

to prevent exacerbated misfolded protein-mediated toxicity (Y. Liu et al., 2012). To evaluate 

whether MAKV-8 induces ER-stress, K-562 cells were treated with the compound for 

increasing periods of time, and the expression levels of an ER stress marker, the chaperone 

GRP78, was assessed by western blot by comparison to the canonical ER stress inducer 

thapsigargin. Results reveal that GRP78 protein expression is up-regulated after 8 hours of 

treatment, which is maintained over time independent of the concentration. Furthermore, 

increased phosphorylation levels in PERK and eIF2α are detected from 24 and 8 hours after 

treatment with 5 and 10 µM MAKV-8, respectively (Figure 33A). Accordingly, treatment of 

K-562 cells with 10 µM MAKV-8 results in a 1.75-fold increase in DDIT3 mRNA expression 

after 24 hours (Figure 33B). In addition, XBP1 mRNA splicing, detected after migration of 

PCR products in a polyacrylamide gel, is observed from 4 hours of treatment with 10 µM 

MAKV-8 (Figure 33C). Altogether, our results demonstrate that MAKV-8 triggers the 

activation of UPR signaling.  
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Figure 33: Effect of MAKV-8 on ER stress induction in K-562 cells.  
K-562 cells were treated with 5 and 10 µM of MAKV-8 for the indicated time points. (A) The 
expression level of UPR-associated proteins was assessed by western blot, with β-actin as a loading 
control. Quantification values are indicated underneath corresponding blots. (B) DDIT3 mRNA 
expression levels was quantified by real-time PCR and normalized to the housekeeping gene β-actin. 
(C) The cleavage of XBP1 mRNA was detected under a UV light on acrylamide gels stained with 
ethidium bromide. Blots and gels are representative of three independent experiments. Results 
correspond to the mean ± SD of three independent experiments and were analyzed by a one-way 
ANOVA with **, *** indicating p < 0.01, p < 0.001, respectively. Thapsigargin (T, 4 µM) was used 
as a positive control for ER stress induction. 
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1.6.2. Evaluation of autophagy induction 

UPR pathways are able to activate the autophagic machinery to clear the ER from 

accumulated protein aggregates (Song et al., 2018), and accumulating evidence show that 

autophagy modulation contributes to the anticancer effect exhibited by HDACi (Gammoh et 

al., 2012). We thus aimed to determine whether MAKV-8 modulated the autophagic pathway. 

In order to further analyze cell morphology, K-562 cells treated with 5 and 10 µM MAKV8 

for 48 hours were stained with modified GIEMSA. The nucleus of control cells is surrounded 

by a thin cytoplasm whereas MAKV-8-treated cells undergo size increase due to a swollen 

cytoplasm enriched with numerous vacuoles of various sizes (Figure 34A). In addition, K-562 

cells treated with 10 µM MAKV-8 for 8 hours and stained with Cyto-ID® were observed 

under a fluorescent microscope to visualize and quantify vacuoles associated with the 

autophagic pathway. In MAKV-8 treated cells, the dotted fluorescent pattern indicates the 

presence of autophagic vesicles compared to control cells, which display a homogeneous 

signal. The percentage of cells displaying autophagic vesicles is three times higher in MAKV-

8-treated cells than in control cells (Figure 34B). These results prompted us to detect by 

western blot the presence of two markers of the autophagic process, i.e. the appearance of the 

converted LC3-II form and reduced SQSTM1 abundance. Treatment of K-562 cells with 10 

µM MAKV-8 for 8 hours stimulates the conversion of LC3-I to LC3-II and down-regulates 

SQSTM1 expression. Concomitant addition of the late-phase autophagy inhibitor, 

bafilomycin A1, to MAKV-8 treatment further enhances LC3-II and SQSTM1 accumulation, 

and strongly decreases the percentage of living cells, suggesting that MAKV-8 induces 

protective autophagy (Figure 34C). Accordingly, the study of cellular structures by TEM 

reveals a more extensive autophagocytic vacuolization in MAKV-8-treated cells in 

comparison with control cells (Figure 34D). 
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Figure 34: Effect of MAKV-8 on autophagy induction in K-562 cells.  
(A) K-562 cells were treated with 5 and 10 µM of MAKV-8 for 48 hours, and cell morphology was 
analyzed after a modified GIEMSA staining. Pictures were acquired by bright-field microscopy. (B) 
K-562 cells treated with 10 µM MAKV-8 for 8 hours were stained with Cyto-ID® Green dye. 
Appearance of autophagosome-related vesicles was quantified by counting (right panel) after 
visualization by fluorescence microscopy (left panel). (C) K-562 cells were treated with 10 µM 
MAKV-8 for indicated periods of time with or without addition of 5 nM bafilomycin A1. LC3-I to 
LC3-II conversion and SQSTM1 expression were analyzed by western blot, with β-actin as a loading 
control; quantification values are indicated underneath corresponding blots. The study of nuclear 
morphology was performed by fluorescence microscopy after Hoechst-PI staining. (B-C) Results 
correspond to the mean ± SD of three independent experiments and were analyzed by a one-way 
ANOVA with **, *** indicating p < 0.01, p < 0.001, respectively. (D) CML cells were treated with 
MAKV-8 for indicated periods of time and studied by TEM: (1) phagophores, (2) 
autophagolysosomes. Pictures and blots are representative of three independent experiments. 
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Figure 34 (Continued) 
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Figure 34 (Continued) 
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Figure 34 (Continued) 
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1.6.3. Evaluation of the induction of double strand breaks  

HDACi treatments reportedly cause DNA damage, including DSBs, which partly 

underlies the induction of apoptosis (Petruccelli et al., 2011). DSBs in chromatin initiate the 

phosphorylation of the histone H2A variant, H2AX, at serine 139 to generate γH2AX (Kinner 

et al., 2008). To determine whether treatment with MAKV-8 leads to an induction of DNA 

DSBs, K-562 cells were treated with 5 and 10 µM MAKV-8 for increasing periods of time, 

and the expression of γH2AX was assessed by western blot. Results reveal that 5 µM MAKV-

8 enhances γH2AX levels only after a 24-hour incubation and the effect is more pronounced 

with 10 µM (Figure 35A), albeit not reaching that observed with cisplatin, a well-known 

DNA damaging agent (Galluzzi et al., 2012). When cells are pre-treated with 50 µM Z-VAD-

FMK for 1 hour, the MAKV-8-mediated induction of histone H2AX phosphorylation is 

almost completely abrogated. Surprisingly, similar results are obtained after a 1-hour pre-

treatment with 50 µM Z-VAD-FMK followed by treatment with 50 µM cisplatin (Figure 

35B).  

 

  
Figure 35: Effect of MAKV-8 on double strand breaks induction in K-562 cells.  
K-562 cells were (A) treated with 5 and 10 µM of MAKV-8 for the indicated time points or (B) 
treated with or without Z-VAD-FMK for 1 hour and then incubated for 24 hours in presence or 
absence of 10 µM MAKV-8. The expression level of γH2AX was assessed by western blot, with β-
actin as a loading control. Cisplatin (C, 50 µM) was used as a positive control for double strand break 
induction. Quantification values are indicated underneath corresponding blots that are representative 
of three independent experiments. 
 

In conclusion, MAKV-8 treatment results in the activation of UPR signaling 

pathways and autophagic process, as well as DSB induction in K-562 cells. 
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1.7. MAKV-8 in combination with imatinib displays synergistic pro-apoptotic 

activity in imatinib-sensitive and -resistant CML cells 

1.7.1. Evaluation of co-treatments in imatinib-sensitive CML cell lines 

Despite the outstanding therapeutic results obtained with TKi in CML, the occurrence of 

imatinib resistance in over 30% of CML patients clearly necessitates the discovery and 

investigation of additional therapeutic approaches. For instance, treatment of cancerous cells 

with imatinib combined with another drug could sensitize cells to the cell killing effects of 

imatinib. The analyses of transcriptomic data from patients revealed that HDAC1 and 

HDAC2 mRNA expression levels are significantly up-regulated and associated with a trend 

towards increased HDAC3 mRNA levels in LSCs compared with healthy stem cells (HSCs) 

(Figure 36). Notably, other HDAC isoenzymes are similarly or less expressed in LSCs (data 

not shown). The importance of HDAC1 and 2 in tumor survival provides a good rational for 

treating CML cells with imatinib in combination with a pan-HDACi (Chen et al., 2019).  

 

 
Figure 36: Expression levels of HDAC mRNA in stem cells from healthy and CML patients. 
Boxplots including outliers illustrating fold change (log2) of HDAC1, 2 and 3 mRNA expression 
levels in CD34+CD38- stem cells isolated from healthy (n=7) and CML (n=11) patients (represented 
by triangles). 

 
Considering computational results, we sought to determine the ability of MAKV-8 in 

combination with imatinib to exert anti-tumor effects against CML cells. Accordingly, we 

selected MAKV-8 and imatinib concentrations that induced only moderate toxicity (i.e. less 

than 10-20% of cell death) against CML cells.  

First, the effects of co-treatments were monitored on histone H4 and α-tubulin acetylation 
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mediated HDAC inhibition. In the tested CML cell lines, the acetylation of α-tubulin is 

similarly induced after 24 hours of exposure to MAKV-8-imatinib co-treatment compared to 

MAKV-8 treatment alone, whereas the level of acetylated histone H4 is further enhanced. In 

contrast, CML cells co-treated with SAHA and imatinib display lower and increased levels of 

α-tubulin and histone H4 acetylation, respectively, compared to treatment with SAHA alone 

(Figure 37). Of note, those results suggest a different HDAC inhibitory profile between 

MAKV-8 and SAHA. 
 

 
Figure 37: Effect of co-treatment with MAKV-8 and imatinib on the acetylation of histone H4 
and α-tubulin in CML cells.  
CML cells were treated with either MAKV-8 or imatinib alone, or in combination. After 24 hours of 
incubation the acetylation levels of histone H4 and α-tubulin were assessed by western blot, with β-
actin as loading control. SAHA was used as a reference HDACi. Quantification values are indicated 
underneath corresponding blots that are representative of three independent experiments. 
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concentrations of imatinib or MAKV-8 or co-treated with increasing concentrations of 

MAKV-8 and 0.25 µM imatinib for 48 and 72 hours. The reduction in viability mediated by 

the co-treatment is greater than that induced by either compound alone, with a 75% decrease 

in living cells after treatment with the highest MAKV-8 concentration combined with 

imatinib. By analogy, co-treatment with 2 µM SAHA presents similar results to those 

exhibited by co-treatment with 5 µM MAKV-8. In combination treatments, CI values below 1 

indicate synergism for each concentration of MAKV-8 combined with 0.25 µM of imatinib at 

both 48 and 72 hours, with the maximal effect using 10 µM of MAKV-8 (Figure 38). Of note, 

no effect is detected on K-562 cell viability after 24 hours of MAKV-8 and/or imatinib (co-) 

treatments (Annex A1). 

 

 
Figure 38: Effect of co-treatment with MAKV-8 and imatinib on K-562 cell death.  
K-562 cells were treated with increasing concentrations of MAKV-8 or imatinib alone, or combination 
of increasing concentration of MAKV-8 and 0.25 µM imatinib for 48 and 72 hours. The study of 
nuclear morphology was performed by fluorescence microscopy after Hoechst-PI staining. Results 
correspond to mean ± SD of three independent experiments and were analyzed by a two-way ANOVA 
(compounds alone) or a one-way ANOVA (combinations) with *, **, *** indicating p < 0.05, p < 
0.01, p < 0.001, respectively. Combination index (CI) values (mean ± SD, N=3) were determined with 
CompuSyn software. 
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Disruption of MMP precedes the release of pro-apoptotic factors from mitochondria such 

as cytochrome c and nuclear signs of apoptosis (Macho et al., 1996). In addition, PS flips 

from the inner to the outer leaflet of the plasma membrane during the intermediate stages of 

apoptosis, allowing its detection with fluorescent Annexin V conjugates (Duensing et al., 

2018). Therefore, K-562 cells co-treated with 5 or 10 µM MAKV-8 and 0.25 µM imatinib 

were stained with either MitoTracker Red, or Annexin V and PI. The fluorescence of those 

dyes was then quantified by flow cytometry.  

MAKV-8-imatinib combinations trigger MMP loss and increase the proportion of annexin 

V-positive cells, reaching approximately 83% of cells displaying low MMP and annexin V 

positivity, respectively, after co-treatment with 10 µM MAKV-8 compared to 7 and 20% in 

untreated cells. Furthermore, the effect in combination treatment is increased compared to the 

treatment with each drug alone. Interestingly, co-treatment with 2 µM SAHA gives similar 

results than those obtained after co-treatment with 5 µM MAKV-8. Cells treated with 50 µM 

cisplatin for 24 hours were used as a positive control for MMP disruption and apoptosis 

induction (Figure 39). 
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Figure 39: Effect of co-treatment with MAKV-8 and imatinib on K-562 cell death.  
K-562 cells were treated with either MAKV-8 or imatinib alone, or in combination for 48 hours. The 
study of MMP disruption or apoptosis induction was performed by flow cytometry after (A) 
MitoTracker Red or (B) annexin V and PI staining, respectively. SAHA was used as a reference 
HDACi. Cisplatin (24 hours) was used as a positive control for MMP disruption and apoptosis 
induction. Representative dot plots (upper panel) and quantifications corresponding to the mean ± SD 
(lower panel) from three independent experiments are provided. Results were analyzed by a one-way 
ANOVA with *, **, *** indicating p < 0.05, p < 0.01, p < 0.001, respectively.  
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Figure 39 (Continued) 
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Figure 40: Effect of MAKV-8-imatinib co-treatment on KBM-5 and MEG-01 cell death.  
KBM-5 and MEG-01 cells were treated with either MAKV-8 or imatinib alone, or in combination for 
48 hours. The study of nuclear morphology was performed by fluorescence microscopy after Hoechst-
PI staining. Results correspond to mean ± SD of three independent experiments and were analyzed by 
a one-way ANOVA with *, *** indicating p < 0.05, p < 0.001, respectively. Combination index (CI) 
values (mean ± SD, N=3) were determined using CompuSyn software. 
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Figure 41: Effect of co-treatment with MAKV-8 and imatinib on caspase and PARP-1 cleavage 
in CML cells.  
CML cell lines were treated with either MAKV-8 or imatinib alone, or in combination for 24 hours. 
The cleavage of caspases 3, 7, 8 and 9, as well as PARP-1 was analyzed by western blot, with β-actin 
as a loading control. SAHA was used as a reference HDACi. Cisplatin was used as the positive control 
for caspase and PARP-1 cleavage. Blots are representative of three independent experiments. 
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Next, we investigated the ability of CML cells pre-treated with MAKV-8 for 8 hours to 

form colonies in a semi-solid medium in the presence of imatinib in order to verify the 

potential of compounds to impair the replicative ability of cancer cells in a 3D model. The 

concentrations of imatinib used in those experiments were preliminarily determined by 

performing clonogenic assays on cells treated with a range of imatinib concentrations and 

selecting one that does not impact colony formation (Annex A2). In the three tested CML cell 

lines, results demonstrate that combinations exert more potent effects on reducing colony 

formation than either agent alone, suggesting that MAKV-8 sensitizes CML cells to imatinib 

treatment (Figure 42).  
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Figure 42: Effect of treatment with MAKV-8 and imatinib on CML colony formation.  
CML cells pre-treated with MAKV-8 for 8 hours were then grown in the presence or absence of 
imatinib for 10 days. Colonies were detected after addition of MTT. Representative pictures (upper 
panel) and quantifications corresponding to the mean of total MTT intensity ± SD (lower panel) from 
three independent experiments are provided. Results were analyzed by a one-way ANOVA with *, **, 
*** indicating p < 0.05, p < 0.01, p < 0.001, respectively. 

 

To extend our in cellulo results to an in vivo setting, we evaluated the capacity of MAKV-

8 and imatinib, alone or in combination, to prevent tumor formation in a zebrafish xenograft 

model. Pre-treatment of xenografted K-562 cells with MAKV-8 and imatinib in combination 

fully abrogates tumor growth in zebrafish, whereas injection of K-562 cells pre-treated with 

single agent alone results in formation of tumors with 50%-reduced size compared to control 

(Figure 43, Annex A3).  
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Figure 43: Effect of MAKV-8-imatinib co-treatment on tumor growth in zebrafish. 
K-562 cells were treated for 24 hours, fluorescently labeled, and then injected in the zebrafish yolk 
sac. Three days post-injection, pictures of 5 to 8 fishes (one representative set of pictures is presented) 
were taken. Graph corresponds to the mean ± SD of fluorescence intensity quantification and were 
analyzed by a one-way ANOVA with *, *** indicating p < 0.05, p < 0.001, respectively.  
 

1.7.2. Evaluation of co-treatments in imatinib-resistant CML cell lines  

Despite the success of TKi to manage CML patients, imatinib resistance remains one of 

the major therapeutic challenges. Accordingly, we tested whether a combination imatinib-

MAKV-8 could be effective against resistant CML cell models. The optimal concentration of 

imatinib used in combination with MAKV-8 was preliminarily determined by treating 

imatinib-resistant K-562 and KBM-5 cell lines (K-562R and KBM-5R, respectively) with a 

range of imatinib concentrations and selecting one that induces low cell mortality, i.e. less 

than 10-20% of cell death (Annex A4). Considering that K-562R and KBM-5R cells begin to 

die in response to 10 µM imatinib, we used this concentration for subsequent experiments. 

To evaluate whether treatment with MAKV-8 is able to overcome imatinib resistance, the 

effect of combination was assessed on K-562R and KBM-5R cell viability after 48 hours of 

treatment. The study of nuclear morphology shows that K-562R cell mortality is not impacted 

by co-treatments; however, the decrease in KBM-5R cell viability is further enhanced by co-

treatments compared to treatments with either drug alone, and a synergistic loss of 65% of 

living cells occurs after a combination with 2.5µM MAKV-8 and 10µM imatinib. Therefore, 

CI was determined for each co-treatment and a mild synergistic effect is detected for 2.5µM 

MAKV-8 in combination with imatinib (Figure 44). 
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Figure 44: Effect of MAKV-8-imatinib co-treatment on imatinib-resistant CML cell death.  
K-562R and KBM-5R cells were treated with MAKV-8 and imatinib alone or in combination for 48 
hours. The study of nuclear morphology was performed by fluorescence microscopy after Hoechst-PI 
staining. Results correspond to the mean ± SD of three independent experiments and were analyzed by 
a one-way ANOVA with *, **, *** indicating p < 0.5, p < 0.01, p < 0.001, respectively. Combination 
index (CI) values (mean ± SD, N=3) were determined using CompuSyn software. 

 
Since co-treatments with MAKV-8 plus imatinib do not impact K-562R cell mortality, the 

anticancer effects of compounds were further characterized only in KBM-5R cells. As in 

imatinib-sensitive KBM-5 cells, α-tubulin acetylation is similarly induced after MAKV-8-

imatinib co-treatment compared to treatment with MAKV-8 alone, whereas the level of 

acetylated histone H4 is enhanced (Figure 45A). In addition, after co-treatments, the cleavage 

of PARP-1 is more important compared to the one induced by treatments with each drug 

alone (Figure 45B), revealing an activation of apoptotic pathways also in imatinib-resistant 

cells. Finally, MAKV-8 pre-treatment followed by imatinib treatment is more effective at 

reducing colony formation than either single agent alone, suggesting that MAKV-8 is likely 

to overcome imatinib resistance in CML cells (Figure 45C, Annex A2).  
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Figure 45: Anticancer effects in KBM-5R cells co-treated with MAKV-8 and imatinib.  
KBM-5R cells were treated with either MAKV-8 or imatinib alone, or in combination for 24 hours 
and (A) acetylation levels of histone H4 and α-tubulin or (B) PARP-1 cleavage were assessed by 
western blot. Cisplatin was used as the positive control for PARP-1 cleavage. β-actin and SAHA were 
used as a loading control and a reference HDACi, respectively. Quantification values are indicated 
underneath corresponding blots that are representative of three independent experiments. (C) KBM-5R 
cells pre-treated with MAKV-8 for 8 hours then grown in the presence or absence of imatinib for 10 
days. Colonies were detected after addition of MTT. Representative pictures (upper panel) and 
quantifications corresponding to the mean of total MTT intensity ± SD (lower panel) from three 
independent experiments are provided. Results were analyzed by a one-way ANOVA with **, *** 
indicating p < 0.01, p < 0.001, respectively.  
 

In conclusion, MAKV-8 combined with imatinib synergistically triggers apoptotic 

cell death in imatinib-sensitive and -resistant BCR-ABL-positive CML cells. 

Furthermore, tumor growth of xenografted K-562 cells in zebrafish is completely 

abrogated upon combined treatment with MAKV-8 and imatinib. 
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1.7.3. MAKV-8–imatinib combination displays a mild toxicity in healthy cell models 

When administrating a novel therapeutic compound to patients, it is essential to guarantee 

restrained side effects thanks to a differential toxicity of the treatment towards cancer versus 

healthy cells. In order to facilitate the comparison of the toxicity between healthy and 

cancerous blood cells, the concentrations of MAKV-8 and imatinib used for the treatments in 

healthy models and CML cells were identical. 

We started by incubating non-proliferating and proliferating PBMCs in presence of 

MAKV-8 and/or imatinib for 48 hours. Notably, the blastogenic response of PHA/IL-2-

stimulated PBMCs was preliminarily evaluated (Annex A5). Using a Trypan blue exclusion 

test on non-proliferating PBMCs, we observe a moderate effect of treatments with MAKV-8 

either alone or in combination, with a maximum decrease of 30% of viable cells after 48 

hours of treatment, whereas imatinib alone fails to trigger any cell mortality (Figure 46A). 

Unfortunately, in proliferating PBMCs stained with Hoechst-PI, 5 µM MAKV-8 induces a 

strong decrease of cell viability, reaching 15% of alive cells following a treatment with 10 

µM MAKV-8. Of note, this diminution is not further enhanced upon addition of imatinib 

(Figure 46B). By comparison, treatments with SAHA alone or in combination with imatinib 

fail to impact cell viability either in non-proliferating or proliferating PBMCs (Figure 46A 

and B).  

Next, we tested the effect of MAKV-8 in combination with imatinib on the viability of 

pluripotent CD34+ stem cells. Nuclear morphology analyses reveal that 48-hour treatments 

with MAKV-8 alone or in combination stimulate a robust reduction of CD34+ cell viability, 

reaching 10% of alive cells with 10 µM MAKV-8. Importantly, the FDA-approved SAHA 

also severely decreases viable cell population (Figure 46C). 

Finally, the impact of MAKV-8-imatinib combinations on the viability of lymphocytic 

RPMI-1788 cell line was evaluated by analysis of nuclear morphology. Although RPMI-1788 

cells undergo a reduction of about 55% of alive cells following a 48-hour treatment with 10 

µM MAKV-8, the decrease in cell viability is not further enhanced upon the addition of 

imatinib. Noteworthy, similar concentrations of MAKV-8 and SAHA show comparable 

results (Figure 46D). 
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Figure 46: Effect of MAKV-8-imatinib combinations on the viability of healthy cell models.  
(A) Non-proliferating and (B) proliferating PBMCs, as well as (C) CD34+ cells from healthy donors, 
and (D) RPMI-1788 cells were treated with either MAKV-8 or imatinib alone, or in combination for 
48 hours. Cell viability was assessed based on the Trypan Blue exclusion method and the study of 
nuclear morphology after Hoechst-PI staining for non-proliferating PBMCs and proliferating PBMCs, 
CD34+ cells or RPMI-1788 cells, respectively. SAHA was used as a reference HDACi. Results 
correspond to the mean ± SD of three independent experiments and were analyzed by a one-way 
ANOVA with *, **, *** indicating p < 0.05, p < 0.01, p < 0.001, respectively. 
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Figure 46 (Continued) 

 

Consequently, the ratio of cell death induced by MAKV-8-imatinib co-treatments, 

calculated from the mean of cancer versus normal cell death reported to control, is attesting of 

a stronger toxicity against cancer cells by comparison to non-proliferating PBMCs and RPMI-

1788 cells (Table 11). 

 

Table 11: Selectivity ratio of MAKV-8-imatinib co-treatment for cancer cells versus 

healthy models. 

CML cells Selectivity ratio 
PBMCs RPMI-1788 

K-562 5.8 3.9 
KBM-5 8.5 9.2 
MEG-01 2.2 1.5 

 

Next, PS exposure of platelets from healthy donors incubated in presence of increasing 

concentrations of MAKV-8 or co-treated with MAKV-8 and imatinib for 48 hours was 

assessed by flow cytometry. MAKV-8 neither alone nor in co-treatments elicits any 

significant cytotoxicity in platelets, as compared to the positive control (Figure 47).  
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Figure 47: Effect of combinations with MAKV-8 and imatinib on healthy platelet viability.  
Platelets from healthy donors were treated with increasing concentrations of MAKV-8 or co-treated 
with MAKV-8 and imatinib for 48 hours. Cell viability was assessed by flow cytometry after annexin 
V staining. Vehicle and positive control are represented by 0.1 and 50% DMSO (v/v), respectively. 
Results are representative of three independent experiments. 

 

In conclusion, our results strongly suggest that the combination MAKV-8-imatinib 

displays an increased toxicity against cancer cells accompanied by a promising safety 

profile against non-proliferating healthy models. 
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1.8. Beclin 1 knock-down reduces MAKV-8-imatinib combination-induced apoptosis 

Since MAKV-8 treatment induces autophagy, we tested whether this process would be 

implicated in the synergistic cell death observed with the combination. Transfection of K-562 

cells with siRNA targeting the gene coding for beclin 1 (i.e. BECN1), a protein involved in 

initiating autophagic flux, expectedly leads to a knock-down of the gene, which is maintained 

up to the end of treatments (Figure 48A). Of note, optimal transfection conditions for this 

specific siRNA had been preliminarily determined. Interestingly, we observe after 48 hours of 

treatment with the combination that the proportion of viable K-562 cells is significantly 

augmented from 15 and 20% in cells transfected with or without non-targeting siRNA, 

respectively, to 40% in BECN1-silenced cells. Finally, the reduction in PARP-1 cleavage (i.e. 

the ratio between the cleaved and uncleaved forms) in BECN1-silenced cells further confirms 

the previous observation of reduced apoptotic cell death (Figure 48B). Surprisingly, down-

regulation of beclin 1 expression does not result in prevention of MAKV-8-mediated down-

regulation of SQSTM1 expression or LC3-I to LC3-II conversion after 8 hours. In addition, 

no difference is observed in GRP78 expression upon transfection with or without siRNA 

targeting BECN1 (Figure 48C). 
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Figure 48: Effects of beclin 1 silencing on apoptotic cell death induced by MAKV-8 in 
combination with imatinib. 
K-562 cells were transfected with or without non-targeting siRNA or a siRNA targeting BECN1 for 
24 hours, then (A) the expression level of beclin 1 was assessed by western blot 24 and 72 hours post 
transfection; (B) the study of nuclear morphology was performed by fluorescence microscopy after 
Hoechst-PI staining and the cleavage of PARP-1 was analyzed by western blot in cells treated with 
MAKV-8 and imatinib for 48 hours; (C) LC3 conversion, and the expression of SQSTM1 and GRP78 
were evaluated by western blot in cells treated with MAKV-8 for 8 hours. Results correspond to the 
mean ± SD of three independent experiments and were analyzed by a one-way ANOVA with **, *** 
indicating p < 0.01, p < 0.001, respectively. Quantification values are indicated underneath 
corresponding blots, representative of three independent experiments, with β-actin as loading control. 
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1.9. MAKV-8 and imatinib co-treatment synergistically lessens BCR-ABL-related 

signaling pathways involved in CML cell growth and survival 

The increase of cell death observed after the co-treatment imatinib-MAKV-8 can be due 

to the disruption of many different pathways, such as the ones regulated by BCR-ABL 

activity. The BCR-ABL fusion oncoprotein displays constitutive tyrosine kinase activity 

through its phosphorylation on tyrosine 177 and therefore aberrant downstream signaling 

pathways leading to proliferation and survival. Accordingly, we examined by western blotting 

the repercussion of co-treatments with MAKV-8 and imatinib on the expression and 

phosphorylation of BCR-ABL and its downstream targets in K-562 cells. Although MAKV-

8-imatinib treatment does not impact BCR-ABL expression, it leads to a drastic decrease in 

its phosphorylation accompanied by a similar effect on STAT5 phosphorylation. Notably, 

MAKV-8 further down-regulates STAT5 protein levels and provokes a striking decrease in c-

MYC expression, which is maintained by co-treatment with imatinib. Conversely, MCL-1 

expression is not markedly impacted by the combination due to oppositional effects exhibited 

by each drug. Despite a MAKV-8-mediated increase in BCR-ABL expression, treatments 

with MAKV-8 and imatinib result in decreased BCR-ABL phosphorylation in KBM-5, MEG-

01, and KBM5-R cells. In all CML cell lines, treatments with SAHA, either alone or in 

combination with imatinib, exhibit results comparable to that of the highest MAKV-8 

concentration on the expression and phosphorylation of BCR-ABL and downstream targets 

(Figure 49).  
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Figure 49: Effect of MAKV-8-imatinib co-treatments on proteins implicated in BCR-ABL-
dependent signaling pathways in imatinib-sensitive and -resistant CML cells.  
CML cells were cultured with either MAKV-8 or imatinib alone, or in combination for 24 hours. The 
expression level of proteins was assessed by western blot, with β-actin as loading control. SAHA was 
used as a reference HDACi. Quantification values are indicated underneath corresponding blots that 
are representative of three independent experiments. 
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1.10. MAKV-8 and imatinib co-treatment reduces CML stem cell population 

The oncogenic transcription factor c-MYC was reported to play an important role in LSC 

survival that appears to be implicated in TKi resistance and relapse in leukemic patients 

(Venton et al., 2016). Accordingly, c-MYC mRNA expression level is significantly up-

regulated in LSCs versus HSCs from patients (Figure 50A). 

Elevated ALDH activity is an established marker for the identification of hematopoietic 

stem cells. Since we previously demonstrated that MAKV-8 strongly reduced c-MYC 

expression, we sought to evaluate by flow cytometry whether a 24-hour treatment with 10 µM 

MAKV-8 plus 0.25 µM imatinib could decrease ALDH-positive population in K-562 cell 

line, which are known to have a substantial proportion of cells with cancer stem-like 

characteristics. Results show that the percentage of ALDH+ cells is lowered from 50% in 

untreated cells to 24 and 30% in cells treated with MAKV-8 and imatinib, respectively. After 

MAKV-8-imatinib co-treatments, the reduction is further enhanced, reaching 15%. In 

contrast, SAHA fails to reduce the proportion of ALDH+ cells. When cells are concomitantly 

treated with SAHA and imatinib, the percentage of ALDH+ cells decreases to 30%, indicating 

that combination with MAKV-8 and imatinib is more efficient to reduce the cancer stem cell 

population. The percentage of ALDH+ cells treated with DEAB, a specific inhibitor of ALDH 

activity, is close to 0% as expected (Figure 50B). 

 

 

In conclusion, the combination of MAKV-8-imatinib reduced BCR-ABL 

phosphorylation, as well as the expression of downstream targets that play a critical role 

in CML proliferation and survival. In addition, this therapeutic approach effectively 

decreased the LSC population. 
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Figure 50: Effect of co-treatments with MAKV-8 and imatinib on ALDH activity in K-562 cells.  
(A) Boxplots illustrating fold change (log2) of c-MYC mRNA expression in CD34+CD38- stem cells 
isolated from healthy (n=7) and CML (n=11) patients (represented by triangles). Results were 
analyzed by Welch t-test. (B) K-562 cells were treated with either MAKV-8 or imatinib alone, or in 
combination for 24 hours. Cells were labeled with AldefluorTM in presence or absence of the ALDH 
inhibitor DEAB and analyzed by flow cytometry. The gate for ALDH+ cells was determined by 
comparison to the DEAB control and showed the brightly fluorescent ALDH population versus 
granularity. SAHA was used as a reference HDACi. Representative dot plots where the percentage of 
ALDH+ cells is indicated (upper panel) and quantifications (lower panel) corresponding to the mean ± 
SD of three independent experiments are presented. Results were analyzed by a one-way ANOVA 
with **, *** indicating p < 0.01, p < 0.001, respectively.  
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2. Characterization of the anticancer properties of MAKV-15, a new 

hydroxamate-based selective HDAC6i 
The compound MAKV-15 given by the group of Guy Bormans, is a derivative of the 

HDAC6i tubastatin A and was originally published in the same paper (Butler et al., 2010). 

These compounds differ in the position of the nitrogen atom on the ring associated with a 

change in the inhibitory potency towards HDAC6 (Figure 20), based on the IC50 values found 

in the paper (15 nM for tubastatin A vs. 1.4 nM for MAKV-15).  

 

2.1. In vitro inhibitory potential of MAKV-15 and tubastatin A on HDAC isoenzymes 

To compare the results found in the literature concerning MAKV-15 and tubastatin A, we 

assessed their inhibitory potential against HDAC activities in vitro, using a fluorimetric 

HDAC activity assay with either total proteins as a source of HDAC, or recombinant HDAC1 

or HDAC6. The analysis reveals that the concentration of MAKV-15 required to inhibit 50 % 

of total HDAC activity is 7.2 µM. In addition, MAKV-15 has an IC50 inhibitory activity 

against HDAC1 and HDAC6 of 380 nM and 30 nM, respectively, whereas IC50 values of 

tubastatin A against the same enzymes are 2.9 µM and 0.8 µM, respectively (Figure 51). 

Based on the ratio between IC50 values against HDAC1 versus HDAC6, both compounds 

show selectivity towards HDAC6 but MAKV-15 has a higher potency of about 3 times.  
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Figure 51: Effect of MAKV-15 and tubastatin A on the activity of total HDAC and HDAC 
isoenzymes.  
In vitro HDAC activity assays were performed with increasing concentrations of MAKV-15 and 
tubastatin A. Relative activities of (A) total HDAC, (B) HDAC1 and HDAC6 were determined by 
comparison to the vehicle, and (C) IC50 values for each HDAC activities were calculated using 
nonlinear regression from Prism software. Results correspond to mean ± SD of at least three 
independent experiments. IC50: concentration inhibiting 50% of enzymatic activity.  
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In silico, MAKV-15 displays favorable druglikeness parameters and a low predicted risk 

of toxicity similar to HDAC6i already used in clinical trials (i.e. ACY-1215 and ACY-241) 

(Table 12). For instance, MAKV-15 has low lipophilicity, as characterized by an octanol-

water partition coefficient Log P lower than 5, which is a major criterion for orally active 

drugs. The molecular flexibility of MAKV-15 for membrane permeation, as defined by the 

number of rotatable bonds, and its drug transport properties predicted by topological polar 

surface area are favorable, as well as its intestinal absorption parameter and plasma protein 

binding potential, predicting a good bioavailability (Table 12). 

 

Table 12: In silico prediction of the MAKV-15 druglikeness and oral bioavailability 

based on Lipinski’s Rule of Five extended with Ghose filter and on Veber’s Rule. 
Method Parameter (unit)   Values   

  Theoretical  MAKV-

15 

Tubastatin 

A 

ACY-

1215 

ACY-241 

Lipinski’s rule 

of five  

Volume (Å3) NA 309.93 309.93 398.21 416.47 

 LogP ≤5 2.71 2.71 -0.07 4.31 

 MW (Da) ≤500 335.41 335.41 436.5 467.96 

 n-OHNH ≤5 2 2 3 3 

 n-ON ≤10 5 5 9 8 

Ghose filter n-atoms 20≤ x ≤70 25 25 32 33 

Veber’s Rule n-rotb ≤10 3 3 11 11 

 TPSA (Å2) ≤140 57.5 57.5 118.62 107.45 

Absorption BBBP 0.1≤ MA ≤2 0.53 0.44 0.17 0.36 

 IA (%) ≥70 94.49 94.49 92.23 93.44 

 PPB (%) <90 54.91 55.67 87.23 86.14 

Toxicity Rat NA Negative Negative Negative Negative 

 Mouse NA Negative Negative Negative Negative 

BBBP: blood-brain barrier penetration; IA: intestinal absorption; MA: middle absorption; LogP: 
octanol-water partition coefficient; MW: molecular weight; n-: number of; OHNH: hydrogen bond 
donors; ON: hydrogen bond acceptors; rotb: rotatable bonds; NA: not applicable; PPB: plasma protein 
binding; TPSA: topological polar surface area.  
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2.2. In cellulo study of MAKV-15 and tubastatin A 

2.2.1. Study of MAKV-15 in CML cells 

2.2.1.1. MAKV-15 acts as a potent HDAC6i in CML cells 

In order to determine the inhibitory profile of MAKV-15 and tubastatin A in cellulo, we 

next analyzed by western blot the effect of increasing concentrations of compounds on the 

acetylation levels of histone H4 and α-tubulin. In K-562 cells, tubastatin A induces the 

acetylation of histone H4 and α-tubulin observed from 1 and 5 µM, respectively, and the 

maximal acetylation level is reached between 15 and 25 µM for both proteins. By 

comparison, MAKV-15 induces the acetylation of histone H4 and α-tubulin detected from 1 

µM for both proteins. For histone H4, the maximal acetylation level is reached between 15 

and 25 µM, while it is reached between 5 and 15 µM for α-tubulin (Figure 52A). Since EC50 

values against acetyl α-tubulin and acetyl histone H4 are 35 and 25 µM, respectively for 

tubastatin A, and 4 and 17 µM, respectively for MAKV-15 (Figure 52A), MAKV-15 displays 

an increased selectivity against HDAC6 of around 4 times whereas tubastatin A acts similarly 

on both targets. 

Additionally, kinetic analysis of histone H4 and α-tubulin acetylation status shows that 

MAKV-15 at 5 µM induces only a strong increase of α-tubulin acetylation peaking between 4 

and 24 hours, whereas 25 µM tubastatin A induces the acetylation of α-tubulin and histone H4 

noted after 1 hour and peaking between 8 and 24 hours (Figure 52B). 

 
In conclusion, MAKV-15 acts as a more potent HDACi than its parent compound 

and displays an increased selectivity against HDAC6 vs. HDAC1 in vitro and in cellulo. 
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Figure 52: Effect of MAKV-15 and tubastatin A on the acetylation of histone H4 and α-tubulin 
in K-562 cells.  
K-562 cells were treated with (A) increasing concentrations of MAKV-15 or tubastatin A for 24 
hours, and (B) 25 µM tubastatin A or 5 µM MAKV-15 for the indicated period of time. Acetylation of 
histone H4 and α-tubulin was assessed by western blot, with β-actin and histone H1 as loading control 
for α-tubulin and histone H4, respectively. SAHA was used as a reference HDACi. Quantification 
values are indicated underneath corresponding blots that are representative of three independent 
experiments. EC50 values (i.e. 50% of the maximum effect) were determined using prism software and 
represent the mean ± SD of three independent experiments. 
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treatment using a Trypan blue assay. Results demonstrate that MAKV-15 and tubastatin A 

both generate similar effects on cell proliferation and viability. Inhibition of the proliferation 

is detected from 33.3 µM MAKV-15 or tubastatin A after 24 hours, while an increase of cell 

death is observed from 33.3 µM MAKV15 or tubastatin A after 48 hours. After 24 hours of 

treatment with 100 µM MAKV-15 or tubastatin A, cell viability is reduced of 30% or 45%, 

respectively (Figure 53). 

 

 
Figure 53: Effect of MAKV-15 and tubastatin A on K-562 cell proliferation and viability.  
K-562 cells were treated with increasing concentrations of MAKV-15 or tubastatin A for up to 72 
hours, and cell proliferation and viability were assessed based on the Trypan Blue exclusion method. 
Results correspond to mean ± SD of three independent experiments and were analyzed by a two-way 
ANOVA with *, **, *** indicating p < 0.05, p < 0.01, p < 0.001, respectively.  
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phase in a time and concentration-dependent manner. After a treatment with 25 µM MAKV-

15 or tubastatin A, 71 or 62% of cells accumulate in G1 phase, respectively (Figure 54A). 

Despite the lack of acute cytotoxicity of those compounds, the prolonged cell cycle arrest 

is followed by apoptotic cell death, as observed by nuclear morphology analysis, reaching 

about 20 and 100% of mortality after 72 hours of treatment with 50 and 100 µM MAKV-15, 

or 25 and 50 µM tubastatin A, respectively (Figure 54B). Of note, cell death experiments 

were only performed twice because the concentrations of MAKV-15 and tubastatin A needed 

to observe apoptosis induction will not be used in further experiments. 

 

  
Figure 54: Effect of MAKV-15 and tubastatin A on K-562 cell cycle (A) and cell death (B).  
(A) K-562 cells were treated with the indicated concentrations of MAKV-15 (M15) or tubastatin A (T) 
for 24 hours. Distribution of cells in the three phases of cell cycle was obtained after their staining 
with propidium iodide and analysis by flow cytometry. SAHA (S) was used as a standard HDACi. 
Results correspond to mean ± SD of three independent experiments and were analyzed by two-way 
ANOVA with *, **, *** indicating p < 0.05, p < 0.01, p < 0.001, respectively. (B) K-562 cells were 
treated with the indicated concentrations of MAKV-15 (M15) or tubastatin A (T) for 72 hours. The 
study of nuclear morphology was performed by fluorescence microscopy after Hoechst-propidium 
iodide staining. Cisplatin (C) was used as positive control for apoptosis induction. Results correspond 
to mean ± SD of two independent experiments. 
 

In conclusion, since the reduction of proliferation and the induction of K-562 cell 

death occur only at concentrations for which acetylation of histones is induced, MAKV-

15 anticancer properties seem to be unrelated to the HDAC6 inhibition. 
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2.2.2. Study of MAKV-15 in MM cells 

2.2.2.1. MAKV-15 acts as a potent HDAC6i in MM cells 

Two HDAC6i, ACY-1215 (Rocilinostat) and ACY-241 (Citarinostat), are undergoing 

clinical trials for the treatment of MM, usually in combination treatments with the proteasome 

inhibitor bortezomib, or an immunomodulatory agent such as dexamethasone 

(www.clinicaltrials.gov). Since ACY-1215 reportedly presents a more potent in vitro 

selectivity against HDAC6 of about 10 times compared to HDAC1, HDAC2 and HDAC3 

(Santo et al., 2012), we aimed to assess the inhibitory profile of this compound in our cell 

model (i.e. U266 cells) by evaluating by western blot its effect on the acetylation levels of 

histone H4 and α-tubulin. ACY-1215 induces the acetylation of α-tubulin and histone H4 

detected from 0.1 and 1 µM, respectively, and the maximal acetylation level is reached at 10 

µM for both proteins (Figure 55A). Nevertheless, EC50 values against acetyl α-tubulin and 

acetyl histone H4 are 3.1 µM and 4.5 µM, respectively.  

To determine whether MAKV-15 and tubastatin A were selective HDAC6i in the MM 

cell lines U-266 and MOLP-8, their effects were evaluated by western blot on acetylation of 

α-tubulin and histone H4. In both cell lines, MAKV-15 induces an increase in the acetylation 

of α-tubulin and histone H4 in a concentration-dependent manner, observed from 0.25 and 5 

µM, respectively. By comparison, tubastatin A induces the acetylation of histone H4 and α-

tubulin noted from 1 µM for both proteins (Figure 55A and B). Surprisingly, EC50 values 

determined for MAKV-15 against acetylated protein targets are within the same range of 

concentrations in U-266 cells. In MOLP-8 cells, EC50 values against acetyl α-tubulin and 

acetyl histone H4 are 25.5 and 11.5 µM, respectively for tubastatin A, and 3 and 22.5 µM, 

respectively for MAKV-15. Based on EC50 values, MAKV-15 displays selectivity for 

HDAC6 of around 7 times in MOLP-8 cells. 

Additionally, kinetic analysis of histone H4 and α-tubulin acetylation status shows that 

MAKV-15 at 1 µM only induces a time-dependent increase in α-tubulin acetylation, whereas 

10 µM tubastatin A induces the acetylation of α-tubulin and histone H4 after 1 hour, with a 

peak occurring between 8 and 24 hours for acetyl-α-tubulin or being maintained at later time 

for acetyl-histone H4 (Figure 55C). 
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Figure 55: Effect of MAKV-15, ACY-1215, and tubastatin A on the acetylation of histone H4 
and α-tubulin in U-266 and MOLP-8 cells.  
(A) U-266 cells were treated with increasing concentrations of MAKV-15, ACY-1215, or tubastatin A 
for 24 hours. (B and C) MOLP-8 cells were treated with (B) increasing concentrations of MAKV-15 
or tubastatin A for 24 hours, and (C) 10 µM tubastatin A or 1 µM MAKV-15 for the indicated period 
of time. Acetylation of histone H4 and α-tubulin was assessed by western blot, with histone H1 and β-
actin as loading control, respectively. SAHA was used as a reference HDACi. Quantification values 
are indicated underneath corresponding blots that are representative of three (or two for MAKV-15 
and tubastatin A in U-266 cells) independent experiments. EC50 values (i.e. 50% of the maximum 
effect) were determined using prism software and represent the mean ± SD of three (or two for 
MAKV-15 and tubastatin A in U-266 cells) independent experiments. 
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2.2.2.2. Selectively inhibiting HDAC6 is insufficient to reduce MM cell 

proliferation and viability 

We further evaluated whether treatments with MAKV-15, ACY-1215 ant tubastatin A 

exert anticancer properties against MM cells. A Trypan blue exclusion test was performed to 

assess their effect on proliferation and viability of U-266 and MOLP-8 cells incubated with 

increasing concentrations of compounds for up to 72 hours. Our results demonstrate that 

MAKV-15 and tubastatin A generate similar effects on U-266 and MOLP-8 cell proliferation 

and viability but starting at different concentrations. In U-266, decreased proliferation is 

noted after 72 hours of treatment with MAKV-15 and tubastatin A starting from a 

concentration of 5 and 1 µM, respectively, whereas cell death is induced at 50 µM MAKV-15 

and 15 µM tubastatin A. By comparison, a 72-hour treatment with ACY-1215 inhibits 

proliferation and triggers cell death from 1 and 5 µM, respectively. After 48 hours of 

treatment with 10 µM ACY-1215 or 72 hours of treatment with 25 µM tubastatin A, cell 

viability is reduced of 60%, whereas MAKV-15 at concentrations up to 50 µM fails to induce 

more than 35% reduction of cell viability (Figure 56A). In MOLP-8 cells, inhibition of 

proliferation is detected from 5 µM MAKV15 or 1 µM tubastatin A, while an increase of cell 

death is observed from 15 µM MAKV15 or 5 µM tubastatin A after 72 hours. After 48 hours 

of treatment with 25 µM MAKV-15 or tubastatin A, cell viability is reduced of 30 or 55%, 

respectively (Figure 56B). 

 

 

In conclusion, MAKV-15 shows a higher selectivity towards HDAC6 in MM cells 

compared to K-562 CML cells. Since the reduction of proliferation and the induction of 

MM cell death occur only at concentrations for which acetylation of histones is induced, 

MAKV-15 anticancer properties seem to be unrelated to the HDAC6 inhibition.  

Additionally, the selectivity of MAKV-15 against HDAC6 is higher than that of 

ACY-1215 in our cell models, accompanied by lower MAKV-15-mediated toxicity 

compared to ACY-1215. 
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Figure 56: Effect of MAKV-15, ACY-1215, and tubastatin A on proliferation and viability of U-
266 and MOLP-8 cells.  
(A) U-266 cells were treated with increasing concentrations of MAKV-15, ACY-1215 or tubastatin A 
for up to 72 hours and (B) MOLP-8 cells were treated with increasing concentrations of MAKV-15 or 
tubastatin A for 48 and 72 hours. Cell proliferation and viability were assessed based on the Trypan 
Blue exclusion method. Results correspond to mean ± SD of three independent experiments and were 
analyzed by a two-way ANOVA with *, **, *** indicating p < 0.05, p < 0.01, p < 0.001, respectively.  
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The present findings provide a rationale to further assess the potential of hydroxamate-

based HDAC6i in combination treatments as a novel therapeutic approach for MM. 

 

2.2.2.3. HDAC6i in combination with bortezomib in MM 

Inhibition of the proteasome leads to an accumulation of poly-ubiquitinated proteins, 

which can be reversed when the aggresome pathway, an alternative way to clear misfolded 

proteins, is activated. Since HDAC6 is implicated in several steps of the aggresome pathway 

(Ouyang et al., 2012), we sought to test by nuclear morphology analysis whether combination 

treatments with bortezomib and MAKV-15 or tubastatin A displayed at least an additional 

effect on cell death. In that purpose, MOLP-8 cells were treated with increasing 

concentrations of bortezomib, MAKV-15 or tubastatin A for 48 and 72 hours (Figure 57A), or 

co-treated with 5 µM MAKV-15 or tubastatin A and 5 nM bortezomib for 72 hours (Figure 

57B). To focus only on the impact of HDAC6 inhibition in combination treatment with 

bortezomib, we used MAKV-15 concentrations for which we observed only an induction of 

acetyl-α-tubulin, by comparison with tubastatin A that acts as a pan-HDACi. The reduction of 

viability mediated by the co-treatments is more important than the one triggered by each 

compound alone at 48 (data not showed) and 72 hours (Figure 57B), with a diminution of 30 

and 60% of living cells after a 72-hour treatment with bortezomib in combination with 

MAKV-15 and tubastatin A, respectively.  
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Figure 57: Effect of co-treatment with MAKV-15 or tubastatin A, and bortezomib on MOLP-8 
cell death.  
MOLP-8 cells were treated with (A) increasing concentrations of MAKV-15 (1, 5, 15, 25, 50 µM), 
tubastatin A (1, 5, 15, 25, 50 µM) or bortezomib (1, 2.5, 5, 10, 25 nM) for 48 and 72 hours, or (B) a 
combination of 5 µM MAKV-15 or tubastatin A and 5 nM bortezomib for 72 hours. The study of 
nuclear morphology was performed by fluorescence microscopy after Hoechst-PI staining. Results 
correspond to mean ± SD of three independent experiments and were analyzed by a two-way ANOVA 
with *, **, *** indicating p < 0.05, p < 0.01, p < 0.001, respectively.  
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We further assessed by western blot whether an increased accumulation of poly-

ubiquitinated proteins was observed in MOLP-8 cells treated with MAKV-15 or tubastatin A, 

and bortezomib alone or in combination for 24 and 48 hours. By comparison to treatments 

with MAKV-15 or tubastatin A alone, bortezomib treatment stimulates the accumulation of 

poly-ubiquitinated proteins only after 24 hours. Co-treatment with MAKV-15 and bortezomib 

further enhances poly-ubiquitinated protein accumulation, whereas the increase of poly-

ubiquitinated proteins observed after tubastatin A-bortezomib co-treatment is similar to 

treatment with bortezomib alone after 24 hours. After 48 hours, both co-treatments result in 

the accumulation of poly-ubiquitinated proteins (Figure 58). 

 

 
Figure 58: Effect of co-treatments bortezomib-MAKV-15 or tubastatin A on the accumulation of 
poly-ubiquitinated proteins in MOLP-8 cells.  
MOLP-8 cells were treated with two concentrations of MAKV-15, 5 µM tubastatin A or 5 nM 
bortezomib, or co-treated for 24 and 48 hours. The accumulation of poly-ubiquitinated proteins was 
assessed by western blot, with β-actin as loading control. Quantification values are indicated 
underneath corresponding blots that are representative of three independent experiments.   

 

In conclusion, a potentiation of the anticancer effects accompanied with a stronger 

accumulation of poly-ubiquitinated proteins are observed in MOLP-8 cells 

concomitantly treated with MAKV-15 and bortezomib. 

  

1.0 1.3 1.5 4.2 5.2 3.9 

β-actin 

Ubiquitin 

24h 48h 

5 nM bortezomib 

5 µM MAKV-15 
5 µM tubastatin A  - 

- 
+ 

- + + + 
+ - 
- + - 

- 
- 

+ 
- 
- 

- 
- 

- 
+ 

- + + + 
+ - 
- + - 

- 
- 

+ 
- 
- 

- 



	 	 Results	
	

144	

 
2.2.2.4. HDAC6i in a tri-therapy for MM 

Despite a moderate induction of cell death by MAKV-15-bortezomib co-treatments, we 

expect that this bi-therapy provokes the saturation of misfolded protein elimination pathways. 

This could then lead to decreased acquired cell resistance to commonly used chemotherapies 

and a sensitization to a third compound.  

 

2.2.2.4.1. Screening of chemotherapeutical compounds for efficient tri-

therapies in combination with HDAC6i and bortezomib 

In the literature, various drugs are currently evaluated for the treatment of MM, mostly in 

combination treatments. Initially, we selected three drugs (i.e. cisplatin, dexamethasone, and 

doxorubicin) in concentrations found in the literature and the study of nuclear morphology 

allowed to assess their effects on cell viability when combined with MAKV-15 or tubastatin 

A, and bortezomib. Since tri-therapies with MAKV-15 fail to induce a pronounced decrease 

of living cell percentage, the investigations for those compounds were stopped (Annex A6). 

Deregulated activation of mTOR signaling pathway is considered to be associated with 

drug resistance and poor prognosis in many cancers including MM. Furthermore, various 

studies have highlighted that inhibition of the PI3K-AKT-mTOR axis could be a promising 

strategy for MM therapy (Han et al., 2015). Therefore, we evaluated the effect of a tri-therapy 

combining MAKV-15 or tubastatin A, bortezomib and rapamycin, an inhibitor of the mTOR 

pathway, on MOLP-8 cell viability by nuclear morphology analysis. The concentration of 

rapamycin used in our experiments (i.e. 0.1 µM) was chosen based on the literature. After 72 

hours of treatment, living cell percentage is strikingly lowered by the combination of MAKV-

15 or tubastatin A with bortezomib and rapamycin compared with each reagent alone. 

Nevertheless, only a mild decrease in cell viability is obtained after addition of MAKV-15 or 

tubastatin A to the combination bortezomib-rapamycin since the latter already induces a 

reduction of 89% of alive cells, which is close to maximal effect (Figure 59). Noteworthy, 

such tri-therapy is only effective in MOLP-8 cells but not in the other MM cell lines tested 

(data not shown). 
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Figure 59: Effect of co-treatments with bortezomib, rapamycin and MAKV-15 or tubastatin A 
on MOLP-8 cell death. 
MOLP-8 cells were co-treated with 5 nM bortezomib, 0.1 µM rapamycin and 5 µM MAKV-15 or 
tubastatin A for 48 hours. The study of nuclear morphology was performed by fluorescence 
microscopy after Hoechst-PI staining. Results correspond to mean ± SD of three independent 
experiments and were analyzed by a one-way ANOVA with *, **, *** indicating p < 0.05, p < 0.01, p 
< 0.001, respectively. 
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Accumulating evidence has demonstrated the importance of the pro-survival BCL-2 

family proteins in the maintenance of MM cell viability, implying that potent inhibitors of 

BCL-2 family proteins would be clinically effective (Gong et al., 2016; Touzeau et al., 2018). 

0 

20 

40 

60 

80 

100 

120 

0 

20 

40 

60 

80 

100 

120 

0 

20 

40 

60 

80 

100 

120 

0 

20 

40 

60 

80 

100 

120 

48h 72h 

5 nM bortezomib 
5 µM MAKV-15 

0.1 µM rapamycin  

+ 
+ - + 
- - 

- 
+ 

- + - - 

+ 
- 
+ 

- 
+ 
+ 

+ 
+ 
+ 

+ 
+ - + 
- - 

- 
+ 

- + - - 

+ 
- 
+ 

- 
+ 
+ 

+ 
+ 
+ 

5 nM bortezomib 
5 µM tubastatin A 

0.1 µM rapamycin  

+ 
+ - + 
- - 

- 
+ 

- + - - 

+ 
- 
+ 

- 
+ 
+ 

+ 
+ 
+ 

+ 
+ - + 
- - 

- 
+ 

- + - - 

+ 
- 
+ 

- 
+ 
+ 

+ 
+ 
+ 

Pr
op

or
tio

n 
of

 a
liv

e 
ce

lls
 (%

 re
la

tiv
e 

to
 D

M
SO

) 

* 
* * * * * * 

* * * 
* * * * * * 

* 
*** 

*** 
*** 

*** 
*** 

* * 
* * * * * * * * * 

* * * 

*** 
*** 

*** 
*** 

*** 
*** 

* * * 

* * * 
* * * 

* * * * * * 

*** 
*** 

*** 
*** 

*** 

*** * * * 

*** 

* 
* 

* * * 
* * * 

* * * 
* * * * * * 

*** 
*** 

*** 
*** 

*** 
*** 

*** 
** * * * * * 



	 	 Results	
	

146	

Therefore, we have further assessed the potency of a tri-therapy on a panel of MM cell lines 

representative of various cytogenetic backgrounds. Based on their differential sensitivity to 

each tested inhibitor, selected cells have been co-treated with HDAC6i, bortezomib, and 

BCL-2 family protein inhibitors, and the anticancer activity evaluated. 

The constitutive expression levels of various proteins were first assessed by western blot 

in a panel of 10 MM cell lines to evaluate the differential sensitivity to each tested inhibitor. 

All cells express HDAC6, albeit with highly distinct abundance (Figure 60), suggesting that 

they could be variably responsive to MAKV-15. Since MM cell lines are generally 

characterized by an increased ER stress due to the excessive antibody production, the 

expression level of GRP78 was studied as a marker of the ER stress intensity, which could be 

predictive to differential sensitivities of the cells towards bortezomib. Results show that all 

cell lines express GRP78 at diverse levels (Figure 60). Finally, we investigated expression 

levels of BCL-2 family proteins. These results demonstrate that more or less all cells express 

MCL-1 whereas some cell lines do not express BCL-2 or BCL-xL (Figure 60), implying that 

they do not rely on the same anti-apoptotic family member for their survival and might be 

differentially responsive to selective inhibitors.  

 

 
Figure 60: Evaluation of the constitutive expression level of five proteins in 10 MM cell lines.  
The expression levels of HDAC6, GRP78, BCL-2, MCL-1 and BCL-xL were assessed in various MM 
cell lines by western blot, with α-tubulin or β-actin as loading controls. K-562 (CML) and U-937 
(histiocytic lymphoma) cell lines were use as reference. Blots are representative of three independent 
experiments. CCND1: cyclin D1; FGFR: fibroblast growth factor receptor; MMSET: multiple 
myeloma SET domain; t: translocation. 
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We then tested whether MM cell lines respond to MAKV-15-mediated HDAC6 

inhibition. To study the inhibitory profile of MAKV-15 in MM cell lines, we analyzed its 

effect on the acetylation levels of histone H4 and α-tubulin by western blot. The 10 MM cell 

lines were treated for 8, 24 and 48 hours with a MAKV-15 concentration for which we 

observed a selective inhibition of HDAC6 in MOLP-8 and U-266 cells. Surprisingly, while 

most cell lines display a profile of response similar to the one observed in MOLP-8 cells (i.e. 

a strong induction of acetyl-α-tubulin associated with a weak or no increase of histone H4 

acetylation), a subset of cell lines present a weaker response (e.g. KMS-34) or fail to respond 

to MAKV-15 (e.g. KMS-12-PE) (Figure 61). Of note, the cell lines that do not respond to 

MAKV-15-induced HDAC6 inhibition are also unresponsive to SAHA treatment. 
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Figure 61: Effect of MAKV-15 on the acetylation of histone H4 and α-tubulin in MM cell lines.  
MM cells were treated with 5 µM MAKV-15 for the indicated time points. Acetylation of histone H4 
and α-tubulin was assessed by western blot, with β-actin and histone H1 as loading control for α-
tubulin and histone H4, respectively. SAHA (S, 2 µM) was used as a reference HDACi. Blots are 
representative of two independent experiments.  
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Finally, we evaluated by nuclear morphology analysis whether a tri-therapy combining 

MAKV-15 compared to FDA-approved ACY-1215, bortezomib, and BCL-2 family protein 

inhibitors could be effective against MM cell lines. The optimal concentration of bortezomib, 

ABT-199 (BCL-2 inhibitor), A1210477 and S63845 (MCL-1 inhibitor) used in combination 

with HDAC6i was preliminarily determined by treating each MM cell lines with increasing 

concentrations of compounds for 48 hours and selecting concentrations that induces low cell 

toxicity, i.e. less than 10-20% of cell death (Annex A7). Since viability of MM cell was not 

markedly impacted by simultaneous treatment with the three types of compounds for 48 hours 

(data not shown), we chose 5 MM cell lines for which preliminary results seemed promising 

and tested tri-therapies for 72 hours keeping the same concentrations of compounds.  

Tri-therapies with MAKV-15 do not substantially affect KMS-28BM cell viability, with 

maximum decrease of 41% of alive cells. In AMO-1 and JJN-3 cell lines, the effect observed 

on cell viability upon treatment with three compounds is close to those obtained after 

combination of bortezomib and BCL-2 family proteins inhibitors. Indeed, addition of MAKV-

15 further reduces cell viability of maximum 14 and 22% in AMO-1 and JJN-3 cells, 

respectively, reaching 28 and 37% of living cells following tri-therapies with ABT-199. 

Conversely, combinations of three inhibitors strikingly decrease MOLP-8 and U-266 cell 

viability, and a loss of 87 and 100% of living cells occurs after tri-therapies with ABT-199. 

Nevertheless, close to maximal effect is already observed after co-treatments with bortezomib 

and BCL-2 family proteins inhibitors in U-266 cells. By comparison, tri-therapies with the 

reference HDAC6i ACY-1215 display results similar to those obtained with MAKV-15. 

Furthermore, combinations with BCL-2 or MCL-1 inhibitors appear to produce comparable 

effects on MM cell viability, considering that ABT-199 alone is slightly more efficient at 

reducing the percentage of living cells compared to A1210477 and S63845 alone (Figure 62).  

 

In conclusion, MAKV-15 acts as a selective HDAC6i in a subset of MM cell lines, 

since it preferentially increases HDAC6 substrate acetylation in comparison to a non-

HDAC6 substrate. Furthermore, the variety of responses to tri-therapies highlights the 

heterogeneity among MM cell lines and suggests distinct mechanisms of action. 
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Figure 62: Effects of tri-therapies with HDAC6i, proteasome inhibitor, and BCL-2 family 
protein inhibitors on MM cell death. 
MM cells were co-treated for 72 hours with indicated compounds at concentrations determined in 
Annex A7. The study of nuclear morphology was performed by fluorescence microscopy after 
Hoechst-PI staining. Results correspond to mean ± SD of three independent experiments and were 
analyzed by a one-way ANOVA with *, **, *** indicating p < 0.05, p < 0.01, p < 0.001, respectively. 
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Discussion 

 

Epigenetic alterations, like changes of the HDAC-modulated acetylation status of 

proteins, are implicated in carcinogenesis. Since these modifications are dynamically 

regulated and potentially reversible, HDACs represent an interesting target in anticancer 

therapy. Research for HDACi allowed the identification of new natural and synthetic 

compounds displaying promising inhibitory potential against HDAC enzymatic activities	
(Seidel et al., 2012a; Seidel et al., 2012b). To date, several HDACi have been clinically tested 

and most of them are broad-spectrum or pan-HDACi. Nevertheless, the inhibition of multiple 

HDAC activities is associated with diverse side effects and mutagenicity	(Subramanian et al., 

2010). Consequently, research is now focusing on the discovery and characterization of more 

potent and selective HDACi with anticancer properties. 

 

1. Characterization of the anticancer properties of a new hydroxamate-based 

pan-HDACi: MAKV-8 

Kozikowski et al. reported MAKV-8 as a potent HDACi in vitro with anti-proliferative 

activity against pancreatic cancer cell lines (Kozikowski et al., 2008). Accordingly, we show 

here that MAKV-8 displays inhibitory potential against HDACs in vitro and in cellulo, as 

well as anticancer properties when used alone or in combination with imatinib against CML. 

 

Despite a fairly good overall in silico profile, some structural modifications could be 

necessary to improve the drug likeness parameters of MAKV-8. Importantly, in silico 

predictions should be critically considered due to potentially different pharmacokinetic 

properties of compounds in vivo. For instance, poor pharmacokinetics is associated with pan-

HDACi comprising a hydroxamic acid as a ZBG due to rapid degradation and clearance in 

vivo (Zhang et al., 2018). The physicochemical and pharmacokinetic properties of MAKV-8, 

possessing a hydroxamic acid with a pKa value of 8.91, may be affected by the protonated 

state of compound under varying pH conditions (Manallack et al., 2013). In addition, MAKV-

8, whose chemical name is tert-butyl N-[3-(3-{[6-(hydroxycarbamoyl)hexyl]carbamoyl}-1,2-

oxazol-5-yl)phenyl]carbamate, could behave as a pro-drug. Indeed, the carbamate group, 

displaying the capability to permeate cell membranes (Ghosh et al., 2015), undergoes a rapid 

cleavage within cells	(Wolfe et al., 2012). MAKV-8 is also a weak substrate of CYP3A4, an 

oxidizing enzyme responsible for the deactivation of many drugs (Ogu et al., 2000). 
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Noteworthy, the metabolism of imatinib by CYP3A4 should not be influenced by co-

medication since MAKV-8 is not predicted to be a modulator of cytochrome CYP3A4 

activity. 

 

In vitro, MAKV-8 acts as a pan-HDACi, inhibiting HDAC1, HDAC6 and total HDAC 

activities with a potency about 10 times higher than SAHA. In line with these observations, 

docking studies suggest efficient interactions of MAKV-8 with the ligand-binding pockets of 

all tested HDAC isoenzymes, associated with higher binding affinities compared to SAHA. 

Importantly, such predictions do not totally reflect the biological reality since they do not take 

into consideration the abundance of the different HDAC isoforms in cellulo. For instance, 

HDAC1 and HDAC2, which are particularly involved in the regulation of gene expression 

through the modulation of histone acetylation levels	(Moser et al., 2014), were reported to be 

highly expressed in the K-562 CML cell model (Uhlen et al., 2010). Accordingly, we further 

highlighted in this study that HDAC1 and HDAC2 are also up-regulated in LSCs versus 

HSCs from patients. Therefore, considering that HDAC1 and 2 inhibitions strongly impact 

the transcription of genes coding for proteins essential for tumor cell survival (Chen et al., 

2019), using HDACi such as MAKV-8 for CML treatment may represent a promising 

therapeutic interest.  

In CML cells, MAKV-8 induces the acetylation of histone H4 and α-tubulin from low 

micromolar concentrations, witnessing the inhibition of multiple HDAC activities. 

Interestingly, the reference pan-HDACi SAHA displays comparable EC50 values against 

acetyl histone H4 and acetyl α-tubulin, whereas the EC50 values for MAKV-8 towards both 

targets differ moderately. Furthermore, the addition of imatinib to pan-HDACi treatment 

dissimilarly modulates MAKV-8- and SAHA-mediated HDAC inhibition, which may suggest 

distinct HDAC inhibitory properties. The acetylation level of α-tubulin is reduced after 

SAHA-imatinib combination compared to treatment with SAHA alone, whereas cells treated 

with MAKV-8 alone or combined with imatinib display a similar acetylated α-tubulin level. 

Such result may be explained by imatinib-stimulated SAHA degradation or export if those 

processes are distinct between MAKV-8 and SAHA. In addition, a small conformational 

change in HDAC6 may affect preferentially SAHA-HDAC6 interaction since the binding 

affinity of SAHA for HDAC6 is weaker compared to MAKV-8. Conversely, the addition of 

imatinib to either MAKV-8 or SAHA treatments enhances histone H4 acetylation levels 

compared to that obtained with compounds alone, which may suggest increased import of the 

HDACi in the nucleus or induced activity of HATs targeting lysines on histone H4. Notably, 
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nilotinib was reported to down-regulate HDAC1, HDAC2 and HDAC4 protein expression in 

hepatic stellate cells	 (Shaker et al., 2013). Compared to SAHA, MAKV-8-mediated 

acetylation of specific histone and non-histone protein targets may result in improvement of 

HDACi-related anticancer activities. Altogether, pan-HDACi MAKV-8 seems to be an 

attractive drug candidate to consider for further investigations in CML therapies. 

 

Similar to SAHA, prolonged exposure of CML cells (i.e. K-562, KBM-5 and MEG-01 

cells) to MAKV-8 reduces proliferation, accompanied by a concentration- and time-

dependent cell cycle arrest in G1 and/or G2/M phases in K-562 cells. The double blockage in 

G1 and G2/M phases of the cell cycle with the highest MAKV-8 concentrations has already 

been reported for other HDACi (Liu et al., 2010; Xu et al., 2014) and may be due for instance 

to (i) HDACi-induced cyclin B1 degradation (Prystowsky et al., 2013), (ii) loss of HDAC1 

substrate Eg5, a mitosis-related protein that plays a critical role in bipolar spindle formation 

(Nalawansha et al., 2017), or (iii) HDACi-mediated down-regulation of cell-division cycle 

protein (cdc)20 transcription and expression, preventing the completion of cell division in 

asynchronous cells that already passed G1/S restriction point and continued to cycle until 

reaching mitosis	 (Iacomino et al., 2006). Since the accumulation of cells in G2/M phase is 

decreased between 24 and 48 hours, the premature exit from defective mitosis, and not the 

cycle arrest in G1 phase, might be required for MAKV-8-induced apoptosis. Accordingly, 

HDACi-induced aberrant mitosis engenders rapid onset of cell death, which appears to 

considerably contribute to the cytotoxicity of these drugs (Warrener et al., 2003). In 

agreement with these features, the colony-forming capacity of CML cells is significantly 

reduced upon exposure with MAKV-8 alone or in combination with imatinib, confirming 

compounds-mediated impairment of CML replicative ability in a 3D model.  

 

In imatinib-sensitive and -resistant BCR-ABL-positive CML cell models, apoptotic cell 

death is triggered upon concomitant treatment with MAKV-8 and imatinib, with combination 

index values below 1 indicating synergism. In line with our findings, treatment with SAHA, 

alone and in combination with TKi has previously been reported to synergistically induce 

apoptosis in CML cell lines	 (Nimmanapalli et al., 2003; Fiskus et al., 2006a). Furthermore, 

MAKV-8 in combination with imatinib also impairs tumor growth of xenografted CML cells 

in zebrafish. Notably, a moderate cytotoxicity is observed in a subset of healthy models (i.e. 

non-proliferating PBMCs, RPMI-1788 cells and platelets) exposed to the same combination 

treatment whereas proliferating PBMCs and CD34+ cells are very sensitive to such therapy. 
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Since the mortality of proliferating healthy cells is related to prolonged MAKV-8 exposure, 

the selectivity of the combination towards cancer cells could be improved by testing other 

treatment schedules. A weak toxicity of compounds towards normal cells compared to 

cancerous cells has been described for many HDACi	 (Marks et al., 2007; Cea et al., 2011). 

Nevertheless, Zhang et al. describe a significant activity of panobinostat against normal 

hematopoietic progenitors in cellulo, and panobinostat-associated moderate inhibition of 

normal blood cell counts, as well as BM stem and progenitor populations in vivo (Zhang et 

al., 2010). Altogether, our results show that MAKV-8 could provide a strategy for 

overcoming imatinib resistance and support the use of pan-HDACi in combination with TKi 

for the treatment of CML. 

Interestingly, the differences of response between the three CML cell lines may be first 

explained by the presence of distinct BCR-ABL transcripts: K-562 and KBM-5 cells possess 

the b3a2 transcript, whereas MEG-01 cells express the b2a2 transcript	 (Beran et al., 1993; 

Withey et al., 2005). One study reported that patients with the b2a2 transcript had a slower 

molecular response with inferior response rates to imatinib and poorer long-term outcome	
(Jain et al., 2016). Additionally, the CML cell lines, although representing the same 

pathological phenotype, show characteristics in their protein expression profile that suggest 

different phenotype leukemia subclasses, highlighting inter-patient variability (Fontana et al., 

2007). Finally, although the three cell lines are derived from patients in CML blastic phase, 

K-562, KBM-5 and MEG-01 cells may engage into different hematopoietic differentiation 

pathways. 

 

The MAKV-8 derivatives possessing a shorter linker (MAKV-6 and -7) inhibit HDACs 

with a lower potency than MAKV-8, and the derived molecules without a hydroxamate group 

(MAKV-10 and -12) do not act as HDACi either in vitro or in cellulo. Our results confirm 

that the presence of the hydroxamate group and the length of the linker chain are important 

for designing of new HDACi (Kozikowski et al., 2008). Accordingly, docking analyses show 

moderate binding of MAKV-8 derivatives to HDAC6 isoenzyme, with lower affinity than 

MAKV-8. Treatment with MAKV-6 and -7 also leads to inhibited proliferation and increased 

mortality, but fails to induce α-tubulin acetylation, suggesting that the observed anticancer 

effects are mainly caused by the inhibition of HDACs targeting histones. Analogously, it was 

reported that HDACi-induced α-tubulin acetylation does not affect mitosis	(Xu et al., 2007). 
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MAKV-8 treatment triggers ER stress in K-562 cells at low concentrations and short 

durations, as evidenced by the up-regulation of proteins related to UPR such as GRP78. Since 

HDACs have been previously described to modulate GRP78 acetylation (Kahali et al., 2012), 

HDAC inhibition following MAKV-8 treatment could result in strong GRP78 acetylation and 

selective activation of the UPR, as similarly reported for other HDACi (Rao et al., 2010). 

Furthermore, MAKV-8-mediated inhibition of HDAC6, which is important in the clearance 

of misfolded proteins, could thus lead to the formation and accumulation of protein 

aggregates, and the induction of ER stress (Bruning et al., 2015).  

Simultaneously to ER stress, the induction of MAKV-8-mediated autophagy is revealed 

by the conversion of LC3-I to LC3-II and decreased SQSTM1 expression level, as well as the 

appearance of autophagy-related vesicles. It has been shown that pan-HDACi both promote 

the initiation and block the maturation phases of autophagy by inhibiting class I-IIa and class 

IIb HDACs, respectively (Koeneke et al., 2015). Notably, the swollen cytoplasm observed in 

MAKV-8-treated K-562 cells could reflect an ongoing cell differentiation process. 

Accordingly, the acetylation of GATA-1 directly stimulates GATA-1-dependent transcription 

of genes involved in erythropoiesis (Yang et al., 2012), a process that requires autophagy 

induction (J. Zhang et al., 2015). Autophagy may also participate in the observed sensitization 

to imatinib as down-regulation of pro-autophagic beclin 1 expression partly prevents cell 

death induced by co-treatments. Nevertheless, LC3-II and p62 expression levels are not 

markedly impacted by BECN1 knockdown, suggesting the involvement of another 

mechanism, such as the induction of non-canonical autophagy independent of beclin 1 

expression (Wong et al., 2010), or the sufficient abundance of the remaining protein to 

stimulate autophagy. We hypothesize that the interaction between the BH3 only domain of 

beclin 1 and pro-survival family member BCL-xL is lost in BECN1-silenced cells, freeing the 

latter that may reduce apoptotic induction via the prevention of BAX-BAK oligomerization in 

the outer mitochondrial membrane (Yip et al., 2008). Noteworthy, one study has shown that 

impairing autophagy significantly enhances the anticancer activity of SAHA, therefore 

emerging as an attractive strategy to treat imatinib-refractory CML patients failing 

conventional therapy (Carew et al., 2007).  

Finally, treatment with MAKV-8 weakly induces the appearance of DSB at a time (i.e. 24 

hours) where no cell death is observed. Some studies support the notion that HDACi can 

disrupt DNA repair through multiple mechanisms such as acetylation of Ku70 (Cohen et al., 

2004) and down-regulation of DNA repair proteins (J.H. Lee et al., 2010), which may result 

in accumulation of excessive DNA damage and activation of apoptosis. Since H2AX 
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phosphorylation does not occur in concomitance with histone acetylation, as previously 

reported (Gaymes et al., 2006), MAKV-8-related induction of DNA damage is most probably 

the consequence of DNA fragmentation during apoptosis. Accordingly, MAKV-8-mediated 

increase in phosphorylated histone H2AX is almost completely abrogated upon exposure to 

the caspase inhibitor Z-VAD-FMK, which is surprisingly comparable to the results obtained 

with cisplatin, a well-known DNA damaging agent. Since the catalytic activity of PARP-1 is 

responsible for mediating multiple DNA damage repair pathways, one of the earliest events in 

the DNA damage response is the recruitment of PARP-1 to diverse types of DNA lesions	
(Ray Chaudhuri et al., 2017). Upon Z-VAD-FMK-mediated inhibition of caspases, uncleaved 

PARP-1 may participate in DNA damage repair, providing a hypothesis for the disappearance 

of γ-H2AX. Consequently, we cannot conclude whether MAKV-8-dependent activation of 

apoptosis result predominantly from DNA damage or precedes them. Furthermore, it is 

possible that the MAKV-8-mediated accumulation of excessive DNA damage results from 

ER stress and/or autophagy, especially considering the order of events (see summary in 

Figure 63).  

Collectively, our work does not exclude that MAKV-8-related mechanisms could be 

implicated in its anticancer effect, but further studies must be performed. We hypothesized 

that MAKV-8-induced ER stress would rapidly stimulate an autophagic response in an 

attempt to restore homeostasis. For instance, IRE1 activation may trigger autophagy either 

through XBP1 mRNA splicing leading to BECN1 transcriptional activation (Margariti et al., 

2013), or c-Jun N-terminal kinase (JNK) phosphorylation resulting in disruption of the 

inhibitory interaction between beclin 1 and BCL-2/BCL-xL (Verfaillie et al., 2010). Upon 

prolonged ER stress caused by failure of cells to recover, apoptosis might occur following 

increased DDIT3 mRNA levels (Verfaillie et al., 2010) or ER stress-related blockage of cell 

cycle progression (Brewer et al., 1999). In addition, HDACi-mediated alteration of DNA 

repair mechanisms may further enhance apoptosis induction.  

 

Mechanistically, a decrease in BCR-ABL kinase activity is observed after MAKV-8-

imatinib co-treatment, which most likely explains the diminution of STAT5 phosphorylation, 

as well as the drop in c-MYC and MCL-1 expression. Previous reports indicate that SAHA 

down-regulates BCR-ABL mRNA and protein levels in two CML cell models (Nimmanapalli 

et al., 2003), which could be implicated in synergistic anti-leukemic interactions involving 

TKi (Fiskus et al., 2006a). By inhibiting HDAC6, treatment with pan-HDACi could lead to 

the disruption of HSP90α chaperone association with BCR-ABL, provoking its poly-
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ubiquitination and degradation by the proteasome (Bali et al., 2005). Surprisingly, MAKV-8 

rather augments BCR-ABL expression level in our cell models, implying the involvement of 

other regulatory mechanisms. For instance, HDAC1 inhibition reportedly results in increased 

acetyl histone H4 levels in BCR-ABL promoter region, subsequently up-regulating the level 

of BCR-ABL transcript (Brusa et al., 2006). Noteworthy, BCR-ABL overexpression has been 

associated with enhanced, rather than reduced, imatinib sensitivity (Modi et al., 2007).  

Furthermore, BCR-ABL downstream targets play a critical role in the pathogenesis of 

CML (Ceballos et al., 2000; Hoelbl et al., 2006; Warsch et al., 2012). Similar to our 

observations, HDACi-mediated potentiation of TKi cytotoxicity has been related to STAT5 

inhibition in BCR-ABL-positive cells (Nguyen et al., 2011). As previously described, 

imatinib-mediated down-regulation of anti-apoptotic MCL-1 expression, whose up-regulation 

was induced by MAKV-8, could potentiate HDACi-mediated apoptosis in CML cells (Inoue 

et al., 2008). In addition, c-MYC has been recently reported as an important target to 

selectively eliminate CML LSCs (Abraham et al., 2016). Accordingly, human LSCs display 

increased c-MYC mRNA level compared to HSCs. Along with lowering c-MYC expression, 

treatment with MAKV-8 potently decreased the ALDH+ cell proportion, which was further 

enhanced upon co-treatment with imatinib. Interestingly, concomitant SAHA and imatinib 

treatment was less effective at reducing the ALDH+ cell population, despite a similar 

decrease of c-MYC expression. Since c-MYC is not the only transcription factor essential for 

LSC survival (Houshmand et al., 2019), MAKV-8 and SAHA may target different proteins 

implicated in LSC maintenance due to distinct HDAC inhibitory profiles. Although TKi such 

as imatinib eradicate most CML cells, they are largely ineffective against the reservoir of 

quiescent LSCs (Zhou et al., 2015). Conversely, imatinib was able to moderately diminish the 

ALDH+ cell proportion in our cell model. Our results demonstrate that partnering imatinib 

with MAKV-8, which targets key hematopoietic stem cell molecular effectors, may represent 

an effective strategy to overcome LSC resistance to TKi, thereby offering the opportunity to 

improve disease outcomes for CML patients.  

 

In summary, the present findings suggest that treatment with MAKV-8 contributes to the 

strong sensitization of imatinib-sensitive and -resistant CML cells, including LSCs, towards 

imatinib cytotoxicity, hence providing a rational basis to further study the potency of MAKV-

8 and imatinib as a combination therapy against CML.   
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2. Characterization of the anticancer properties of a new hydroxamate-based 

selective HDAC6i: MAKV-15 
Improved knowledge about the functions of isoenzyme HDAC6 in physiological and 

pathological conditions has been associated with a growing interest for this deacetylase. 

Research has thus intensified in order to discover more potent and selective HDAC6i, two 

even reaching clinical trials for the treatment of MM. In the future, the recently reported 

crystal structure of the two deacetylase domains of HDAC6 will most likely allow the 

successful structure-based design of selective HDAC6i with novel chemical properties and 

enable the determination of essential structure-activity relationships.  

As already mentioned, the mechanisms underlying the negative regulation of HDAC6 

expression are still globally unknown and deserve to be investigated. In this perspective, an 

improved knowledge of the (post)-transcriptional and (post)-translational mechanisms 

regulating HDAC6 gene expression would allow the development of new strategies for the 

modulation of HDAC6 functions rather than its catalytic inhibition. In addition, getting a full 

picture of the acetylome regulated by HDAC6 would enable a better understanding of its roles 

and therapeutic potential. 

Selective HDAC6 inhibition is not associated with severe cytotoxicity	 (Gaisina et al., 

2016). Accordingly, HDAC6 KO mice do not go through an abnormal development nor 

develop problems in important organ functions, suggesting that HDAC6 inhibition would not 

cause major side effects (Li et al., 2013). Therefore, the advent of novel specific HDAC6i 

may justify the rational of using HDAC6 as a preferred synergistic target in combinatorial 

therapies with natural and synthetic compounds for the improvement of clinical cancer 

treatment. For instance, simultaneous inhibition of proteasome and HDAC6 activities, 

resulting in the accumulation of misfolded proteins, has been proposed as a new strategy in 

cancer therapy to synergistically induce cell death in MM	(Hideshima et al., 2016), and many 

additional solid cancers. There is no doubt that such approaches based on combination with 

HDAC6i represent promising anticancer therapeutic strategies that will be further developed 

in a near future and be beneficial to cancer patients. Furthermore, selectively inhibiting 

HDAC6 may be considered as a potential immuno-modulatory option since it has been 

described to participate in the regulation of immune-related pathways in melanoma	(Lienlaf et 

al., 2016). 

Finally, HDAC6 has been recognized as a promising target in several additional disorders, 

such as inflammation, autoimmune diseases, and neurodegeneration	(Falkenberg et al., 2014). 
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For instance, HDAC6i in Alzheimer’s disease have been demonstrated to induce the 

degradation of tubule-associated unit (Tau) via the alteration of HDAC6-HSP90α interaction, 

and the subsequent restoration of β-amyloid-induced damages	 (Seidel et al., 2015). 

Consequently, the advancement in HDAC6 targeting may also ameliorate ongoing therapies 

for those pathologies. 

 

2.1. CML cells 

In vitro, MAKV-15 acts as a more potent and selective HDAC6i than its parent 

compound. Accordingly, in CML, MAKV-15 increases preferentially the acetylation of the 

HDAC6 substrate α-tubulin in comparison to a non-HDAC6 substrate (i.e. histone H4), 

whereas tubastatin A fails to display any selectivity. The modest inhibitory selectivity of 

MAKV-15 for HDAC6 is comparable to the solo HDAC6i in clinical trial, ACY-1215	(Santo 

et al., 2012). Even though the selectivity of tubastatin A is around 1000 times towards 

HDAC6 in the original paper (Butler et al., 2010), the selectivity of this compound drops 

down to about 50 times against HDAC6 in the paper of Wagner et al. when authors perform 

in vitro HDAC activity assays using different substrates compared to the initial paper. 

Moreover, in the second paper, tubastatin A induces histone H4 and α-tubulin acetylation at 

levels comparable to the pan-HDACi SAHA, which indicates a lack of selectivity in cellulo 

(Wagner et al., 2013). Similarly, our in vitro and in cellulo results confirm that tubastatin A is 

not a selective HDAC6i. The discrepancy concerning the HDAC inhibitory profile of 

tubastatin A may be due to the variety of cell models used to study its effects. Furthermore, 

verification of tubastatin A-mediated HDAC6 selectivity is not investigated in numerous 

papers, which raises doubt as to whether the observed effects are HDAC6 related or occur due 

to off-target effects.  

It appears that the selective inhibition of HDAC6 activity in K-562 cells is not sufficient 

to reduce cancer cell proliferation. Accordingly, Depetter et al. reported that all HDAC6i 

tested (i.e. tubastatin A, tubacin and tubathian A) failed to display any anticancer properties 

when used in an HDAC6-selective manner (Depetter et al., 2019). Nevertheless, higher 

concentrations of MAKV-15 and tubastatin A induce an accumulation of cells in G1 phase of 

the cell cycle, leading to a decrease of cell proliferation and an induction of apoptotic cell 

death.  
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2.2. MM cells 

MM is a hematological malignancy currently treated with proteasome inhibitors such as 

bortezomib	 (Field-Smith et al., 2006). However, resistance and recurrence occur, leading to 

the research of new treatments or co-treatments. Since HDAC6 is involved in the aggresome 

pathway	(Seidel et al., 2015), HDAC6i have been commonly tested for the treatment of MM, 

usually in combination treatments with a proteasome inhibitor (Santo et al., 2012) 

(www.acetylon.com). The rational underlying this therapy is a simultaneous inhibition of both 

pathways, provoking a stronger accumulation of misfolded proteins and cell death	(Mishima 

et al., 2015).  

Since all cells from a panel of 10 MM cell lines constitutively express HDAC6, we 

expected that they would all be responsive to MAKV-15. Nevertheless, while MAKV-15 

displays an HDAC6 inhibitory selectivity in most MM cell lines, increasing preferentially the 

acetylation levels of α-tubulin compared to histone H4, a subset of cell lines surprisingly 

present a weaker response or fail to respond to MAKV-15. Notably, the responsiveness to 

HDAC6i does not appear to be related to HDAC6 protein abundance among the different MM 

cell lines. Interestingly, the selectivity of MAKV-15 against HDAC6 is higher than the one 

observed with ACY-1215 in U-266 cells. Treatments of selected MM cell lines (i.e. MOLP-8 

and U-266 cells) with MAKV-15 and tubastatin A show similar results in MM cells than in 

CML cells as selective inhibition of HDAC6 activity is insufficient to generate anticancer 

responses. Nevertheless, decreased cell proliferation and the induction of apoptotic cell death 

are observed with higher concentrations of the two compounds, as well as concentrations of 

bortezomib in the nanomolar range, which is consistent with data from the literature	
(Hideshima et al., 2001). By comparison, ACY-1215 displays stronger toxicity than MAKV-

15. Accordingly, treatment with low micromolar concentrations of ACY-1215 reportedly 

reduced viability in various MM cell lines (Santo et al., 2012; Mishima et al., 2015). 

A potentiation of the anticancer effects accompanied with a stronger accumulation of 

poly-ubiquitinated proteins are observed in MOLP-8 cells concomitantly treated with 

MAKV-15 or tubastatin A, and bortezomib. However, tri-therapies with common 

chemotherapeutic drugs or rapamycin results in a percentage of dead cells similar to that 

obtained with the combination HDAC(6)i-bortezomib or bortezomib-rapamycin, respectively. 

Tri-therapies with BCL-2 family protein inhibitors do not display similar efficiency in the 

5 MM cell lines tested. Cell lines with the t(11;14) translocation are the most sensitive to tri-

therapies, despite distinct expression levels of the pro-survival BCL-2 family members. 

According to Morales et al., the expression pattern of such proteins does not predict (co-) 
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dependency for MM survival (Morales et al., 2011). Notably, plasma cells harboring the 

t(11;14) translocation have been reportedly associated with high BCL-2 and low MCL-1 and 

BCL-xL expression levels	(Touzeau et al., 2018). In addition, our results demonstrate that tri-

therapies with BCL-2 and MCL-1 inhibitors give comparable cell death percentage in all MM 

cell lines. Data on the importance of BCL-2 family members for MM survival are 

controversial. Some studies support the notion that MCL-1 is essential for human myeloma 

cell viability in vitro (Gong et al., 2016), and show that its overexpression in vivo is in 

relation with relapse and shorter survival (Wuilleme-Toumi et al., 2005). Conversely, other 

studies demonstrate that MM is a heterogeneous disease concerning BCL-2, BCL-xL or 

MCL-1 dependence, MM cell lines and patient samples either monolithically relying on one 

anti-apoptotic BCL-2 family member or characterized by co-dependency (Touzeau et al., 

2016). Furthermore, MCL-1 dependency appears to be influenced by the microenvironment 

such as the secretion of survival cytokine IL-6 by BMSCs (Gupta et al., 2017). The 

discrepancy between our results and data from the literature highlight the diversity between 

MM cell lines.  
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Conclusions and Perspectives 

 

1. Characterization of the anticancer properties of a new hydroxamate-based 

pan-HDACi: MAKV-8 
In CML cells, MAKV-8-mediated inhibition of multiple HDAC activities results in a 

broad range of potentially interconnected biological responses, including stimulation of ER 

stress and autophagy, generation of DSBs, cell cycle arrest and apoptosis induction (Figure 

63A). Furthermore, MAKV-8 in combination with imatinib generates synergistic anti-cancer 

effects against CML cells by lowering the expression and/or phosphorylation of BCR-ABL 

and its downstream targets such as c-MYC and STAT5, which leads to the induction of 

apoptotic cell death, and the reduction of LSC fraction (Figure 63B).   
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Figure 63: Mechanisms of action of MAKV-8 in combination with imatinib in CML cells. 
The blue arrows represent hypothetic mechanisms of action that would need further investigations. 
ALDH: aldehyde dehydrogenase, ATF: activating transcription factor, BAK: BCL-2 homologous 
antagonist/killer, BAX: BCL-2-associated X protein, BCL: B-cell lymphoma, BCR-ABL: breakpoint 
cluster region-Abelson murine leukemia viral oncogene homolog 1, CHOP: CCAAT/enhancer-
binding protein homologous protein, CML: chronic myeloid leukemia, eIF: eukaryotic initiation 
factor, ER: endoplasmic reticulum, GRP: glucose-regulated protein, HDAC: histone deacetylase, 
HDACi: HDAC inhibitor, IRE: inositol-requiring enzyme, JNK: c-Jun N-terminal kinase, LC: MT-
associated protein 1 light chain, PERK: protein kinase RNA-like ER kinase, SQSTM: sequestosome, 
STAT: signal transducer and activator of transcription, TKi: tyrosine kinase inhibitor, XBPs: spliced 
X-box binding protein.  
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Figure 63 (continued) 
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Perspectives 
To further address the mechanisms of action underlying the combinations, the effect of 

ER stress inhibition by siRNA-mediated silencing of genes coding for GRP78 or one of UPR 

sensor pathways (i.e. PERK, ATF6 or IRE1) would be studied on the synergistic cell death 

induced by MAKV-8-imatinib treatments. Since HDACi reportedly stimulate ROS generation 

(Robert et al., 2012), we could also determine whether MAKV-8 enhances ROS production in 

cells via labeling with cell-permeant 2’,7’ dichlorodihydrofluorescein diacetate, a reduced 

form of fluorescein, and test their implication in combination-mediated CML cell death. 

Additionally, cancer-related metabolic pathways could be assessed upon treatment with 

MAKV-8 and imatinib using consumables developed for Seahorse XFp Analyzer (Agilent). 

Indeed, it has been reported that resistance to imatinib is associated to specific metabolic 

signature including highly glycolytic metabolic phenotype (Kominsky et al., 2009). 

Furthermore, systematic analysis of dynamic changes of the proteome, acetyl- or 

phosphoproteome, and transcriptome upon treatment with MAKV-8 alone or in combination 

with imatinib could be performed by mass spectrometry and microarray, respectively, to 

evaluate the mechanisms related to the synergy. 

The structure-activity relationship of MAKV-8 must be evaluated with quantitative 

structure-activity relationship (QSAR) modeling in order to improve the selectivity ratio for 

compound-induced toxicity in cancer versus healthy cells by modifying MAKV-8 chemical 

structure. In addition, the reasons (e.g. pharmacokinetic properties) leading to the in cellulo 

loss of MAKV-8-improved HDAC inhibition observed in vitro by comparison to SAHA 

should be determined. 

The anticancer properties of MAKV-8 in combination with second or third generation 

TKi	such as ponatinib should be tested in KBM-5 cells carrying the T315I mutation. 

Finally, tumor growth could be visualized thanks to xenografted fluorescent primary CML 

cells in zebrafish or severe combined immunodeficient (SCID) mice. 
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2. Characterization of the anticancer properties of a new hydroxamate-based 

selective HDAC6i: MAKV-15 
The selective inhibition of HDAC6 with low MAKV-15 concentrations is insufficient to 

generate anticancer effects. Since HDAC6 is involved in the aggresome pathway, a 

simultaneous inhibition of proteasome and aggresome pathways provoke a stronger 

accumulation of misfolded proteins and cell death, providing the rationale underlying 

bortezomib-HDAC6i combination therapy in MM cells. Additionally, this bi-therapy could 

lead to decreased acquired cell resistance to commonly used chemotherapies and a 

sensitization to a third compound, such as inhibitors of Bcl-2 family proteins (Figure 64). 

 

 
Figure 64: Mechanisms of action of MAKV-15 in combination with bortezomib in MM cells. 
The blue arrow represents one hypothetic mechanism of action that will need to be further studied. 
HDAC: histone deacetylase, HDACi: HDAC inhibitor, HSF: heat shock factor, HSP: heat shock 
protein, MM: multiple myeloma, Pi: proteasome inhibitor. 
 

  

Pi 

HDAC6i 

+ 

FDA-
approved 

bortezomib 

HDAC6	

HSP90	

HDAC6	

Folded 
protein  

HSP90	

Protein  

HSF1	

Dynein	

Aggregate 

Aggresomes	

  
  

MM cell producing	high	
levels	of	immunoglobulins	 

MCL-1i MCL-1	

Apoptotic	cell	death	

+ 
ì expression level	

= ubiquitin 
= acetyl 



Conclusions and perspectives	 	 	
	

	 167	

Perspectives 
The effects of the tri-therapy (MAKV-15-bortezomib-BCL-2 family protein inhibitors) on 

the type cell death induced in MM cell lines could be further assessed via the analysis of PS 

exposure using flow cytometry. The toxicity of tri-therapies should be studied on MM cell 

lines by comparison with normal PBMCs from healthy donors. To determine whether co-

treatments display a synergistic effect on cell mortality, the combination index should be 

calculated using the CompuSyn software. If so, the clonogenic tumor potential could be 

evaluated by colony formation assay.  

To determine the mechanisms of action underlying the most promising tri-therapies, the 

effects of co-treatments could first be investigated on proteins implicated in cell death 

pathways. Western blotting and caspase activity assays could be performed to analyze caspase 

activation. The expression of pro- and anti-apoptotic proteins such as BCL-2 family proteins 

and IAPs could also be analyzed. The impact of combinations could then be examined on the 

expression of key proteins of critical signaling pathways in MM for survival or the 

development of drug resistance, especially towards bortezomib. Such key proteins are 

represented by the oncogenic transcription factors c-MYC and interferon regulatory factor 

(IRF)4, interacting with each other to generate an autoregulatory circuit and enhance their 

expression in MM cells, mediate the expression of genes associated with MM cell 

proliferation, survival and drug resistance (Bat-Erdene et al., 2016). Another factor is XBP1, 

which is crucial for the development of terminally differentiated plasma cells and has been 

implicated in the development of resistance to chemotherapy with bortezomib (Gambella et 

al., 2014). Moreover, the effect of combinations could be studied on AKT/mTOR, Wnt/β-

catenin, Notch or Hedgehog pathways, which are aberrantly activated in MM.  

The effect of compounds alone or in combination could also be evaluated on cell 

proliferation and viability following the modulation of HDAC6 expression, either by siRNA-

mediated silencing or using HDAC6-overexpressing plasmids. Furthermore, the impact of IL-

6, an essential cytokine for MM development, could be determined on anticancer processes 

by co-treating IL-6 non-producing cells in presence or absence of this cytokine or measuring 

IL-6 production in U-266 after co-treatments.  

MM cells are characterized by excessive protein synthesis resulting in chronic ER stress, 

which is adaptively alleviated by the three pathways of the UPR to support cellular 

homeostasis and survival. However, extended ER stress can also lead to apoptosis (Ri, 2016). 

In this context, we could assess whether our compounds develop an anti-tumor effect in co-
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treatments by increasing ER stress and/or modulating UPR. The expression level of GRP78 

could be analyzed as a marker of ER stress. Moreover, the activation of UPR sensor pathways 

including PERK/eIF2α/ATF4; ATF6; as well as the amount of spliced XBP1 mRNA could be 

assessed. Components of the ER stress machinery may constitute clinically relevant 

druggable targets for the induction of immunogenic cell death (ICD) (Kepp et al., 2013), 

which is a process generating a series of spatiotemporally defined signals that activate the 

immune response to detect and eliminate tumor cells. Among them, the three critical marks of 

ICD, i.e. high mobility group box (HMGB)1 release, calreticulin exposure and ATP secretion, 

could be measured as a starting point to determine whether the compounds used in 

combination treatments could potentially induce ICD.  

Finally, the potency of co-treatments could be assessed in in vivo models. Since 

interactions between BM microenvironment and malignant plasma cells are essential for 

tumor progression via IL-6 secretion for example (Manier et al., 2012), MM cell lines would 

first be co-cultured with BMSCs generated from MM patient samples. Then, we would 

evaluate proliferation and viability, as well as the clonogenic potential, of plasma cells 

derived from MM patient BM or blood samples and separated into tumor (CD138+) and 

nontumor (CD138-) fractions. Finally, tumor growth could be visualized thanks to 

xenografted fluorescent MM cell lines and primary MM cells in zebrafish or SCID mice.  
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3. “Take home” message 

Altogether, our results demonstrate that HDACi alone or in combination with targeted 

drug therapies display interesting therapeutic potential in CML and MM, especially using pan 

and HDAC6-selective inhibitors, respectively.  

In my opinion, the most promising combination to potentially reach clinical trials would 

be that with the selective HDAC6i, bortezomib and a third compound in MM. Despite 

efficient reduction of stem cell population by MAKV-8-imatinib combination, suggesting 

fewer patients with resistance and relapse, MAKV-8-associated toxicity in healthy models 

makes its use in clinics very unlikely. Nevertheless, improving MAKV-8 structure to increase 

its selectivity against cancer cells may be of great therapeutic interest. Conversely, specific 

HDAC6i are associated with less adverse events. Furthermore, MM is still an incurable 

disease in most patients, necessitating an urgent discovery and development of novel 

therapeutic strategies, whereas CML is manageable in many patients thanks to first-, second-, 

and third-generation TKi. 
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Annexes 

 
Annex A1: Effect of the co-treatment with MAKV-8 and imatinib on K-562 

cell proliferation and viability 
 

Results show that the co-treatment MAKV-8-imatinib has no effect on K-562 cell 

proliferation and viability after 24 hours of incubation (Figure A1). 

 

 
Figure A1: Effect of MAKV-8-imatinib co-treatment on K-562 cell proliferation and viability.  
K-562 cells were treated with MAKV-8 and imatinib alone, or in combination for 24 hours. Cell 
proliferation and viability were assessed based on the Trypan Blue exclusion method. Results 
correspond the to mean ± SD of three independent experiments. 
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Annex A2: Determination of the imatinib concentration to use in co-

treatments for colony formation assays 

 

Colony formation assays with imatinib-sensitive and -resistant CML cells were performed 

in the presence of increasing concentrations of imatinib. Results demonstrate that cologenic 

capacities of cells is significantly reduced by compound from a concentration of 0.25 µM for 

K-562 and MEG-01 cells, 0.5 µM for KBM-5 cells, and 1 µM for KBM-5R cells (Figure A2). 

 

	  
Figure A2: Effect of MAKV-8 on imatinib-sensitive and -resistant CML colony formation 
capacity.  
Cells were grown in the presence of increasing concentrations of imatinib for 10 days and colony 
formation was then scored. Results correspond to the mean of total MTT intensity ± SD of three 
independent experiments and were analyzed by a one-way ANOVA with **, *** indicating p < 0.01, 
p < 0.001, respectively. 
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Annex A3: Panel of zebrafish pictures  
 

	
Figure A3: Effect of MAKV-8-imatinib co-treatment on tumor growth in zebrafish. 
K-562 cells were treated as indicated in the figure for 24 hours, labeled with fluorescent dye and then 
injected in the zebrafish yolk sac. All zebrafish pictures for each condition are shown. Upper, middle 
and lower pictures represent bright field, red fluorescence and merge, respectively. 
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Annex A4: Determination of the imatinib concentration to use in co-

treatments in imatinib-resistant cell lines 
 

Imatinib-resistant K-562 and KBM-5 cell lines were treated with increasing 

concentrations of imatinib and the induction of cell death was assessed by the analysis of 

nuclear morphology. K-562R and KBM-5R cells started to die after a treatment with 10 µM 

imatinib, reaching 25 and 15% of cell mortality after 48 hours, respectively (Figure A4).   

 

	
Figure A4: Effect of imatinib on K-562R and KBM-5R cell death.  
K-562R and KBM-5R cells were treated with increasing concentrations of imatinib for 48 hours. The 
study of nuclear morphology was performed by fluorescence microscopy after Hoechst-propidium 
iodide staining. Results correspond to the mean ± SD of three independent experiments and were 
analyzed by a one-way ANOVA with *, **, *** indicating p < 0.05, p < 0.01, p < 0.001, respectively.  
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Annex A5: Evaluation of the blastogenic response of PHA/IL-2-stimulated 

PBMCs 
 

By comparison to non-stimulated PBMCs, population of PBMCs stimulated with PHA 

and IL-2 displays augmented size, as translated by increased FSC-H value (Figure A5). 

Upon CFSE staining, intensity of fluorescent signal is halved between two daughter cells 

after cell division. Accordingly, CFSE-stained non-stimulated PBMCs that did not proliferate 

are highly fluorescent by comparison to unstained PBMCs. In both instances, one peak only is 

detected whereas the CFSE-stained stimulated PBMCs give several peaks depending on the 

number of cell divisions (Figure A5).  

The CD3 antigen is bound to the membranes of all mature T-cells. Accordingly, the 

population of stimulated PBMCs compared to non-stimulated PBMCs is enriched with T-cell 

lymphocytes since the proportion of cells weakly fluorescent after labeling with anti-CD3 

antibody disappears (Figure A5). 
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Figure A5: Evaluation of the blastogenic response of PHA/IL-2-stimulated PBMCs. 
For each batch, PBMCs stimulated with phytohaemoagglutinin (PHA) and interleukin (IL)-2 or non-
stimulated were stained with or without 5,6- carboxyfluorescein diacetate succinimidyl ester (CFSE+ 
or CFSE-, respectively) or labeled with or without FITC-conjugated mouse anti-human CD (cluster of 
differenciation)3 (CD3+ or CD3-, respectively). Morphological cellular changes associated with cell 
activation were monitored by assessment of FSC-H versus SSC-H parameters; proliferation of T-cell 
lymphocytes and the purity of the T-cell lymphocytic proliferating population were determined by 
assessment of CFSE and anti-CD3-associated intensity of fluorescence, respectively. 
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Annex A6: Screening of chemotherapeutical compounds for efficient tri-

therapies in combination with HDAC6i and bortezomib 
 

MOLP-8 cells were treated with a HDAC6i (5 µM MAKV-15) or HDACi (tubastatin A), 

a proteasome inhibitor (5 nM bortezomib) and an appropriate concentration of a common 

chemotherapeutic agent (i.e. 1 µM cisplatin, 1 µM dexamethasone, and 0.1µM doxorubicin), 

or treated simultaneously with the three types of compounds for 48 hours. 

All tested tri-therapies induced a rate of MOLP-8 apoptotic cell death similar to the one 

obtained with the combination HDAC(6)i-bortezomib. Moreover, the effect on cell death is 

more important after a co-treatment with tubastatin A (Figure A6). Since two experiments 

gave the same results, investigations for those compounds in tri-therapies were stopped. 
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Figure A6: Effect of co-treatment with MAKV-15 or tubastatin A, bortezomib and a third drug 
on MOLP-8 cell death. 
MOLP-8 cells were treated simultaneously with 5 µM MAKV-15 or tubastatin A, 5 nM bortezomib 
and a third drug (i.e. 1 µM cisplatin, 1 µM dexamethasone, or 0.1 µM doxorubicin) for 48 hours. The 
study of nuclear morphology was performed by fluorescence microscopy after Hoechst-PI staining. 
Results correspond to the mean ± SD of two independent experiments. 	
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Annex A7: Determination of the concentration of BCL-2 family protein and 

proteasome inhibitors to use in co-treatments 
 

Ten MM cell lines were treated with increasing concentrations of the proteasome inhibitor 

bortezomib (2.5, 5 nM, except for MM.1S, MM.1R and OPM-2: 1, 2.5, 5 nM), BCL-2 

inhibitor ABT199 (0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1, 5, 10 µM), and MCL-1 inhibitors 

A1210477 (0.1, 0.5, 1, 5, 10 µM) and S63845 (0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1, 5, 10 µM) 

for 48 hours (Figure A7). Cell counting based on nuclear morphology analysis allowed to 

determine the optimal concentration of the inhibitors to use in co-treatments in each MM cell 

line (Table A1).  

 

A. 

  
Figure A7: Effect of bortezomib, ABT199, A1210477 and S63845 on MM cell death.  
MM cells were treated with increasing concentrations (black triangles) of (A) bortezomib, (B) 
ABT199, (C) A1210477 and (D) S63845 for 48 hours. The study of nuclear morphology was 
performed by fluorescence microscopy after Hoechst-PI staining. Results correspond to the mean ± 
SD of three independent experiments and were analyzed by a one-way ANOVA with *, **, *** 
indicating p < 0.05, p < 0.01, p < 0.001, respectively. 
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B. 

  
Figure A7 (continued) 
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C. 

  
Figure A7 (continued) 
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D. 

  
Figure A7 (continued) 
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Table A1: Concentrations of compounds to use in co-treatment in MM cell lines. 

The chosen concentrations induce low cell mortality, i.e. less than 10-20% of cell death. 

Cell line ABT-199 (µM) A1210477 (µM) S63845 (µM) Bortezomib (nM) 

AMO-1 5 1 0.001 2.5 

JJN-3 1 5 0.01 2.5 

KMS-12-PE 0.001 5 0.1 2.5 

KMS-28-BM 0.005 1 0.005 2.5 

KMS-34 1 1 0.5 2.5 

MM.1S 1 1 0.05 1 

MM.1R 1 1 0.05 1 

MOLP-8 5 1 0.01 5 

OPM-2 1 1 0.01 2.5 

U-266 5 5 0.1 2.5 
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a  b  s  t  r  a  c  t

Alterations  of the  epigenetic  machinery,  affecting  multiple  biological  functions,  represent  a  major  hall-
mark  enabling  the development  of  tumors.  Among  epigenetic  regulatory  proteins,  histone  deacetylase
(HDAC)6  has  emerged  as an  interesting  potential  therapeutic  target  towards  a variety  of  diseases  includ-
ing cancer.  Accordingly,  this  isoenzyme  regulates  many  vital  cellular  regulatory  processes  and  pathways
essential  to physiological  homeostasis,  as well  as tumor  multistep  transformation  involving  initiation,
promotion,  progression  and  metastasis.  In  this  review,  we  will  consequently  discuss  the  critical  impli-
cations  of HDAC6  in  distinct  mechanisms  relevant  to  physiological  and  cancerous  conditions,  as well  as
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1. Introduction

Tumorigenesis is a multistep process whereby normal cells are
transformed into malignant cells leading to an abnormal tissue
growth. Such transformational events are associated with major
biological changes shared by most neoplastic cells called hallmarks

of cancer (see for review [1]). It is now widely accepted that besides
mutations, the deregulation of epigenetic mechanisms, referring
to heritable changes in gene expression that do not involve DNA
sequence modifications, participate in the acquisition of the under-
lying causes of the cancer hallmarks [2].

Growing evidence highlight the essential role of lysine acety-
lation of histone and non-histone proteins in the coordination of



M.  Lernoux et al. / Pharmacological Research 129 (2018) 337–356 339

highly regulated cell functions. The acetylation status of lysine
residues results from a balance between the addition and removal
of the acetyl group by histone acetyltransferases (HATs) and his-
tone deacetylases (HDACs), respectively. Initially, HATs and HDACs
were considered to target only histones; however, acetylomic stud-
ies in various cell models revealed that such enzymes control the
acetylation of a large and continuously growing list of many non-
histone targets in different cellular compartments [3]. Accordingly,
lysine acetylation is a major post-translational modification (PTM)
regulating many cytoplasmic and nuclear protein functions includ-
ing enzymatic activity, subcellular localization and protein–protein
interactions, and affecting a wide variety of vital cellular processes
such as pluripotency, cellular signaling, protein turnover, cell dif-
ferentiation and cell survival [4–6].

Since Mother Nature is an inexhaustible source of therapeutic
scaffolds, medicinal chemistry extensively focused on the discovery
of natural compounds or derivatives with anti-cancer properties,
such as the modulation of enzymes with epigenetic activities
[7–11]. In this review, we will focus on the epigenetic regulatory
protein HDAC6, which has become an interesting and relevant
pharmacological target for cancer therapy thanks to its unique
structure and multiple physiological functions, as well as its impli-
cation in cancer progression [12,13].

2. The isoenzyme HDAC6: a unique deacetylase

Over the past few years, there has been a significantly increasing
interest for HDAC6 due to its critical role in multiple biologi-
cal functions through deacetylase-dependent and -independent
mechanisms regulating many vital cellular regulatory processes
essential to normal and tumor cell growth, migration, and death.
Despite its implication in cell homeostasis, the regulation, sub-
strate interactions and specific functions of HDAC6 are not totally
unraveled yet [14].

The deacetylase HDAC6 is a structurally unique isoenzyme of
the HDAC family because it harbors two functional active sites
(Fig. 1). This enzyme presents specific protein domains: a nuclear
localization signal (NLS) rich in arginine and lysine sequences; a
leucine-rich nuclear export signal (NES); two functional catalytic
sites, deacetylase domain (DD)1 and 2 [15]; a cytoplasmic retention
signal called SE14, which is a repeated sequence of eight consec-
utive Ser-Glu tetradecapeptides [16]; and a zinc finger ubiquitin
binding domain (BUZ) [17] that binds polyubiquitinated misfolded
proteins through the C-terminal Gly–Gly residues of ubiquitin [18].
Similar to the metalloenzymes of classes I, II and IV, HDAC6 pos-
sesses a zinc ion at the bottom of its catalytic pocket, which is
required for the deacetylation reaction.

Up to now, it was controversial whether both DD1 and DD2
of HDAC6 were fully functional. Initial studies reported both
domains as catalytically active toward histone substrates, with
only DD2 displaying tubulin deacetylase activity [20], whereas
more recent studies suggested that only DD2 was catalytically
active [21]. In 2016, crystallographic structures of both catalytic
domains of zebrafish HDAC6, and of human DD2 were reported.
The two catalytic domains are structurally highly conserved with
a similar active site. Both DD1 and DD2 are functional, although
DD1 has a weaker activity and displays much more stringent
selectivity towards substrates bearing C-terminal acetyl-lysine
residues [22,23]. Despite several dissimilarities between zebrafish
and human HDAC6 proteins, an overall analysis revealed that the
structure of zebrafish HDAC6 is a valid model to characterize the
human enzyme [24].

Multiple levels of regulation are required to achieve well-tuned
HDAC6 activity: (i) specific HDAC6 localization within the cell, (ii)
PTMs such as phosphorylation and acetylation by specific kinases

or HAT, respectively [25], and (iii) direct or indirect interactions of
HDAC6 to various partners, such as the membrane-associated pro-
tein dysferlin [26], invasion inhibitory protein (IIp)45 [27], tubulin
polymerization-promoting protein/p25 (TPPP/p25) [28] or farne-
syltransferase [29]. Unlike other members of the lysine deacetylase
family, HDAC6 does not modify histones but controls the acety-
lation status of many non-histone substrates, such as chaperones
(e.g. heat shock protein (HSP)90") and cytoskeletal proteins (e.g.
"-tubulin and cortactin) [3]. Consequently, HDAC6 plays a critical
role in many cellular processes, which are summarized in Fig. 2
[12,13,25,30].

3. HDAC6 in cancer

Nowadays, it is well established that HDAC6 exerts functions
in various disease processes, such as in neurodegenerative and
chronic diseases [13], in viral infections by affecting viral replica-
tion [31] or in autoimmune diseases via its capacity to decrease
the immunosuppressive potential of regulatory T-cells [32]. In this
review, we will focus on the critical implications of HDAC6 in
diverse mechanisms related to cancer including tumor initiation,
development and metastasis [33,34]. HDAC6 expression is up- or
down-regulated in several cancer subtypes (Table 1) in which it can
play a role as tumor inducer or suppressor depending on cancer
type and stage [12,35]. In cancer, aberrant HDAC6 overexpression
correlates with advanced cancer stages and increased neoplastic
transformation [30,36].

3.1. Tumor progression

It has been demonstrated that HDAC6 regulates cell prolifer-
ation at distinct cell-cycle phases. HDAC6 interacts with and is
inhibited by the deubiquitinating enzyme cylindromatosis (CYLD)
at the perinuclear region, significantly delaying the G1-to-S-
phase transition, and in the midbody where it regulates the
rate of cytokinesis in a deubiquitinase-independent manner [37].
Moreover, HDAC6 regulates the c-Raf-protein phosphatase (PP)1-
extracellular signal-regulated kinase (ERK) signaling pathway and
inhibition of HDAC6 activity contributes to early M-phase cell-
cycle transition arrest via sustained ERK activation in prostate
cancer [38]. Additionally, cancer developmental steps such as
the sustained activation of growth factor signaling and cellu-
lar proliferation are achieved through the modulation of specific
HDAC6-related pathways [39–41].

3.2. Angiogenesis

HDAC6 is implicated in various mechanisms underlying angio-
genesis, which is an essential process for tumor progression and
metastatic spread. First, HDAC6, whose mRNA and protein expres-
sion levels are up-regulated by hypoxia in endothelial cells (ECs)
[42], increases hypoxia-inducible factor (HIF)-1" stability in can-
cer cells via direct deacetylation, and also indirectly through the
modulation of HSP90" chaperone function [43]. HIF-1" protein
accumulation stimulates its transcriptional activity towards tar-
get genes promoting angiogenesis such as vascular endothelial
growth factor (VEGF) [44]. Additionally, HDAC6-mediated HSP90"
deacetylation ensures adequate binding to VEGF receptor (VEGFR)-
1 or VEGFR-2, which transduces angiogenic signaling upon VEGF-A
stimulation [45]. Furthermore, pro-angiogenic effects of HDAC6 in
ECs are achieved via HDAC6-modulated (i) stimulation of mem-
brane ruffling at the leading edge to promote cell polarization, (ii)
regulation of EC migration and generation of capillary-like struc-
tures in a microtubule (MT) end binding protein (EB)1-dependent
manner [46], and (iii) deacetylation of the actin-remodeling protein
cortactin, which is necessary for EC migration and sprouting [42].
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Fig. 1. Schematic structure of histone deacetylase 6.
Figure adapted from [19]. DD: deacetylase domain; DMB; dynein motor binding; NLS: nuclear localization sequence; NES: nuclear export sequence; SE14: cytoplasmic
retention domain; BUZ: ubiquitin binding domain.

Fig. 2. Physiological roles of HDAC6.
Histone deacetylase (HDAC)6 is involved in (A) cell division and migration by participating in F-actin assembly and microtubule (MT) dynamic through the regulation of the
acetylation of cortactin and "-tubulin, respectively, and in (B) protein degradation that is either proteasome-independent by forming aggresomes or proteasome-dependent
based  on the acetylation status of the chaperone heat shock protein (HSP)90". (C) HDAC6 possesses anti-apoptotic properties by deacetylating Ku70, which sequesters
Bcl-2-associated X protein (BAX) and Fas-associated death domain protein (FADD)-like interleukin-1!-converting enzyme (FLICE) inhibitory protein (FLIP), as well as
playing  a role in the phosphoinositide 3-kinase (PI3K)/AKT and mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) signaling pathways.
(D)  HDAC6 participates in gene regulation through the formation of various transcriptional repressor complexes. Finally, (E) HDAC6 is implicated in redox regulation via the
deacetylation of peroxiredoxin (Prx)1/2. acetyl, ubiquitin, phosphate. GR: glucocorticoid receptor; HSF: heat shock transcription factor; LCoR: ligand-dependent
nuclear  receptor co-repressor; PP: protein phosphatase; RhoB: Ras homolog family member B; RUNX: runt-related transcription factor; SMRT: silencing mediator for retinoid
or  thyroid-hormone receptors; VCP: valosin-containing protein.

Surprisingly, hypoxia-induced suppression of HDAC6 promotes
angiogenesis in hepatocellular carcinoma (HCC) by significantly
up-regulating HIF-1"/VEGF-A expression levels [47].

3.3. Epithelial-to-mesenchymal transition

Type-3 epithelial-to-mesenchymal (EMT) transition is a hall-
mark of metastatic cancer, promoting tumor cell motility and
invasiveness [48]. Transforming growth factor (TGF)!-mediated
EMT induction is accompanied with HDAC6-dependent loss of
"-tubulin acetylation, supporting that HDAC6 represents a key reg-

ulator of this process [49]. In non-small cell lung cancer, HDAC6
regulates the TGF!-induced Notch-1 signaling cascade activation
via deacetylation of HSP90" [50], whereas in lung adenocarcinoma,
HDAC6 interplays with the TGF!-SMAD3 signaling cascade and is
required for the maximal expression of various TGF!-induced EMT
markers, such as the proteins E-cadherin and vimentin [51].

3.4. Aggressiveness: migration, invasion and metastasis

Thanks to its influence on the acetylation status of "-tubulin
and other cytoskeletal proteins such as cortactin (reviewed by Boy-
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Table  1
HDAC6 expression is deregulated in various cancer subtypes.

Cancer Expression-comments Reference

ALL Overexpressed – expression increased in advanced stage [169,170]
AML  Overexpressed relative to adult [169]
Brain cancer Overexpressed [35]
Breast cancer Overexpressed – correlated with better or poor prognosis [53,171,172]
Cholangiocarcinoma Overexpressed [173]
CLL Overexpressed – correlated with longer survival [174]
CTCL Overexpressed – correlated with longer survival [175]
GBM Overexpressed [40]
HCC Overexpressed – expression increased in advanced stage − under expressed [41,47,57,176]
Lung adenocarcinoma Overexpressed [63]
Melanoma Overexpressed [177]
Oral squamous cell carcinoma Overexpressed – expression increased in advanced stage [178,179]
Ovarian cancer Overexpressed – expression increased in advanced stage [35,180]
Pancreatic cancer Overexpressed [59]
Urothelial cancer Overexpressed [181]

ALL: acute lymphoblastic leukemia, AML: acute myeloid leukemia, CLL: chronic lymphocytic leukemia, CTCL: cutaneous T-cell lymphoma, GBM: glioblastoma, HCC: hepato-
cellular  carcinoma.

ault et al. [52]), HDAC6 promotes cell motility and contributes to
the invasiveness and metastasis of many cancers [53–57]. In other
types of cancer, HDAC6 stimulates cancer cell aggressiveness by
acting synergistically with other partners such as sirtuin (SIRT)2
in bladder cancer [58], cytoplasmic linker protein (CLIP)-170 in
pancreatic cancer cells [59], HDAC5 in melanoma cells [60], and
estrogen receptor (ER)" ligand in ER"-positive breast cancer cells
[61]. Interestingly, stress signals can stimulate the migration of can-
cer cells by stimulating HDAC6 gene transcription through a protein
kinase A (PKA)/Epac/ERK-dependent signaling pathway in lung and
other cancer cells [62]. Conversely, HDAC6 inhibition or depletion
increases acetylated "-tubulin levels [24], which enhance MT  sta-
bility and reduce cancer cell growth and migration [15].

3.5. Cancer resistance to therapeutic agents

HDAC6 is implicated in cancer cell resistance to various
chemotherapeutic agents. HDAC6 overexpression, resulting in epi-
dermal growth factor receptor (EGFR) stabilization and activation,
confers resistance to the EGFR inhibitor gefitinib in lung adenocar-
cinoma [63], and to the VEGF inhibitor sorafenib in non-small lung
cancer cells [64]. Furthermore, the balance of HDAC6-p97/valosin-
containing protein (VCP) influences HDAC6-facilitated autophagic
clearance of ubiquitinated misfolded proteins, which is crucial to
endoplasmic reticulum stress-tolerance (ERST)-associated temo-
zolomide resistance in glioma [65]. In contrast, HDAC6 inhibition or
depletion sensitizes cancer cells to chemotherapeutic compounds
such as doxorubicin and etoposide in transformed but not in nor-
mal  cells [66,67], to paclitaxel [68] and cisplatin [69] in non-small
cell lung cancer and to vincristine and bortezomib in acute lym-
phoblastic leukemia (ALL) [70].

4. Natural and hemi-synthetic compounds with anti-cancer
properties targeting HDAC6

Over the years, HDAC inhibitors (HDACi) have become a promis-
ing strategy for the treatment of malignancies [12,71]. A multitude
of these HDACi were discovered in Nature whereas derivatives have
been synthesized by rational design or the modification of natural
compounds [72]. The inhibition of HDAC enzymes in cancer cells
results in various anti-cancer properties through unforeseeable
pleiotropic epigenetic mechanisms [73–76]. Notably, the Food and
Drug Administration (FDA)-approved compounds (Fig. 3) are class
I selective [FK-228 (1) and PXD-101 (2)] or pan-HDACi [suberoy-
lanilide hydroxamic acid (SAHA, 3) and LBH-589 (4)].

Fig. 3. Molecular structures of Food and Drug Administration-approved histone
deacetylase inhibitors. SAHA: suberoylanilide hydroxamic acid.

Nowadays, an increasing number of investigations are focus-
ing on the development of HDACi selective for one class or even
for a single isoform [77,78], to target cancer cells more precisely
and avoid side effects [36,77]. Considering its unique physiolog-
ical function and structure, as well as its implication in cancer
progression, HDAC6 became an interesting pharmacological tar-
get for cancer therapy [34]. Diverse HDAC6 inhibitors (HDAC6i)
have been synthetized with the hope of designing a highly selective
and potent compound, with suitable pharmacological properties
(Table 2). Up to now, only tubacin (5) and its derivative tubas-
tatin A (6) were intensively reported in the literature as selective
HDAC6i (Fig. 4). Since the hydroxamate-based tubacin (5) possesses
non-drug-like properties, only tubastatin A (6) is considered as
a promising anti-cancer drug [79]. Additionally, the hydroxamic
acid-based compounds ACY-241 (Citarinostat, 7) and ACY-1215
(Rocilinostat, 8 ) are currently undergoing clinical trials conducted
by Acetylon Pharmaceuticals, Inc. (Fig. 4) to test their efficacy
either as single agents or in combination treatments in patients
with multiple myeloma (MM)  [80] and other malignancies (www.
clinicaltrials.gov).

In addition to synthetic molecules, many natural compounds
from terrestrial [10,81] and marine origins [11] were described to
act as epigenetic modulators. Some of these compounds exert their
anti-cancer effects through HDAC6 modulation, either by inhibiting
HDAC6 catalytic activity or regulating HDAC6 protein expression
(Table 3).

http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
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Table 2
Non-exhaustive list of HDAC6 inhibitors.

Chemical class Inhibitors IC50
a (nM) Type of cancer (cell lines)b Reference

Hydroxamates (E)-N-hydroxy-4-(2-styrylthiazol-4-
yl)butanamide

199 Cervix cancer (HeLa) [182]

2-benzazolyl-4-Piperazin-1-yl-
sulfonylbenzenecarbohydroxamic
acids

100–1000 Lung cancer (HCC4017 and HCC4018) [183]

3-aroylindole derivatives 64.5 Hematologic (RPMI8226) and solid (A549, HCT116 and
PC3) cancers

[184]

4-(aminomethyl)-N-hydroxybenzamide
derivatives

20–490 Cervix cancer (HeLa) [185]

A452 ND Colorectal cancer (HCT116, RKO, SW620 and HT29) [186,187]
ACY-1083 3 ND [188]
ACY-738 1.7 ND [189]
ACY-775 7.5 ND [190]
Aminopyrrolidinone-based inhibitors 17–1070 ND [191]
Azaindolylsulfonamides 5.2–280 Solid cancers (KB, H460, PC3, HSC3, HONE1, A549,

MCF7, TSGH, MKN45, HT29, and HCT116)
[192]

Biarryl inhibitors <0.2–16 Pancreatic cancer (BxPC3, HupT3, Panc0403, Mia Paca2
and SU8686)

[193]

Bicyclic-cap containing inhibitors 1.2–8305 ND [194]
Bromophenylalanine-containing inhibitors 470–6760 ND [195]
C-3 substituted vorinostat derivative 8000 ND [196]
C1A 479 Hematologic (ARH77 and KMS11) and solid (HCT116,

A2780, IGROV1, MDAMB435, T47D, MCF7, Ishikawa,
A431, A549, SHSY5Y, Kelly, SKNAS, BE2C, LNCap and
DU145) cancers

[197]

Capless inhibitors 4–1360 Cervix cancer (HeLa) [198]
CAY10603 0.002 Pancreatic cancer (BxPC3, HupT3, MiaPaCa2, Panc0403

and SU8686) and lung adenocarcinoma (A549 and
HCC827)

[63,199]

Chiral 3,4-dihydroquinoxalin-2(1H)-one 10–310 Bladder cancer (T24) [200]
Citarinostat (ACY-241) 2.6 MM (H929, MM1S  and U266) and solid cancer

(MiaPaCa2, TOV21G, A2780, MDAMB231 and T47D)
[201,202]

Compounds containing a phenylisoxazole as a
cap  group

0.002−72.2 Pancreatic cancer (BxPC3, HupT3, MiaPaCa2, Panc0403
and SU8686)

[199]

Compound containing Boc and cyclopentyl
groups

26 ND [203]

Cyclic alpha3beta-tetrapeptides analog 39 T-cell leukemia (Jurkat) [204]
#-lactam based inhibitors 0.8−6.6 Solid cancers (Caco2, PC3, MDAMB231, ACHN, HCT15,

NCIH23, NUGC3 and LOXIMVI)
[187]

HPOB 56 Solid cancers (LNCaP, U87, and A549) [66]
Isoxazole-based inhibitors 0.6–1510 Pancreatic cancer (BxPC3, Panc1 and L36PL) [165]
KA1010 8 ND [205]
N-Hydroxy-4-(2-methoxy-5-(methyl(2-
methylquinazolin-4-
yl)amino)phenoxy)butanamide

17 Hematologic (U266, RPMI8226, K562, MV411 and
Romas) and solid (A2780s, SKOV3, SKBR3, HepG2,
H460, A549, HT29 and HCT116) cancers

[206]

Nexturastat A 5 Melanoma (B16) [207]
NK84 ND Ovarian cancer (SKOV3, TOV21G and ES2) [180,208]
Non-natural macrocyclic inhibitors 0.4–75 Solid cancers (HCT116 and NCIH460) [209]
Oxazole 59 Hematologic (HL60) and solid (HeLa) cancers [210]
Piperazine-2,5-dione aryl hydroxamates 110–170 Bladder cancer (T24) [200]
Pteroate hydroxamate 17.6 Solid cancers (HeLa and KB) [211]
Pyridylalanine-based inhibitors 1580–6700 Solid cancers (HCT116 and MCF7) [212]
Pyrimidinedione derivatives 12.4 Colorectal cancer (HCT116) [213]
Pyrrole- and benzene-based inhibitors bearing
the tert-butylcarbamate group at the CAP
moiety

10–30 Hematologic (U937 and K562) and solid (H1299, A549,
HCT116, HT29, LAN5, SHSY5Y, M14, MCF7, HEY, U87,
Panc1, PC3 and SKOV3) cancers

[214]

Quinazoline- 4-one derivatives 8–1920 ND [215]
Ricolinostat (ACY-1215) 4.7 Relapsed or refractory MM (e.g. MM1S  and RPMI8226),

BRAF-mutant melanoma (e.g. A375),
(Non-Hodgkin)-lymphoma (e.g. OCILy10)c

[80,216–223]

Ring-opened tetrahydro-#-carbolines ND Solid cancers (A549, HCT116, and PC3) [224]
ST80 910 Breast cancer (SKBR3) and leukemia (HL60, Kasumi1,

NB4, THP1, K562, U937 and Jurkat)
[225,226]

Tetrahydrocarboline derivatives 0.8–4.9 ND [32]
Triazolylphenyl-based inhibitor 1.9 Pancreatic cancer (BxPC3, HupT3, MiaPaCa2, Panc0403

and SU8686)
[227]

Tubacin 4 Hematologic (e.g. Jurkat and RPMI8226) and solid
cancer (e.g. MDAMB231)c

[20,70,228,229]

Tubastatin A 15 Hematologic (e.g. MOLT4) and solid cancer (e.g.
MDAMB231, A172, and U87)c

[65,79]

Tubathian A et B 1.9−3.7 ND [230]
WT161 0.4 MM (RPMI8226, MM1S, ANBL6, ANBL6-V5R, H929,

U266, OPM2 and KMS11)
[166]

Benzamide 4-(acylaminomethyl)-N-hydrobenzamide 1a 19 Cervix cancer (HeLa) [185]

Others AK-14 12800 Cervix cancer (HeLa) [231]
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Table  2 (Continued)

Chemical class Inhibitors IC50
a (nM) Type of cancer (cell lines)b Reference

Compounds bearing
3-hydroxypyridin-2-thione as ZBG

306–2390 Prostate cancer (DU145 and LNCap) and T-cell
leukemia (Jurkat)

[232]

Compound bearing a trifluoromethylketone
ZBG

70 Colon carcinoma (HCT116) [233]

Compound containing a cycohephyl cap group
and thiol ZBG

23 ND [234]

Compound containing mercaptoacetamide ZBG 2.7–2010 ND [235]
Isoxazole derivatives with substituted
mercaptoacetamide ZBG

260–280 ND [236]

Naphthoquinone 5540–15600 Leukemia (MV411, Kasumi1, and Reh) [237]
Thiolate analogues 23–3860 Solid cancers (HCT116 and MCF7) [238]
Vanillate derivatives 200–20000 Solid cancers (MDAMB231, MCF7, PC3 and LNCaP) [164]

MM:  multiple myeloma, ND: not determined, ZBG: zinc binding group.
a IC (inhibitory concentration)50 of the compounds towards HDAC6 were determined based on in vitro assays.
b Cancer cell lines on which biological activities of the compound have been evaluated.
c Besides the selected cell models, the compound has been studied in a broad panel of cancer cell lines.

Table 3
Natural compounds with anticancer properties through HDAC6 modulations.

Name of the compound Type of HDAC6 modulation Cancer typea Comments Ref.

(−)-epigallocatechin-3-gallate
(combined with Am80)

Down-regulation of protein
level

Lung cancer, myeloid leukemia Potential posttranscriptional regulations and
stimulation of HDAC6 degradation.

[91]

Aceroside VIII Inhibition of catalytic activity Colon cancer Enhancement of the efficacy of other HDAC6i. [95]
Butyrate derivative (B-R2B) Inhibition of catalytic activity Leukemia, cervical cancer Localization at the entrance of the active

pocket of HDAC6.
[101]

Curcumin Down-regulation of protein
level

Colon cancer Potential contribution of HDAC6 reduced
expression to the regulation of the TSG DLEC1
transcriptional activity.

[108]

Neuro-blastoma, leukemia ND [109,110]
Ellagic acid Down-regulation of protein

level
Oral cancer Significant blockage of AKT activation and

subsequent decrease of HIF-1" and VEGF
expression.

[114]

Genistein Down-regulation of protein
level

Prostate cancer Decreased HDAC6 expression potentially due
to  transcriptional repression. Subsequent
reduction of hyperacetylated HSP90"
chaperone activity leading to increased AR
ubiquitination and probable
proteasome-mediated degradation.

[119]

Ginsenoside 20(S)-Rh2 Down-regulation of protein
level

Chronic and acute myeloid
leukemia

Possible involvement in apoptosis induction
through activation of the MAPK signaling
pathway.

[121]

NBM-T-BBX-OS01 Down-regulation of protein
level

Lung cancer Disruption of HSP90"-cyclin D1/CDK4
interaction leading to G1 cell cycle arrest.

[129]

Salirepol Inhibition of catalytic activity
(in vitro)

ND ND [132]

Sulforaphane (SFN) Down-regulation of protein
level

Prostate cancer Contribution of two distinct pathways to the
effect of HDAC6 in mediating SFN-induced
cytotoxicity (presence versus absence of AR).

[143–145]

Colon cancer Unexpected decrease of acetylated "-tubulin. [140,142]
Trichostatin A Inhibition of catalytic activity Numerous cancer types Modulation of a broad range of HDAC6-related

signaling pathways.
[149–151]

Ursodeoxycholic acid (UDCA) Up-regulation of protein level Colon cancer Important role of HDAC6 increased expression
in UDCA-induced senescence.

[159]

Ursolic acid (UA) Down-regulation of protein
level

Skin cancer Involvement of HDAC6 decreased expression
in  UA-mediated Nrf2 expression induction
resulting in the rescue of TPA-induced
transformation in epidermal cells.

[162]

Vanillate-based compounds Inhibition of catalytic activity Prostate cancer Decreased cell proliferation and cell death
induction. Modulation of microtubular
architecture. Reduction of AR-HSP90"
interaction resulting in decreased AR protein
levels and target gene expression.

[164]

AR: androgen receptor; CDK: cyclin-dependent kinase; HDAC6: histone deacetylase 6; HDAC6i: HDAC6 inhibitor; HIF: hypoxia-inducible factor; HSP: heat shock protein;
ND:  not determined; Nrf: nuclear factor erythroid 2-related factor; TPA: 12-O-tetradecanoylphorbol-13-acetate; TSG: tumor suppressor gene; VEGF: vascular endothelial
growth factor.

a Cancers on which biological activities of the compound have been evaluated.

4.1. (−)-epigallocatechin-3-gallate

The catechin (−)-epigallocatechin-3-gallate (EGCG, 9 ) is the
most abundant and active flavone-3-ol polyphenol of green tea
plants (Camellia sinensis), but is also found in apple skin, plums and

onions (Fig. 5). Before absorption, EGCG (9 ) is subjected to a gut
microbiota-mediated degradation pathway in which it undergoes
extensive biotransformations, such as hydrolysis.

The green tea catechins possess numerous pharmacother-
apeutic properties such as anti-inflammatory, anti-oxidative,
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Fig. 4. Molecular structures of selected histone deacetylase 6 inhibitors.

anti-carcinogenic, anti-microbial, anti-obesity and anti-diabetic
activities [82]. More specifically, beneficial anti-cancer activi-
ties including anti-oxidant, anti-inflammatory, anti-proliferative,
anti-invasive, anti-angiogenic and pro-apoptotic properties were
described [83] after treatment of a variety of cancer cells, such
as adrenal, bladder, breast, cervical, colorectal, esophageal, gastric,
liver, lung, oral, ovarian, pancreatic, prostate and skin cancer cells
[84] with EGCG (9 ).

A large number of cell-based studies proposed various mecha-
nisms for EGCG-mediated cancer signaling and metabolic pathway
modulations [85]. EGCG (9 ) induces cell cycle arrest via alteration
of cell cycle regulatory protein expression. Treatment of human
pancreatic cancer cells by EGCG (9 ) caused cell cycle arrest in G1
phase through up-regulation of p21CIP1/WAF1 and p27KIP1 expres-
sion, and down-regulation of cyclin D1, cyclin-dependent kinase
(CDK)4 and CDK6 protein expression levels [86]. In addition, induc-
tion of apoptosis can be mainly associated with EGCG (9 )-mediated
regulation of different pro-apoptotic and anti-apoptotic proteins.
Furthermore, EGCG (9 ) exhibits anti-angiogenic activities in var-
ious experimental tumor models through blocking ERK and AKT
phosphorylation, which inhibits HIF-1" synthesis and therefore
decreases the expression of VEGF [87,88]. Notably, EGCG (9 ) has
the highest free radical scavenging ability among common phenolic
compounds.

Many reports have highlighted the effects of EGCG on the epi-
genetic machinery that might account for its anti-cancer activities.
Green tea polyphenols reduce the activity and protein expression
of class I HDACs in prostate cancer cells via their increased pro-
teasomal degradation, leading to G0/G1 phase cell cycle arrest and
apoptosis induction [8,89].

Interestingly, EGCG (9 ) synergizes with conventional anti-
cancer compounds [90]. For instance, combining EGCG (9 ) with the
synthetic retinoid Am80 induces synergistic apoptotic cell death in
lung cancer cells by reducing HDAC4, 5 and 6 protein levels and
altering the acetylation levels of non-histone proteins, such as p53
and "-tubulin. Authors suggest that the combination diminishes

HDAC protein levels through post-transcriptional regulations and
the stimulation of their degradation. In addition, EGCG (9 ) accen-
tuates Am80-triggered differentiation of human myeloid leukemia
cells into granulocytes, along with reduction of HDAC4 and 6 pro-
tein levels [91].

4.2. Aceroside VIII

Aceroside VIII (10 ) is a diarylheptanoid isolated from the bark of
Betula platyphylla (Betulaceae). The healing properties of bark and
its extracts from several species belonging to the genus Betula have
been widely used in traditional medicine (Fig. 5). More specifically,
Betula platyphylla possesses anti-inflammatory, anti-oxidant and
anti-cancer effects [92]. Nevertheless, bioactive compounds, such
as aceroside VIII (10 ), are ubiquitously synthetized by this species
family, so further investigations are required to determine which
effects of the extracts could be mediated by aceroside VIII (10 ) [93].

Aceroside VIII (10 ) is known for its anti-fibrotic effects as
it demonstrates significant dose-dependent inhibitory activity
towards the proliferation of immortalized hepatic stellar cells, con-
sidered to play a fundamental role in the pathogenesis of liver
fibrosis [94]. Recently, studies have shown that aceroside VIII
(10 ) also plays a role in colon cancer cells, by selectively inhibit-
ing HDAC6 catalytic activity and enhancing the efficacy of other
HDAC6i through a mechanism yet to be discovered [95].

4.3. Butyrate

Butyrate (11) is a short-chain fatty acid generated during gut
flora-mediated fermentation of dietary fibers, which are indi-
gestible food ingredients (Fig. 5). In the colon, butyrate (11)
provides energy to colonic bacteria. Notably, it is also present in
cheese and butter.

Initially, butyrate (11) was  described as an unusually potent
inducer of erythroid differentiation in cultured erythroleukemic
cells [96]. Treatment of cultured leukemia cells with butyrate (11)
was then reported to inhibit classes I, IIa and IV HDAC activity,
causing rapid histone hyperacetylation in leukemia cells [97].

Up to now, multiple studies have demonstrated that butyrate
(11) possesses pleiotropic anti-cancer effects in various models
including cell cycle arrest, inhibition of proliferation, inflamma-
tion and oxidative stress, modulation of detoxification potential,
and induction of differentiation and apoptotic cell death [98,99].
Possible mechanisms of butyrate (11)-mediated chemoprevention
include transcription induction of detoxifying enzymes such as glu-
tathione S-transferases [73], as well as inhibition of HDACs.

Although butyrate (11) does not directly target class IIb HDACs,
HDAC6 is required for the accumulation of serine- and arginine-
rich splicing factor (SRSF)2 protein in response to butyrate (11)
treatment, which then leads to overexpression of p21CIP1/WAF1 and
induction of senescence in lung carcinoma cell lines. HDAC6 is
possibly involved in the accumulation of an acetylated and non-
phosphorylated form of SRSF2 via inhibition of its proteasomal
degradation through a direct or indirect mechanism [100]. Oth-
erwise, derivatives of phenyl butyrate were designed by in silico
methods to identify a novel compound with HDAC6 inhibitory
activity. The derivative named B-R2 B specifically inhibits HDAC6
in vitro and in cancer cells in a non-competitive manner via its
localization at the entrance of the active pocket of HDAC6. The
compound then blocks the passage of the substrate unable to reach
the HDAC6 binding site. Furthermore, treatments with micromolar
amounts of B-R2 B decrease the viability of leukemia and cervical
cancer cells [101].
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Fig. 5. Natural histone deacetylase inhibitors and corresponding terrestrial sources. (−)-epigallocatechin-3-gallate (9 ) from Camellia sinensis; aceroside VIII (10 ) from Betula
platyphylla; butyrate (11) derived from dietary fibers; curcumin (12) from Curcuma longa; ellagic acid (13) from Punica granatum;  genistein (14) from Glycine max.

4.4. Curcumin

Curcumin (12) is an active dietary polyphenol extracted from
the root of the plant turmeric Curcuma longa (Fig. 5). This yellow-
colored pigment has been widely used in traditional medicine, and
consumed as a common food spice in culinary traditions. Curcumin
(12) has been associated with well-known biological and phar-

macological properties such as anti-oxidant, anti-inflammatory,
anti-microbial, and anti-tumor properties [102]. Accumulating evi-
dence present this well-tolerated phytochemical as potent agent in
both prophylaxis and treatment of several types of cancer since it
targets numerous molecular signaling pathways involved in car-
cinogenesis [103,104].
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These anti-cancer properties may  result from epigenetic
changes triggered by curcumin (12), an epigenetically active com-
pound selectively modulating the expression of genes implicated
in cancer death and progression (reviewed in [105]). More specifi-
cally, curcumin (12) can be considered as a class I HDAC inhibitor or
protein expression modulator. For instance, curcumin (12) reduces
B-cell lymphoma proliferation and induces apoptosis by down-
regulating HDAC1, 3, and 8 protein expression levels, which is
associated with an up-regulation of acetylated histone H4 pro-
tein expression [106]. In addition, the HDAC inhibitory activity of
curcumin (12) reduces double strand break repair thus increas-
ing DNA damage sensitivity. Curcumin (12) inhibits homologous
recombination and subsequent DNA repair processing, presumably
by promoting the degradation of Rad52 recombinase in a process
dependent on HDAC inhibition [107].

In colon cancer cells, curcumin (12)-mediated epigenetic regu-
lation of the tumor suppressor gene (TSG) DLEC1 transcriptional
activity leads to the suppression of anchorage-independent cell
growth. Upon treatment with curcumin (12), a significant reduc-
tion of HDAC6 protein expression accompanied by reduced HDAC4,
5, and 8 protein levels suggests that histone modifications may
contribute to the regulation of DLEC1 transcriptional activity.
Moreover, CpG methylation of the DLEC1 promoter is decreased
due to curcumin (12)-induced reduction of protein expression of
DNA methyltransferases (DNMTs) in a concentration-dependent
manner [108]. Similarly, curcumin (12) down-regulates HDAC6
overexpression in human neuroblastoma [109] and leukemia cells
[110] via mechanisms that still need to be investigated.

4.5. Ellagic acid

Ellagic acid (EA, 13), an anti-oxidant polyphenol, is found as
a naturally occurring hydrolysis product of ellagitannins in many
vegetables and fruits, like pomegranate (Punica granatum)  whose
juice is considered as highly cancer preventive [111] (Fig. 5).

EA (13) possesses many pharmacological activities, especially
anti-tumor properties. Accordingly, EA (13) notably prevents the
development of diverse cancers, such as colon, prostate, breast,
pancreatic and bladder cancer in vitro and in vivo [81,112]. EA
(13) exerts its chemotherapeutic properties through the regula-
tion of multiple subcellular signaling pathways implicated in tumor
growth and metastasis prevention, by inhibiting tumor cell prolif-
eration, promoting apoptosis and neutralizing the interaction of
carcinogens with DNA. Moreover, EA (13) abrogates inflammation,
angiogenesis, and drug-resistance processes [112,113].

Recently, this dietary compound has been reported to abrogate
hypoxia-driven angiogenesis via the suppression of phosphoinosi-
tide 3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR)
and mitogen-activated protein kinase (MAPK) signaling cascades,
preventing HIF-1" translocation to the nucleus and inhibiting
VEGF/VEGFR-2-mediated signaling. In addition, EA (13) treatment
down-regulates hypoxia-induced HDAC6 overexpression, signifi-
cantly blocking AKT activation and subsequently decreasing HIF-1"
and VEGF expression [114]. Those results show for the first time the
modulatory effects of dietary EA (13) on HDAC expression.

4.6. Genistein

The isoflavone genistein (14) was isolated in 1899 from the
dyer’s broom, Genista tinctoria (Fig. 5). Nevertheless, the predomi-
nant form naturally occurring in plants is the 7-O-beta-d-glucoside
form of genistein (14), namely genistin, which is abundantly found
in soybeans (Glycine max.), lupine (Lupinus albus), kudzu (Pueraria
lobata) and psoralea (Psoralea corylifolia).  Upon ingestion, genistin
undergoes hydrolysis to be converted to genistein (14), which is

absorbed in the intestine and responsible for the biological activi-
ties.

Genistein (14) is the major anti-cancer constituent of soybean,
whose consumption reduces the risk of development of several
types of cancer. Accordingly, it prevents, delays or blocks multiple
steps of carcinogenesis in vitro and in vivo by targeting pleiotropic
cellular mechanisms relevant in oxidative stress management,
angiogenesis, cell cycle regulation, and apoptosis [115]. Never-
theless, this phytochemical is not only associated with desired
chemopreventive virtues against cancer, but also with unexpected
and potentially dangerous consequences of its uses for treatment.
The “good” and the “bad” effects of the biological activities of genis-
tein (14) strongly depend upon the dose applied and its main
molecular targets in the different types of cancer [116,117].

Due to structural similarities with estrogens, this phytoestrogen
primarily targets estrogen receptors and possesses estrogen-like
properties. In addition to estrogen receptors, genistein (14) main
targets include tyrosine kinase and topoisomerase II, whose inhi-
bition is essential for genistein (14) cytotoxic activity [118]. The
anti-estrogenic activity of genistein (14) can also be mediated via a
decrease in HDAC6 protein expression and the subsequent inhibi-
tion of HDAC6-HSP90" co-chaperone function, which is required
to stabilize androgen receptor (AR) protein. Prostatic cancer cells
treated with genistein (14) exhibit hyperacetylated HSP90" with
reduced chaperone activity, resulting in increased AR ubiquitina-
tion and probable proteasome-mediated degradation [119]. Since
HDAC6 has been identified as a positively regulated gene by estro-
gen in estradiol-treated breast cancer cells, the phytoestrogen
genistein (14) likely down-regulates HDAC6 protein expression
through transcriptional repression [119].

4.7. Ginsenosides

Panax ginseng, belonging to the Araliaceae family, is one of the
most widely used herbal medicines and is reported to have a wide
range of therapeutic and preventive activities including vasore-
laxation, anti-oxidation, anti-inflammation and anti-cancer effects.
Ginsenosides are triterpene saponins considered to be the major
pharmacologically active components of P. ginseng roots and rhi-
zomes (Fig. 6). They appear to be responsible for the majority of the
whole ginseng extract activities, but purified individual ginseno-
sides may  have specific pharmacological mechanisms of action due
to their different chemical structures [120]. Ginsenosides are gen-
erally divided into two groups based on their chemical structures:
protopanaxatriols and protopanaxadiols [121].

Rh2 is a protopanaxadiol-type ginsenoside and two  stereoiso-
meric forms, 20(S)- and 20(R)-Rh2, were selectively isolated.
20(S)-Rh2 (15) induces cell cycle arrest and apoptosis in various
cancers. For instance, 20(S)-Rh2 (15) could suppress proliferation,
promote apoptosis and inhibit metastasis of liver carcinoma cells
by down-regulating !-catenin through glycogen synthase kinase
(GSK)-3! activation [122]. Additionally, 20(S)-Rh2 (15) effectively
targets interleukin (IL)-6-induced Janus kinase (JAK)2/signal trans-
ducer and activator of transcription (STAT)3 pathway leading to the
inhibition of STAT3 phosphorylation, and suppresses the expres-
sion of matrix metalloproteinases (MMPs), including MMP-1, -2,
and -9, resulting in the inhibition of human colorectal cancer cell
invasion [123].

Ginsenosides can also exhibit their potential as chemothera-
peutic agents through modulation of epigenetic processes. The
inhibitory effect of ginsenoside Rh2 on the migratory ability of liver
carcinoma cells is presumed to occur by the recruitment of HDAC4
and the resulting inhibition of activator protein (AP)-1 transcrip-
tion factors, in order to reduce MMP-3 gene and protein expression
levels [124].
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Fig. 6. Natural histone deacetylase inhibitors and corresponding terrestrial or marine sources. 20(S)-Rh2 (15) from Panax ginseng; salirepol (17) from Aspergillus genus;
sulforaphane (18) from Brassica oleracea; trichostatin A (19) from Streptomyces hygroscopicus; ursodeoxycholic acid (20) from primary bile acid; ursolic acid (21) from
Vaccinium myrtillus and Vaccinium oxycoccos.

In chronic and acute myeloid leukemia cells, 20(S)-Rh2 (15)
was also described to inhibit cancer cell growth, accompanied with
a G0/G1 cell cycle arrest, p16 and p21 up-regulation, as well as
cyclin D1 and CDK4 down-regulation. In the same models, 20(s)-
Rh2 (15) induces B-cell lymphoma (Bcl)-2 down-regulation and
apoptotic cell death, whereas this drug is only moderately toxic in
healthy bone marrow stromal cells. Furthermore, authors reported
that 20(S)-Rh2 (15) also reduces tumor growth in vivo. Interest-
ingly, treatments with 20(S)-Rh2 (15) significantly decrease HDAC
activity concomitantly to HDAC6 down-regulation in tumor cells in

vitro as well as in vivo [121]. Authors suggest that HDAC6 down-
regulation could possibly play a role in the anti-tumor properties
of 20(S)-Rh2 (15) via the activation of the MAPK signaling path-
way and the subsequent increase of caspase-3 cleavage, resulting
in apoptosis induction [121].

4.8. NBM-T-BBX-OS01

Osthole is an O-methylated coumarin found in plants such as
Cnidium monnieri, Angelica archangelica and Angelica pubescens.
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Osthole demonstrates multiple pharmacological properties includ-
ing immunomodulatory, anti-microbial, and anti-cancer activities
through the modulation of diverse signal transduction pathways
[125]. This compound has served as the lead compound for the
synthesis of other anti-cancer derivatives such as NBM-T-BMX-
OS01 (BMX) [126], which targets VEGFR signaling to regulate
vascular endothelial cell remodeling, leading to the inhibition of
tumor angiogenesis. Another series of osthole derivatives showed
potent activity against nuclear HDACs in vitro and in cellular assays
[127,128].

Recently, NBM-T-BBX-OS01 (TBBX, 16), a semisynthetic deriva-
tive of osthole (Fig. 7), was described to provoke lung cancer cell
growth arrest in G1 phase, associated with decreased cyclin D1,
CDK2 and CDK4 protein levels and transcriptional up-regulation
of p21Waf1/Cip1 protein expression level. Upon TBBX (16) treat-
ment, the down-regulation of HDAC6 protein levels, rather than a
direct inhibition of HDAC6 activity, caused an attenuation of the
HDAC6-HSP90" signaling pathway. Consequently, the disrupted
interaction of HSP90" with cyclin D1 and CDK4 triggered their pro-
teasomal degradation. Accordingly, ectopic expression of HDAC6
rescues TBBX (16)-induced G1 cell cycle arrest [129].

4.9. Salirepol

Salirepol (17) is a 2,5-dihydroxybenzyl alcohol, also named
gentisyl alcohol (Fig. 6). It has been found in a marine isolate
of the fungus Aspergillus and was reported to display a potent
antibacterial activity against the methicillin-resistant and multi-
drug-resistant Staphylococcus aureus [130].

Upon extraction from Penicillium concentricum, this compound
has also showed moderate and weak anti-proliferative activities
against colon and breast cancer cells, with IC50 values of 6.4 and
17.1 $M,  respectively [131].

Recently, salirepol (17) was reported for the first time to
be present in Penicillium griseofulvum extracts thanks to a mass
spectrometry-based assay optimized for bio-guided identifica-
tion of HDACi in fungi. Since this fungal compound showed a
14-fold selectivity towards HDAC6 (IC50 = 3.4 $M)  versus HDAC1
(IC50 = 76.4 $M)  in vitro [132], further investigations will determine
the biological activities of salirepol (17) and whether it displays
in vivo selectivity of towards HDAC6, potentially associated with
chemotherapeutic properties.

4.10. Sulforaphane

Isolated in 1992, sulforaphane (SFN, 18 )  is a dietary isoth-
iocyanate derived from a naturally occurring precursor, glu-
coraphanin, mainly present in Brassicaceae or “cruciferous”
vegetables such as broccoli (Brassica oleracea), broccoli sprouts
and cabbage (Fig. 6). Upon food intake, the release of endogenous
myrosinase enzymes induces the hydrolysis of glucoraphanin into
bioactive substances such as SFN (18 ).

Initially, Zhang et al. [133] identified SFN (18 ) as a potent anti-
carcinogenic agent through the induction of phase-II detoxification
enzymes such as quinone reductase and glutathione S-transferase.
Up to now, this phytochemical interfered with several hallmarks
of cancer thanks to its pleiotropic activities [134]. Accordingly, it
induces cell cycle arrest and apoptosis in various cancer models
[135]. Furthermore, numerous studies have also reported SFN (18 )
as an interesting potential chemopreventive compound, since its
consumption is associated with lower risks of developing bladder
[136], pancreatic [137] and prostate cancers [138]. At the molec-
ular level, one potential role of SFN (18 ) in cancer prevention and
therapy consists in the activation of the transcription factor nuclear
factor erythroid 2-related factor (Nrf)2, the master regulator of cel-
lular redox homeostasis [139].

SFN (18 )-promoted anti-cancer effects may  also be associated
with the inhibition of HDAC activities. In vitro studies and in silico
modeling hypothesize that SFN (18 )-mediated inhibition of HDAC
activity is due to its binding to cysteine in the cell in order to fit
within the active site of HDACs [140]. In colon cancer cells, treat-
ment with SFN (18 ) induces the acetylation of lysine on various
positions within histones H3 and H4 in a dose-dependent manner,
associated with an inhibition of HDAC activity and an increase of
HDAC protein turnover [141,142].

Particularly, SFN (18 ) decreases HDAC6 protein levels in various
prostatic cancer cells by a yet unknown mechanism. Depending
on the presence or absence of AR in the considered cell lines, two
distinct pathways contribute to the effect of HDAC6 in mediating
SFN (18 )-induced cytotoxicity. In AR-positive prostate cancer cells,
HDAC6 down-regulation enhances HSP90" acetylation, resulting
in the disruption of HSP90"-AR interaction associated with AR
degradation and reduced expression of AR target genes [143,144].
In AR-negative cells, HDAC6 inhibition stabilizes the MT  net-
work, thereby disrupting "-tubulin polymerization and ultimately
contributing to mitotic cell cycle arrest. Importantly, HDAC6 over-
expression reversed SFN (18 )-induced cytotoxicity [145].

Studies performed in colon cancer cells reported a similar
decrease of HDAC6 protein levels after treatment with SFN (18 )
[140,142]. Nevertheless, Dickinson, et al. [140] showed that this
decrease was not correlated to an expected increase of acetylated
"-tubulin since treated cells rather showed a decreased level of
"-tubulin acetylation. Further investigations will be necessary to
clarify this discrepancy.

4.11. Trichostatin A

Trichostatin A (TSA, 19 ), a common non-selective HDACi, was
first isolated in 1976 from the metabolites of strains of Strepto-
myces hygroscopicus (Fig. 6) and identified as a derivative of a
primary hydroxamic acid due to the presence of a free or glyco-
sylated hydroxamate group [146]. The (S) enantiomer of TSA (19 )
is unnatural and initially reported to be biologically inactive [147].
More recently, (S)-TSA was reported to act in vitro as a moderate
selective HDAC6i, whereas (R)-TSA is a pan-HDACi [24].

Initial studies revealed that the potent HDAC inhibitory activ-
ity of TSA (19 ) promoted differentiation and cell cycle arrest
of transformed cells, accompanied with histone hyperacetylation
[147]. Over the years, TSA (19 ) became a promising compound
for the treatment of different cancer subtypes thanks to its phar-
macotherapeutic potential at various stages of tumor initiation
and progression. For example, this HDACi blocks tumor survival
pathways by inducing transcription of TSGs such as p53 and
p21CIP1/WAF1 [148].

Anti-cancer activities of TSA (19 ), such as tumor growth arrest
and cell death induction, can be associated with the modula-
tion of a broad range of HDAC6-related signaling pathways. Upon
HDAC6 inhibition by TSA (19 ), (i) chromatin-remodeling protein
high mobility group nucleosomal binding domain (HMGN)2 acety-
lation at Lys2 blocks STAT5A-mediated gene transcription, leading
to inhibition of cancer growth [149] and (ii) phosphatase and tensin
homolog (PTEN) acetylation at K163 induces its membrane translo-
cation and activation, which significantly contributes to inhibition
of tumors without PTEN mutations or deletions [150]. More-
over, TSA (19 )-mediated HDAC6 inhibition results in increased
levels of acetylated tumor-suppressor mammalian STE20-like
kinase (MST)1, abolishing its degradation in a chaperone-mediated
autophagy manner, which is normally required for the promo-
tion of breast cancer growth [151]. Additionally, alteration of
mTOR phosphorylation status following HDAC6 inhibition by TSA
(19 ) decreased autophagy induction, while markedly enhancing
bortezomib-induced apoptosis in head and neck squamous cell
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Fig. 7. Semi-synthetic histone deacetylase inhibitors. NBM-T-BBX-OS01 (16) is a derivative of osthole from Angelica archangelica; 13a (22) and 7b (23) are derivatives of
vanillic  acid from Angelica sinensis.

carcinoma cells [152]. Furthermore, TSA (19 ) decreases HDAC6-
mediated "-tubulin deacetylation [153], affecting MT-associated
processes such as cell motility and metastasis formation.

Interestingly, TSA (19 ) also displays anti-cancer effects in combi-
nation treatments through the inhibition of the catalytic activity of
HDAC6. For instance, TSA (19 ) in combination with C6-ceramide, a
cell-permeable lipid molecule, exerts highly synergistic anti-tumor
effects through the disruption of HDAC6/PP1/"-tubulin complex,
promoting "-tubulin acetylation and activating PP1, which then
leads to AKT dephosphorylation and eventually causes cancer cell
death in in vitro and in vivo models [154].

4.12. Ursodeoxycholic acid

Bile acids are polar derivatives of cholesterol that are excreted
into the digestive tract where they aid in the emulsification and
absorption of dietary fats. They have been implicated in the patho-
genesis of many diseases, particularly colon cancer. Considered as
a tertiary bile acid, ursodeoxycholic acid (UDCA, 20 )  is metabolized
by the hepatocytes through the 11!-hydroxysteroid dehydroge-
nase 1-mediated reduction of the reabsorbed primary bile acid
intermediate 7-oxolithocholic acid [155] (Fig. 6).

UDCA (20 ) is predominantly used in the clinic for the treatment
of primary biliary cirrhosis thanks to its growth suppressing activity
accompanied with cytoprotective properties. Additionally, this bile
acid is the most commonly drug investigated for primary sclerosing

cholangitis, a chronic cholestatic liver disease associated with both
hepatobiliary and colorectal malignancies, potentially resulting in
liver cirrhosis and its complications [156].

Recent evidence suggests that UDCA (20 ) exhibits chemopre-
ventive properties [157]. For instance, UDCA (20 ) impacts the
oncogenic signaling pathways driving the multistep process of
colon cancer development, such as the EGFR/MAPK pathway. In
colorectal adenocarcinoma cells, UDCA (20 ) treatment suppresses
EGFR/MAPK signaling in a process enhanced by the presence of
the TSG caveolin-1, a negative regulator of the Ras-p42/44 MAPK
kinase cascade. UCDA (20 ) promotes calveolin-1-facilitated endo-
cytosis of EGFR, as well as the recruitment of c-Cbl E3 ligase to the
receptor, which subsequently leads to its ubiquitination and degra-
dation. Moreover, UDCA (20 ) causes the reduction of EGF-induced
ERK1/2 activity, suggesting direct negative regulatory effects on the
EGFR-MAPK pathway [158].

In human colon cancer cells, treatment with UCDA (20 ) induces
a modest increase in HDAC activity, accompanied with reduced lev-
els of acetylated histones. The UCDA (20 )-mediated promotion of
histone deacetylation clearly establishes that UDCA (20 ) is not an
HDACi. Nevertheless, this bile acid stimulates differentiation and
senescence of colon cancer cells, which is essential for the colon
cancer prevention. Interestingly, HDAC6 expression is up-regulated
in human colon cancer cells treated with UDCA (20 ) and appears to
play an important role in UDCA (20 )-induced senescence [159].
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4.13. Ursolic acid

Ursolic acid (UA, 21),  a well-known naturally synthetized pen-
tacyclic triterpenoid, is found in abundance in blueberries (e.g.
Vaccinium myrtillus), cranberries (e.g. Vaccinium oxycoccos)  and
apple peels (Fig. 6). Through multiple effects on the cellular pro-
teome and signalome, UA (21) has a positive impact on numerous
cancer types, mainly by decreasing cell density, but also diminish-
ing cell viability and increasing cell death (reviewed in [160]).

Molecularly speaking, treatment with UA (21) induces leukemia
cell death partially through increasing acetylation of histone
H3 and inhibition of HDAC activity [161]. In addition, 12-O-
tetradecanoylphorbol-13-acetate (TPA)-induced transformation in
epidermal cells is rescued by UA (21)-mediated Nrf2 expression
induction. To do so, UA (21) alters the methylation status of the Nrf2
promoter via the negative regulation of the expression of epigenetic
modification enzymes, including HDAC6, potentially contributing
to prevention of skin cancer [162].

4.14. Vanillate-based compounds

Natural vanillin, a phenolic aldehyde, is the major constituent
of several essential plant oils, principally Vanilla planifolia, Vanilla
tahitensis, and Vanilla pompona. It is used as the principal flavor and
aromatic component worldwide, and is commonly found in pro-
cessed foods, beverages, and pharmaceutical products as well as in
perfume industry [163]. Vanillin presents anti-tumor potential via
anti-oxidant, anti-invasive, anti-metastatic, and anti-angiogenic
activities in differing models. Vanillin has numerous molecular tar-
gets implying several biological processes implicated in cancer such
as cell proliferation and cell cycle; DNA damage, oxidative and
stress response; apoptosis; invasion and metastasis [163].

The highest amount of vanillic acid, an oxidized form of vanillin,
is extracted from the root of Angelica sinensis. Notably, two deriva-
tives of vanillic acid, 13a (22) and 7b (23), which are di- and
tri-vanillate-based polyphenols, respectively (Fig. 7), have been
reported as selective HDAC6i in vitro and in cellulo.  Furthermore,
compounds 13a (22) and 7b (23) decrease the proliferation of
prostate cancer cell lines in 2D and 3D cell culture conditions [164].
In the same models, these vanillate-based compounds modulate
microtubular architecture through increased "-tubulin acetylation,
diminishing the migration potential of tumor cells. Moreover, 13a
(22) and 7b (23) reduce cell cycle progression with an accumula-
tion of cells in S and G2/M phases associated with a reduction of
cyclin A2, cyclin D1 and CDK1 protein levels. Subsequently, treat-
ments with 13a (22) and 7b (23) induce prostate cancer cell death
with a differential toxicity compared to non-cancerous prostate
cells. Finally, in AR-positive prostate cancer cells, these molecules
strongly decrease AR protein levels and target gene expression via
HDAC6 inhibition-mediated HSP90" hyperacetylation leading to
the reduction of AR-HSP90" interaction [164].

Remarkably, synthetic analogues of 13a (22) and 7b (23) with-
out vanillic acid moieties lack inhibitory selectivity against HDAC6
activity. Nonetheless, they still have been described as pan-HDACi
[6]. Such findings bring critical information for structure-activity
relationship analyses, especially considering that they also have
structural similarities with curcumin (see part 4.2.3.), enabling
some insightful comparison between their respective actions
against cancer cells.

5. Critical consideration and future perspectives

Disruptions of the functional acetylation pattern contribute to
tumorigenesis and can be triggered by various mechanisms such

as aberrant activation or overexpression of HDAC isoforms, which
thus represent interesting therapeutic targets.

Improved knowledge about the functions of isoenzyme HDAC6
in physiological and pathological conditions has been associated
with a growing interest for this deacetylase. Research has thus
intensified in order to discover more potent and selective HDAC6i,
two even reaching clinical trials for the treatment of MM.  However,
further pharmacodynamic studies will enable the evaluation of
their potential side effects and to determine whether they present a
better benefit versus risk balance than other non-selective approved
HDACi. Such aspects have also to be considered for any further
HDAC6i undergoing pre-clinical evaluations.

In the future, the recently reported crystal structure of the
two deacetylase domains of HDAC6 will most likely allow the
successful structure-based design of selective HDAC6i with novel
chemical properties and enable the determination of essen-
tial structure-activity relationships. Nonetheless, an increased
structural knowledge of HDAC6 is required and could allow deter-
mining how the different HDAC6 domains are inter-connected and
whether they play a role in substrate recognition and specificity, as
well as their impact on the modulation of the catalytic activity of
HDAC6.

Bioactive principles obtained from natural sources, or com-
pounds derived from scaffolds provided by Mother Nature have
gained considerable popularity, particularly as anti-cancer drugs.
However, only few HDAC6i have been discovered so far. It would
thus be of considerable interest to assess the selectivity of well-
known or newly discovered natural compounds towards HDAC6
activity and/or protein expression in order to determine whether
they could display their anti-cancer properties through regulation
of HDAC6-dependent mechanisms, yet to be elucidated.

As already mentioned, the mechanisms underlying compound-
mediated negative regulation of HDAC6 expression are still globally
unknown and deserve to be investigated. In this perspective, eluci-
dating the upstream pathways regulating HDAC6 expression and
catalytic activity could lead to new efficient therapeutic strate-
gies against specific diseases in which HDAC6 plays a critical
role by targeting various axes implicating this deacetylase. Sim-
ilarly, an improved knowledge of the (post)-transcriptional and
(post)-translational mechanisms regulating HDAC6 gene expres-
sion would allow the development of new strategies for the
modulation of HDAC6 functions rather than its catalytic inhibi-
tion. In addition, getting a full picture of the acetylome regulated
by HDAC6 would also enable a better understanding of its roles and
therapeutic potential.

Selective HDAC6 inhibition is not associated with severe cyto-
toxicity [66,165]. Therefore, the advent of novel specific HDAC6i
may justify the rational of using HDAC6 as a preferred synergis-
tic target in combinatorial therapies with natural and synthetic
compounds for the improvement of clinical cancer treatment. For
instance, simultaneous inhibition of proteasome and HDAC6 activ-
ities, resulting in the accumulation of misfolded proteins, has been
proposed as a new strategy in cancer therapy to synergistically
induce cell death in MM [166], and many additional solid cancers.
Notably, cells could be differentially dependent on the HDAC6-
regulated aggresome pathway to eliminate proteins, which would
result in various responses of the cells to this combination treat-
ment. Nevertheless, there is no doubt that such approaches based
on combination with HDAC6i represent promising anti-cancer
therapeutic strategies that will be further developed in a near future
and be beneficial to cancer patients.

Although HDAC6 is the major deacetylase regulating "-tubulin
and cortactin acetylation levels, such substrates are also targeted
by SIRT2 and SIRT1, respectively. Accordingly, another potential
attractive opportunity is the combination of selective inhibitors or
the development of dual inhibitors against HDAC6 and SIRT1 or
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SIRT2 deacetylases. Such approaches could overcome the limita-
tions of a single target antitumor drug and potentiate the effect of
selective HDAC6 inhibition by improved targeting of shared sub-
strates and associated signaling pathways.

Furthermore, selectively inhibiting HDAC6 may be consid-
ered as a potential immuno-modulatory option since it has been
described to participate in the regulation of immune-related path-
ways in melanoma [167]. Of note, the immuno-modulatory effects
observed with selective HDAC6i are similar to those obtained
with pan-HDACi. Nonetheless, further investigations are granted
to identify the precise role(s) of HDAC6 in the immune response,
especially in the context of cancer subtypes presenting altered
HDAC expression profiles. Particularly, it would be of interest
to establish how HDAC6 may  regulate the expression of co-
stimulatory/inhibitory molecules or its potential influence on the
different immune cell populations. In that sense, future investiga-
tions will reveal the level of neo-antigen formation after treatment
of selected cancer types by HDACi in general and particularly
by HDAC6i. Indeed, perturbation of the cancer cell acetylome
could trigger de novo protein expression potentially contribut-
ing to a better recognition of the (dying) cancer by dendritic
cells or macrophages. Although the induction of immunogenic cell
death (ICD) was described for pan-HDACi, the impact of HDAC6i
remains largely to be investigated. Ultimately, this approach should
determine the contribution of HDAC6i to trigger ICD and the full
benefit of using HDAC6i alone or in combination for anti-cancer
immunotherapies.

Finally, HDAC6 has been recognized as a promising target
in several additional disorders, such as inflammation, autoim-
mune diseases, and neurodegeneration [168]. For instance, HDAC6i
in Alzheimer’s disease have been demonstrated to induce the
degradation of tubule-associated unit (Tau) via the alteration of
HDAC6-HSP90" interaction, and the subsequent restoration of !-
amyloid-induced damages [12]. Consequently, the advancement in
HDAC6 targeting may  also ameliorate ongoing therapies for those
pathologies. Accordingly, the identification of the causes and mech-
anisms linked to HDAC6 deregulations in those diseases, as well
as HDAC6-specific roles in their development and maintenance,
may  lead to major progresses in the research towards personalized
therapies.
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A B S T R A C T

Chronic myeloid leukemia (CML) is a hematological disorder caused by the oncogenic BCR-ABL fusion protein
in more than 90% of patients. Despite the striking improvements in the management of CML patients since
the introduction of tyrosine kinase inhibitors (TKis), the appearance of TKi resistance and side effects lead to
treatment failure, justifying the need of novel therapeutic approaches. Histone deacetylase inhibitors (HDACis),
able to modulate gene expression patterns and important cellular signaling pathways through the regulation of
the acetylation status of both histone and non-histone protein targets, have been reported to display promis-
ing anti-leukemic properties alone or in combination with TKis. This review summarizes pre-clinical and clinical
studies that investigated the mechanisms underlying the anticancer potential of HDACis and discusses the ratio-
nale for a combination of HDACis with TKis as a therapeutic option in CML.

1. Introduction

Chronic myeloid leukemia (CML) is a well-characterized hematolog-
ical malignancy displaying abnormal accumulation of clonal pluripotent
hematopoietic stem cells in peripheral blood, bone marrow and spleen.
In over 95% of CML patients, leukemogenesis is caused by the recipro-
cal translocation t(9;22)(q34;11) between the breakpoint cluster region
(BCR) and Abelson murine leukemia viral oncogene homolog 1 (ABL)
genes known as the Philadelphia chromosome. The resulting oncogenic
BCR-ABL fusion protein, via its abnormal constitutive tyrosine kinase ac-
tivity, stimulates a variety of oncogenic signaling pathways leading to
the disruption of key cellular processes. The introduction of Srst-gener-
ation tyrosine kinase inhibitors (TKis) against CML strikingly improved
the management of patients and the disease outcome. Nevertheless, clin-
ical resistance of BCR-ABL-positive leukemia to currently used TKis jus-
tiSes the need for alternative or additional treatments, including the de-
sign of second or third generation TKis and their combination with other
drugs.

Since aberrant functional acetylation landscapes due to the acti-
vation or overexpression of histone deacetylases (HDACs) are associ-
ated with the development of numerous cancers including CML [1],
this family of epigenetic enzymes became a promising target for de-
veloping new anticancer therapeutic strategies. Accordingly, numer-
ous histone deacetylase inhibitors (HDACis) have been developed in

the last years and HDAC isoenzyme inhibition leads to hyperacetyla-
tion of histone and non-histone proteins, resulting in anticancer effects
through many multiple molecular mechanisms. Besides regimens using
HDACis as a single agent, a growing number of ongoing clinical trials
use HDACis in combination with classical chemotherapeutic agents in
order to improve anticancer activities.

The importance of HDAC isoforms in CML initiation and progression
has led researchers to study the therapeutic potential of HDACis alone
or in combination with TKis. In this review, we will focus on the in cel-
lulo and in vivo anti-leukemic properties of TKi-HDACi combinations in
CML therapy.

2. Chronic myeloid leukemia

2.1. Classi@cation of leukemia

The term leukemia describes abnormal proliferation and development
of one or more cell lines in the bone marrow. The broad classiScation
of leukemia is still based on the cell origin (myeloid versus lymphoid)
and the rapidity of the clinical course (acute versus chronic), resulting
in four main types of leukemia. In chronic leukemia, slow progressive
accumulation (rather than proliferation) of cells in the bone marrow is
observed and peripheral tissues predominate. Replacement of the nor-
mal hematopoietic tissue in the bone marrow by tumor cells can occur
before the onset of overt leukemia.
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CML is a hematological disorder characterized by an abnormal ac-
cumulation of clonal pluripotent hematopoietic stem cells in periph-
eral blood, bone marrow, and the spleen. Patients with CML conse-
quently display symptoms such as anemia, extreme blood granulocy-
tosis with immaturity, basophilia, thrombocytosis, and splenomegaly.
Without treatment, CML ultimately progresses from a chronic phase that
is primarily asymptomatic and characterized by an increase in gran-
ulocytes, to an accelerated phase, with a rapid expansion of granulo-
cytes and terminal blast crisis that resembles acute leukemia, leading to
metastasis, organ failure, and death [2].

2.2. Epidemiology

Worldwide, 1.2 to 1.5 million people are currently living with CML.
In the United States, CML has an incidence of 1 2 cases per 100,000
adults, and accounts for approximately 15% of newly diagnosed cases
of leukemia in adults [3]. While the number of patients diagnosed each
year has stayed relatively constant, survival rates have more than dou-
bled owing to advances in treatment.

The associated risk factors that may affect CML initiation include age
(increased risk after 65years of age), gender (higher genetic predisposi-
tion in males), obesity, and heavy exposure to radiation [4].

2.3. Pathophysiology

In 95% of patients, CML pathogenesis is driven by a cytogenetic ab-
normality known as the Philadelphia chromosome resulting from the
reciprocal translocation, t(9;22)(q34;11), between BCR and the ABL
genes (Fig. 1). The resulting BCR-ABL fusion gene is translated into
different BCR-ABL proteins that vary in size and pathogenicity depend-
ing on the location of the breakpoint in the BCR gene. Three break-
point cluster regions in the BCR gene have been described to date: major
(M BCR; p210), minor (m-BCR; p230), and micro ( -BCR; p190) [5].
The majority of patients with CML display breakpoints in exon a2 of the
ABL gene and either in exons 13 (b2) or 14 (b3) of the BCR gene, result-
ing in fusion genes that are transcribed either to a b2a2 or b3a2 mRNA.
The Snal product of this genetic rearrangement is a 210-kDa cytoplas-
mic fusion protein that is essential and sufScient for the malignant trans-
formation of CML. Less frequently, CML is induced by atypical BCR-ABL
transcripts, involving for instance, ABL exon a3 instead of a2 or tran-
scripts with an e1a2, e19a2, or e6a2 junction [6].

The oncogenic BCR-ABL protein, displaying abnormal constitutive
tyrosine kinase activity, interacts with a variety of effector proteins in-
volved in oncogenic pathways, which leads to the disruption of key cel-
lular processes (Fig. 1). Among these effectors, signal transducer and
activator of transcription (STAT)5 is a transcription factor aberrantly ac-
tivated through BCR-ABL-mediated constitutive phosphorylation, which
then up-regulates the expression of B-cell lymphoma (BCL)-extra large
(BCL-xL) and myeloid cell leukemia (MCL)-1, two anti-apoptotic BCL-2
family members. Another effector is growth factor receptor-bound pro-
tein 2 (GRB2) that binds to a tyrosine-phosphorylated site of BCR-ABL
via its SH2 domain. The BCR-ABL/GRB2 complex recruits Son of seven-
less (SOS) that induces the activation of GRB2-associated binding pro-
tein 2 (GAB2). Consequently, the GRB2/GAB2/SOS complex causes con-
stitutive activation of phosphoinositide 3-kinase (PI3K) and Ras sig-
naling pathways. The latter stimulates the activation of mitogen-acti-
vated protein kinase (MAPK) proteins, which results in the up-regula-
tion of c-MYC expression. This proto-oncogene then regulates the ex-
pression of survivin, a member of the inhibitor of apoptosis (IAP) fam-
ily that inhibits caspase activation, thereby leading to a negative reg-
ulation of apoptosis [7]. Subsequently, the activation of these signal-
ing pathways leads to uncontrolled cell proliferation, impaired transcrip

tional activity, decreased adherence of leukemia cells to the bone mar-
row stroma, malignant expansion of hematopoietic stem cell popula-
tions, and stimulated survival of tumor cells owing to a reduced apop-
totic response to mutagenic stimuli [8,9].

2.4. Current treatments

The development of TKis, including imatinib, more than 10 years
ago helped transform Philadelphia chromosome-positive CML from a
life-threatening disease to, in most cases, a chronic condition when man-
aged with appropriate treatments (Novartis, Basel, Switzerland).

2.4.1. First-generation inhibitor: Imatinib
Imatinib has a typical bisarylanilino core comprising a phenyl ring

and a pyridine-pyrimidine moiety, containing a benzamide-piperazine
group in the meta-position of the aniline-type nitrogen atom [10]. Ima-
tinib is a type II TKi that only binds to the inactive state of BCR-ABL,
which is characterized by a speciSc DFG (Asp-Phe-Gly)-out conforma-
tion of the unphosphorylated activation loop, in which the DFG mo-
tif is being folded away from the conformation required for ATP phos-
phate transfer. Imatinib interactions with BCR-ABL are mediated by (i) a
unique hydrogen bond donor acceptor pair and hydrophobic tail moi-
ety that form van der Waals interactions with the hydrophobic site of
BCR-ABL, also referred to as the allosteric site , that is directly adjacent
to the ATP binding pocket created by the DFG-out conformation and (ii)
a head group that extends to the adenine region and forms a single
hydrogen bond with the kinase hinge residue [11,12]. Notably, ima-
tinib is most efScacious in the chronic phase of CML when most patients
achieve durable complete cytogenetic responses.

Nevertheless, such therapeutic regimens are associated with TKi re-
sistance and severe side effects, which represent barriers to effective
treatments. Clinical resistance to imatinib can be elicited by various
BCR-ABL-dependent and -independent mechanisms. The BCR-ABL-de-
pendent mechanisms include selection of sub-clones containing point
mutations within the BCR-ABL kinase domain that impede imatinib
binding, and the over-expression or ampliScation of the BCR-ABL gene.
The BCR-ABL-independent mechanisms involve factors inTuencing the
intracellular concentration of imatinib (e.g. alterations in drug inTux and
efTux) and activation of BCR-ABL independent pathways [13,14]. Fur-
thermore, the quiescent population of leukemic stem cells (LSCs) consti-
tutes a possible reservoir for the development of therapeutic resistance
or disease progression through escape mechanisms of altered self-re-
newal, differentiation, and survival [14,15].

Therefore, it is critical to explore novel therapeutic approaches to ad-
dress these limitations [2]. The need for alternative or additional treat-
ment for imatinib-resistant BCR-ABL-positive leukemia has guided the
design of second generation TKis (see chapters 2.4.2. and 2.4.3. for more
details) [16]. Additionally, treatment of cancerous cells with imatinib
combined with another drug such as HDACis could sensitize cells to the
cell killing effects of imatinib and allow the diminution of the concen-
tration of each compound, thus reducing side effects.

2.4.2. Second-generation inhibitors: dasatinib, nilotinib, and bosutinib
Dasatinib is a smaller TKi than imatinib, establishing fewer inter-

actions with its targets, and binding BCR-ABL with great versatility,
in both active and inactive conformations. Nevertheless, the inactive
DFG-out conformation has higher entropy than the DFG-in active con-
formation, which is thus preferentially inhibited by dasatinib. Con-
versely, nilotinib binds to the DFG-out inactive conformation of the
BCR-ABL protein [10]. In vitro, dasatinib and nilotinib display 325-fold
and 10- to 50-fold greater potency against native BCR-ABL,

2



UN
CO

RR
EC
TE
D
PR
OO

F

M. Lernoux et al. Biochemical Pharmacology xxx (xxxx) xxx-xxx

Fig. 1. CML pathogenesis and effect of treatment with tyrosine kinase inhibitor imatinib. Breakpoint cluster region-Abelson murine leukemia viral oncogene homolog 1 (BCR-ABL) de-
pendent signaling pathways are activated upon phosphorylation of the tyrosine (Tyr) 177 of BCR-ABL. Growth factor receptor-bound protein 2 (GRB2), phosphorylated by BCR-ABL, is
associated with the Son of sevenless (SOS) and GRB2-associated-binding protein 2 (GAB2), leading to the activation of phosphatidylinositol 3-kinase (PI3K) and Ras signaling pathways.
The latter is responsible of the expression of c-MYC gene via mitogen-activated protein kinases (MAPK). BCR-ABL also induces phosphorylation of signal transducer and activator of tran-
scription 5 (STAT5), which is responsible for the expression of BCL-xL and MCL-1 genes. These BCR-ABL dependent signaling pathways are implicated in cell proliferation and survival.
Imatinib induces cell cycle arrest and apoptotic cell death by preventing the binding of BCR-ABL target proteins (e.g. GRB2 and STAT5) at the active site.

respectively, in comparison to imatinib, as well as activity against all
currently described imatinib-resistant BCR-ABL mutations except T315I
[17]. Therefore, dasatinib and nilotinib are Food and Drug Administra-
tion (FDA)-approved for the second-line treatment of CML, i.e. for the
treatment of patients with chronic or accelerated phase CML associated
with resistance or intolerance to prior therapy, including imatinib. De-
spite this, dasatinib and nilotinib-insensitive BCR-ABL mutations have
been identiSed in vitro [18].

Bosutinib is a potent dual SRC/ABL kinase inhibitor with consider-
able activity against BCR-ABL and most imatinib-resistant BCR-ABL ki-
nase domain mutants except T315I and V299L [19]. Bosutinib is ap-
proved for the treatment of CML patients who previouslyreceived at
least one TKi and where imatinib and other second-generation TKis
are not considered suitable therapeutic options. Bosutinib is also used
in patients with resistance or intolerance to prior
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therapies. More recently, bosutinib was approved as a Srst-line therapy
in patients with newly diagnosed chronic-phase CML [20].

2.4.3. Third-generation inhibitor: Ponatinib
To date, the only approved third-generation TKi is ponatinib, a dual

SRC/ABL inhibitor designed to overcome the gatekeeper T315I muta-
tion. Ponatinib is indicated for the treatment of CML in every phase that
is disease resistant and/or intolerant to dasatinib and nilotinib and for
patients for whom imatinib is not indicated anymore, or for patients
with T315I mutation [21]. Structurally, ponatinib closely overlaps nilo-
tinib despite several differences such as the insertion of an ethynyl linker
to accommodate the isoleucine side chain without any steric interfer-
ence also in the inactive conformation [10].

3. Acetylation of histone and non-histone proteins

Growing evidence highlights the essential role of lysine acetylation
of histone and non-histone proteins in the coordination of highly reg-
ulated cell functions. This post-translational modiScation (PTM) neu-
tralizes the positive charge of the -amino group of lysine residues or
introduces steric hindrance, resulting in the modulation of protein in-
teractions with nucleic acids or with other proteins [1,22]. In addi-
tion, acetylation can regulate enzymatic activity of the lysine residues
involved in catalysis by inTuencing their interactions with regulatory
proteins and their access to substrates, or through allosteric regulation
[23].

As previously mentioned, an equilibrium between the addition and
removal of acetyl groups by histone acetyl transferases (HATs) and
HDACs, respectively, establishes the acetylation status of lysine residues
in various protein substrates (Fig. 2). HAT enzymes catalyze the transfer
of an acetyl moiety from acetyl coenzyme A to lysine residues of target
proteins [24]. Since acetyl coenzyme A is a key metabolic intermediate
in essential carbon catabolic pathways, protein acetylation connects the
metabolism to cellular signaling pathways [23].

Initially, HATs and HDACs were believed to exclusively modulate
the acetylation level of histone tails. Nevertheless, mass spectrome-
try-based investigations of the acetylome in different cell models

showed that such enzymes also target a wide and continuously growing
list of non-histone proteins in various cellular compartments [23,25].
Accordingly, lysine acetylation is a crucial PTM affecting numerous nu-
clear and cytoplasmic protein functions and is regulating a large variety
of vital cellular processes [23,26,27].

4. Histone deacetylases

4.1. Classi@cation

In mammals, 18 HDACs were identiSed and subdivided into four
classes according to their catalytic activity, sequence similarity, and cel-
lular localization (Table 1). Class I includes HDAC1, 2, 3, and 8; class
II is divided into two subclasses: subclass IIa corresponds to HDAC4,
5, 7, and 9 and subclass IIb encompasses HDAC6 and 10; class III con-
tains seven members, sirtuins (SIRT) 1 to 7; and class IV comprises only
HDAC11 [28,29].

Classes I, II, and IV metalloenzymes possess a zinc ion at the bottom
of their catalytic pocket essential for the deacetylation reaction whereas
class III isoforms, or sirtuins, depend on the cofactor nicotinamide ade-
nine dinucleotide (NAD+) for their catalytic activity. Members of classes
I and IIa are characterized by a single deacetylase domain at their C-ter-
minus, whereas class IIb enzymes, HDAC6 and 10, also present a second
deacetylase domain on their N-terminus that is only active in HDAC6
[29,30].

Class I and II HDACs show high similarity to yeast reduced potas-
sium dependency 3 (Rpd3) and yeast histone deacetylase 1 (Hda1), re-
spectively [31]. Ubiquitously expressed class I enzymes are mainly de-
tected in the nucleus of cells owing to the presence of a nuclear local-
ization signal. Except HDAC9 and HDAC10, class II isoenzymes possess
both a nuclear localization signal and a nuclear export signal, confer-
ring them the remarkable capability to shuttle between the nucleus and
the cytoplasm. Notably, the expression of class IIa HDAC is tissue-spe-
ciSc. The only member of class IV, HDAC11, is homologous to class I
and II HDACs. Class III members, known as sirtuins by analogy with the
yeast silent information regulator 2 (Sir2), can be located either in the
nucleus, mitochondria, or cytoplasm [1,31].

Fig. 2. Mechanisms of protein HDAC-mediated deacetylation and HAT-mediated acetylation. ADP: adenosine diphosphate; CoA: coenzyme A; NAD+: nicotinamide adenine dinucleotide;
NAM: nicotinamide.
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Table 1
ClassiScation of HDAC isoenzymes.

Family Class

Protein
(S.
cerevisiae) Subclass

Protein
(human)

Cellular
localization

Chromosomal
localization

Histone deacetylase I Rpd3,
Hos1,
Hos2,
Hos3

NA HDAC1 Nuclear 1p34

HDAC2 Nuclear 6q21
HDAC3 Nuclear 5q31
HDAC8 Mainly

nuclear
Xq13

II Hda1 Class IIa HDAC4 Nucleo- 2q37.3
HDAC5 cytoplasmic 17q21
HDAC7 shuttle 12q13.1
HDAC9 Nuclear 7p21.1

Class IIb HDAC6 Mainly
cytoplasmic

Xp11.23

HDAC10 Nuclear and
cytoplasmic

22q13.31

IV NA HDAC11 Nuclear 3p25.1
Sir2 regulator III Sir2,

Hst1,
Hst2,
Hst3,
Hst4

I SIRT1 Mainly
nuclear

10q21.3

SIRT2 Nuclear and
cytoplasmic

19q13

SIRT3 Mitochondrial 11p15.5
II SIRT4 Mitochondrial 12q
III SIRT5 Mitochondrial 6p23
IV SIRT6 Nuclear 19p13.3

SIRT7 Mainly
nuclear

17q25

Hda: yeast histone deacetylase, HDAC: histone deacetylase, NA: non-applicable, Rpd: yeast reduced potassium dependency, Sir: yeast silent information regulator, SIRT: sirtuin.

4.2. Regulation of HDAC activities

HDAC expression and enzymatic activities are highly regulated at the
transcriptional, post-transcriptional, translational, and post-translational
levels. Two well-characterized mechanisms of HDAC regulation are pro-
tein protein interactions within stable large multi-subunit complexes
and PTMs such as phosphorylation, sumoylation, acetylation, ubiquiti-
nation, glycosylation, and S-nitrosylation. Moreover, the regulation of
some HDAC activities includes also subcellular localization, alternative
RNA splicing, proteolytic processing, and availability of metabolic co-
factors [29,32].

Examples of HDAC regulation by protein protein interaction were
reported in studies on class I HDACs. For instance, at least three distinct
multi-protein complexes called the CoREST, the NuRD, and the Sin3
complexes function as recruitment platforms for HDAC1 and HDAC2
[33]. In addition, HDAC3 exists in a complex constituted of silencing
mediator for retinoid or thyroid-hormone receptor (SMRT) and nuclear
receptor co-repressor (N-CoR) [34].

All HDACs possess phosphorylation sites targeted by speciSc kinases
and their phosphorylation status affects enzymatic activity as well as
protein complex formation. It is the most extensively studied PTM con-
trolling HDAC functionality. Regarding class I HDACs, phosphorylation
enhances HDAC1-3 activities, but inhibits HDAC8 [28,29]. The enzy-
matic activity of phosphorylated class IIa HDAC4 is modulated partly
through subcellular localization, as the binding of 14 3-3 proteins to
phosphorylated HDAC4 results in its cytoplasmic sequestration [35].

4.3. HDACs and cancer

Disruption of the functional acetylation pattern contributes to tu-
morigenesis. Accordingly, overexpression of HDACs is usually detected
in cancer, resulting in a global hypoacetylation. Alternatively, muta-
tions in the sequences encoding HDAC isoforms are detected in differ-
ent cancer subtypes leading to a loss of function of the mutated isoform
or a disruption of its cellular localization [36]. A third mechanism in-
volves fusion proteins responsible for an aberrant recruitment of HDACs
to target gene promoters, leading to deregulation of gene transcription
that may involve both an abnormal silencing of tumor suppressor genes
and activation of developmental genes that sustain cancer progression.
Moreover, aberrant activation or overexpression of HDACs promotes tu-
morigenesis via the arrest of normal hematopoietic cell differentiation
[1,37].

Class IIa HDACs reportedly display a weak catalytic activity in vitro,
and their presence in complexes with other HDACs suggests a recruit-
ment function [38,39]. Therefore, the following chapters will describe
some examples of the implications of class I HDACs in tumorigenesis.

4.3.1. Cellular proliferation
Cyclin-dependent kinase inhibitor 1A (CDKN1A, p21) promotes

cell-cycle arrest primarily by binding to and inhibiting cyclin/cyclin-de-
pendent kinase (CDK) complexes [40]. Multiple HDACs repress p21
transcription through deacetylation of histones H3 and H4 in its pro-
moter region [41]. In normal development, targeted loss of HDAC1
causes early embryonic lethality because of a lack of prolif
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eration caused by increased p21 expression. Despite a concomitant in-
crease in HDAC2 and HDAC3 expression, disruption of HDAC1 in early
embryonic development cannot be compensated [42]. Many cancer
cell types overexpress HDAC1, HDAC2, and/or HDAC3 as compared to
the normal counterpart, which correlates with inhibited p21 expression
[43 45].

Additionally, the loss of tumor suppressor scaffold/matrix attach-
ment region binding protein 1 (SMAR1) in cancer correlates with over-
expression of the cell-cycle activator cyclin D1. Tumor suppressor
SMAR1 normally binds the cyclin D1 promoter and recruits the HDAC1/
mSin3 repression complex, causing reduced cyclin D1 expression
through histone deacetylation and restrained cell growth [46].

Furthermore, HDAC1-containing complexes interact with and induce
deacetylation of the tumor suppressor p53 at C-terminal lysine residues
K320, K373 and K382, strongly reducing p53 stability and transcrip-
tional activity, thereby reversing p53-mediated cell growth arrest, senes-
cence and apoptosis [47].

Finally, HDAC1 is associated with Sp1/Sp3 at the promoter of trans-
forming growth factor receptor I (TGF- RI), decreasing the acetylation
levels of histones H3 and H4. The associated loss of TGF- RI expres-
sion, frequently observed in many cancer types, renders cancer cells un-
responsive to TGF and allows for unfettered cell growth [48].

4.3.2. Hematopoietic diAerentiation
Chromosomal translocations in leukemia and lymphoma often re-

sult in an aberrant HDAC recruitment to regulatory regions of pro-
moters, preventing the appropriate expression of target genes involved
in differentiation. For instance, the oncogenic fusion protein promye-
locytic leukemia (PML)-retinoic acid receptor (RAR) resulting from
the t(15;17) translocation is the main driver of acute promyelocytic
leukemia (APL) development. Accordingly, different class I HDAC-con-
taining repressor complexes associate with PML-RAR , which leads to
the blockage of physiological all trans retinoic acid (t-RA) signaling,
thereby preventing complete remission [49]. Additionally, the chimeric
protein runt-related transcription factor (RUNX)1-ETO, product of the
t(8;21) translocation, interacts with HDAC1-3 as well as the co-repres-
sors mSin3a, SMRT and N-CoR, preventing transcription of target genes
implicated in myeloid differentiation, thus allowing for continued pro-
liferation of undifferentiated progenitor cells and initiation of acute
myeloid leukemia (AML) [50].

4.3.3. Angiogenesis and metastasis
Hypoxic regions of tumors increase HDAC1 expression and activ-

ity, resulting in enhanced angiogenesis via the repression of the tu-
mor suppressor genes p53 and von Hippel Lindau (VHL), accompa-
nied by the induction of genes promoting new vessel formation such

as hypoxia-inducible factor (HIF)-1 and vascular endothelial growth
factor (VEGF) [51].

Class I HDACs are involved in the loss of extracellular matrix-related
gene expression. For instance, HDAC1 inhibits the expression of cystatin,
a peptidase inhibitor that suppresses tumor invasion [52]. In addition,
the repressor Snail recruits HDAC1 and HDAC2, as well as the co-repres-
sor mSin3A to the E-cadherin promoter, directly silencing its gene ex-
pression, which is essential to lower cell cell adhesion and stimulate the
invasiveness of cells [53]. Similarly, the HDAC3 and peroxisome pro-
liferator-activated receptor (PPAR) complex repress E-cadherin gene
transcription through binding to its promoter in prostate cancer cells
[54]. Furthermore, HDACis down-regulate the expression of the C-X-C
chemokine receptor (CXCR)4 in acute lymphocytic leukemia (ALL) cells,
resulting in impaired cell migration [55]. Importantly, the HDACi-medi-
ated increase in intercellular adhesion molecule (ICAM)1 expression on
tumor-derived endothelial cells prevents the escape of tumor cells from
the immune response by restoring leukocyte-vessel wall interactions and
leukocyte inSltration into the tumors [56].

5. HDAC inhibitors

Owing to the reversible nature of epigenetic modiScations, consider-
able efforts have been undertaken to generate small molecules inhibit-
ing proteins involved in epigenetic regulation like HDACs. Thus, over
the years, HDACis have become a promising strategy for the treatment
of multiple malignancies [1,30].

5.1. Classi@cation and structure

Based on their chemical structures, HDACis were initially sub-di-
vided into Sve classes, namely hydroxamic acids, carboxylates
(short-chain fatty acids), benzamides, depsipeptides and cyclic peptides
[57,58]. Moreover, a long list of other compounds with a broad range
of chemical structures was reported to inhibit HDAC activities. A mul-
titude of these HDACis were discovered in nature, whereas derivatives
have been synthesized by rational design or the modiScation of natural
compounds [59].

Although most of them are pan-HDACis (i.e. targeting multiple
non-sirtuin HDACs), an increasing number of molecules are designed to
be selective for one class or even for a single isoform [37].

Three domains characterize the prototypical pharmacophoric model
shared by HDACis (Fig. 3): the zinc binding group that is a metal-bind-
ing moiety that chelates the catalytic Zn ion; the hydrophobic linker
region that mimics the substrate s lysine chain and Sts the catalytic
site channel; and the cap group that blocks the access of the sub-
strate to the active site by targeting the channel rim, mainly respon-
sible for HDAC isoform selectivity [57]. HDACis mainly exert their
inhibitory effect by chelating the zinc cofactor at the active site of
the enzyme. HDACi speciScity arises not only from

Fig. 3. Prototypical pharmacophoric model of HDAC inhibitors (HDACi).
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interactions with residues in the cap region, which is adjacent to the cat-
alytic site [57,60], but also from - interactions [61].

5.2. Consequences of HDAC inhibition

The inhibition of HDAC enzymes in cancer cells leads to hyper-acety-
lation of histone and non-histone proteins, resulting in various

anti-cancer properties through many different mechanisms (Fig. 4)
[62]. Interestingly, deacetylation of histones H3 and H4 was reported
in genomic regions close to transcription start sites of genes down-reg-
ulated upon HDACi exposure, suggesting that such thera

Fig. 4. Anticancer activity of HDAC inhibitors. Through the inhibition of HDACs targeting numerous histone and non-histone proteins, pan-HDAC inhibitors (HDACi) display many anti-
cancer properties. Trx: thioredoxin; TBP: Trx binding protein.
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peutic compounds may display additional mechanisms of action [63].
Some HDACis display the potency to restore impaired differentiation

processes in certain tumor types [64], whereas others inhibit aberrant
cell-cycle progression through an increase in p21 expression [65]. In
addition, several HDACis induce apoptotic cell death via the restoration
of apoptotic pathways, and the transcriptional induction or inhibition of
pro-apoptotic (e.g. BIM) or anti-apoptotic (e.g. survivin) proteins, respec-
tively [66,67].

Furthermore, DNA damage induction involved in HDACi toxicity
in transformed cells has been associated with reactive oxygen species
(ROS) generation [68]. Accordingly, HDAC inhibition may result in the
up-regulation of thioredoxin (Trx) binding protein (TBP)2, which binds
and inhibits the activity of the ROS antioxidant scavenger Trx [69].
Lethal consequences of ROS production may be strengthened by HDACis
that interfere with DNA repair processes via the acetylation or transcrip-
tional down-regulation of DNA repair proteins such as Ku70 or RAD50,
respectively [70].

Finally, some HDACis promote endoplasmic reticulum (ER) stress via
78kDa glucose-regulated protein (GRP78) acetylation [71] or disrup-
tion of the aggresome pathway [72]. These compounds also induce au-
tophagy by inhibiting mammalian target of rapamycin (mTOR) [62] or
acetylating autophagy-related proteins (ATGs) [73]. Thus, the type of
response induced by HDACis in cancer cells seems to depend on the
HDAC inhibitory proSle, the concentration and the time of exposure to
the inhibitor. Notably, HDACis usually target preferentially cancer cells
with moderate effects on normal cells [26].

5.3. Most common HDACis

Many pan-HDACis have been developed in the last years, some of
which have entered clinical trials and are currently investigated in dif-
ferent phases against a variety of diseases, including different types of
cancer (reviewed in [74]). Hematological malignancies reacted well to
most of the pan-HDACis already tested clinically, but the efScacy on
solid tumors was disappointingly poor and was also associated with in-
tolerable side effects [75].

Besides studies using HDACis as a single agent, a growing number of
completed or ongoing clinical trials employ HDACis in combination with
other chemotherapeutic drugs in order to achieve improved anticancer
activities [37]. Thus, the combination of classical anticancer agents
with epigenetic modulators appears to be a promising future strategy
against cancer [30].

5.3.1. “Short-chain fatty acid” family: Sodium butyrate and valproic acid
Within the class of short-chain fatty acids, the two most character-

ized HDACis are sodium 4-phenylbutyrate and valproic acid [37]. The
Srst is derived from sodium butyrate, a prototype compound of the
short-chain fatty acid family initially reported to induce differentia-

tion in cultured erythroleukemic cells [76] and whose short half-life
limits its therapeutic application [1]. Sodium 4-phenylbutyrate shows
selective toxicity for leukemia cells against healthy blood cells [77] and
underwent a phase II trial for the treatment of pediatric brain tumors
(www.clinicaltrials.gov). VPA, a branched derivative of valeric acid, is
commonly used for its antiepileptic properties [78] and shows selective
inhibition against class I and IIa HDACs. Moreover, valproic acid induces
differentiation in AML cells and increases responsiveness of CML and
promyelocytic leukemia cell lines to cytarabine [79]. This compound
was tested in a phase I trial for the treatment of solid tumors and cen-
tral nervous system tumors [80], and in a phase II trial for treatments
in combination with 5-azacytidine in hematological malignancies [74].

5.3.2. “Benzamide” family: MS-275 and MGCD103
The group of benzamides, a class of molecules showing speciScity for

class I HDACs, comprises mainly MS-275 (Entinostat) and MGCD0103
(Mocetinostat) [37]. Both of them have entered clinical trials against
hematological malignancies and some solid tumors. Indeed, MS-275
and MGCD0103 were evaluated in two clinical phase II trials for the
treatment of patients with refractory chronic lymphocytic leukemia
and metastatic melanoma, respectively [81,82]. Moreover, MS-275 was
used together with 5-azacytidine to improve cytotoxicity in AML and
acute lymphocytic leukemia [83]. Interestingly, MGCD0103 possesses
two main advantages: an oral mode of administration and a long
half-life, the latter allowing less frequent drug administration but pre-
venting dose escalation or re-treatment [37]. Treatment with MS-275
did not achieve any objective responses. However, MS-275 could be
evaluated as part of a combination therapy to enhance its efScacy [74].

5.3.3. “Hydroxamic acid” family: SAHA, PXD101, and LBH589
The group of hydroxamate-based HDACis contains several com-

pounds tested in clinical trials. Suberoylanilide hydroxamic acid (SAHA;
vorinostat) is a pan-HDACi approved by the FDA in 2006 for the treat-
ment of cutaneous T-cell lymphoma [84]. Moreover, SAHA has been
tested in phase II clinical trials against numerous solid cancer types, in-
cluding breast cancer [85], non-small cell lung cancer [86], ovarian
epithelial cancer [87], primary peritoneal cavity cancer, and thyroid
cancer [88]. Two other compounds belonging to the class of hydrox-
amic acids recently obtained FDA approval; PXD101 (belinostat) was ap-
proved in 2014 for the treatment of patients with relapsed or refractory
peripheral T-cell lymphoma [89], whereas LBH589 (panobinostat) was
approved in 2015 for patients with multiple myeloma who received at
least two prior regimens including the proteasome inhibitor bortezomib
and an immunomodulatory agent [90,91]. In addition, both LBH-589
and PXD101 have undergone different phase clinical trials for the treat-
ment of solid and non-solid tumors [92 94].

5.3.4. “Depsipeptide” family: FK228
The depsipeptide FK228 (romidepsin), an epigenetic drug from nat-

ural origin, received FDA approval in 2009 for the treatment of cuta-
neous T-cell lymphoma based on two studies sponsored by Gloucester
Pharmaceuticals Incorporated and the National Cancer Institute, which
highlighted the beneSts of using FK228, including a response rate of ap-
proximately 35%, the duration of the response, and low and reversible
toxicity [95]. Notably, FK228 has undergone phase II clinical trials for
various solid cancers including metastatic breast cancer, metastatic renal
cell carcinoma, ovarian epithelial or peritoneal cavity cancer, prostate
cancer, and small cell lung cancer [37].

The four compounds that have received FDA approval (Fig. 5) are
class I selective (FK-228) or pan-HDAC inhibitors (SAHA, LBH-589, and
PXD-101).

6. HDAC inhibitors and CML

The regulation of HDAC1 and 2 is essential in maintaining CML
cell survival [96]. Alteration of the normal balance between HATs
and HDACs, partly owing to the up-regulation of class I HDACs, leads
to aberrant acetylation status of apoptosis-related non-histone proteins
p53 and Ku70, which promotes BCR-ABL-independent imatinib resis-
tance [97]. Accordingly, the HDACi AR-42 may increase the sensitiv-
ity of CML cells to imatinib and reverse imatinib resistance by regu-
lating HDAC1 expression, which is up-regulated in imatinib-resistant
cells [98]. Furthermore, low protein tyrosine phosphatase non-recep-
tor type 6 (PTPN6) expression level, correlated

8



UN
CO

RR
EC
TE
D
PR
OO

F

M. Lernoux et al. Biochemical Pharmacology xxx (xxxx) xxx-xxx

Fig. 5. Molecular structures of Food and Drug Administration-approved HDAC inhibitors. SAHA: suberoylanilide hydroxamic acid.

with CML progression and observed in cell lines and patients with ad-
vanced phase CML, results from its regulation by HDAC1 through direct
binding [99].

Mechanistically, HDACi-mediated heat shock protein (HSP)90 hy-
peracetylation leads to the inhibition of the interaction between this
chaperone and BCR-ABL, thereby promoting BCR-ABL proteasomal
degradation [100]. Some HDACis also reduce the ratio of anti-apop-
totic exon 3- to pro-apoptotic exon 4-containing BIM transcripts in CML
cell lines and primary CML progenitors with the BIM deletion poly-
morphism, inducing apoptotic cell death and restoring TKI-sensitivity
[101]. Finally, HDACis target the AKT-mammalian target of rapamycin
(mTOR) signaling pathway, down-regulating the level of phosphorylated
eukaryotic initiation factor (eIF)4E that participates in the translation of
tumor-associated proteins such as c-MYC, cyclin D1, and MCL-1 [102].

It has already been shown that combining HDACis with TKis or dual
BCR-ABL and Aurora kinase inhibitors synergistically induce anti-CML
effects like induction of apoptosis in imatinib-sensitive and -resistant
CML cells, as well as primary cells from patients expressing wild-type
and imatinib-resistant mutant forms of BCR-ABL [103 106]. Note-
worthy, cell mortality is not increased in normal cells incubated with
such co-treatments [107]. In addition, HDACi-TKi combination induces
apoptosis in pro-B Ba/F3 murine cells expressing either wild-type
BCR-ABL in an ectopic manner, or the imatinib-resistant T315I and
E255K point-mutated BCR-ABL [108]. Such combination also exhibited
antitumor activity in vivo [109], significantly prolonging the survival
of mice xenografted with imatinib-resistant BCR-ABL+ leukemic cells
[107].

HDACis in combination with TKis exert anticancer properties
through various mechanisms. First, their synergistic effect involves re-
duction of cyclin D1 levels, as well as induction of p21 and p27 ex-
pression [108,110]. Additionally, such therapies enhance the activa-
tion of mitochondria-dependent caspase cascades [111], ROS gener-
ation and DNA damage induction [107], accompanied by up-regu-
lated and decreased expression of BIM and anti-apoptosis proteins, such
as MCL-1 and X-linked inhibitor of apoptosis protein (XIAP), respec-
tively [111]. Finally, combined treatments induce stronger de

pletion of BCR-ABL, p-Crk-like protein (p-CrkL), p-STAT5, p-ERK1/2,
c-MYC, and BCL-xL levels [108,112].

TKi-HDACi combinations display also the potential to eliminate LSCs
responsible for TKi resistance [113] by up-regulating hsa-miR-196a ex-
pression [114] or suppressing -catenin, which displays a -catenin-in-
dependent role in survival and self-renewal of LSCs [115]. Interestingly,
therapeutic activity against LSCs was reproduced in in vivo mice models
[114].

7. Conclusion and perspectives

A growing number of studies highlight the anti-leukemic proper-
ties of broad-spectrum or pan-HDACis, alone or in combination with
TKis. Nevertheless, the inhibition of multiple HDAC activities is asso-
ciated with diverse side effects and mutagenicity [116]. Consequently,
research is now focusing on the discovery and characterization of more
potent and selective HDACis with anticancer properties. Since class I
HDACs and HDAC6 appear to be involved in CML pathogenesis, com-
bining TKis with inhibitors specifically targeting these isoenzymes could
still result in improved anticancer properties while lowering adverse ef-
fects. For instance, in addition to TKi-mediated inhibition of BCR-ABL
activity, treatment with HDAC6i could lead to the disruption of HSP90
chaperone association with BCR-ABL, provoking its poly-ubiquitination
and degradation by the proteasome [117]. This rational would be of
particular interest in the case of BCR-ABL-dependent imatinib resistance.

To further decipher the mechanisms of action underlying the
anti-leukemic effect of the TKi-HDACi combinations, potential repro-
gramming of cancer-related metabolic pathways could be assessed. In-
deed, HDAC inhibition has been reported to increase acetylation lev-
els of tumor suppressor p53 and numerous transcription factors (e.g.
HIF-1 and c-MYC) involved in the regulation of cancer metabolism,
leading to increased or decreased protein stability, respectively [118].
Moreover, HDACis in combination with TKis strongly reduce the ex-
pression of c-MYC, which targets the gene of lactate dehydrogenase
A that catalyze the conversion of pyruvate to lactate. Interestingly, a
deletion of such enzyme significantly inhibited the function of both
stem cells and progenitor cells during hematopoiesis [119],
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which may at least partly explain the importance of c-MYC in LSC per-
sistence [120].

The immunomodulatory effects exerted by HDACis have been exten-
sively described [121]. In addition, a recent study has demonstrated
that initiation of TKi treatment is accompanied by the restoration of nat-
ural killer and T cell-mediated immune surveillance in CML patients, im-
plying that TKis also plays a role in the immune response [122]. Com-
bining both therapeutic compounds may result in enhanced immuno-
genicity of cancer cells and immune system re-activation. Furthermore,
c-MYC has been reported to directly bind the promoter region of CD47,
a receptor that inhibits phagocytosis of cancer cells by macrophages and
dendritic cells, thereby up-regulating CD47 mRNA and cell-surface pro-
tein expression [123].
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 2 

Abstract 26 

Background: Chronic myeloid leukemia (CML) pathogenesis is mainly driven by the oncogenic 27 

breakpoint cluster region-Abelson murine leukemia viral oncogene homolog 1 (BCR-ABL) 28 

fusion protein. Since BCR-ABL displays abnormal constitutive tyrosine kinase activity, 29 

therapies using tyrosine kinase inhibitors (TKis) such as imatinib represent a major 30 

breakthrough for the outcome of CML patients. Nevertheless, the development of TKi 31 

resistance and the persistence of leukemia stem cells (LSCs) remain barriers to cure the disease, 32 

justifying the development of novel therapeutic approaches. Since the activity of histone 33 

deacetylase (HDAC) is deregulated in numerous cancers including CML, pan-HDAC inhibitors 34 

may represent promising therapeutic regimens for the treatment of CML cells in combination 35 

with TKi. 36 

Results: We assessed the anti-leukemic activity of a novel hydroxamate-based pan-HDAC 37 

inhibitor MAKV-8, which complied with the Lipinski’s “rule of 5”, in various CML cells alone 38 

or in combination with imatinib. We validated the in vitro HDAC-inhibitory potential of 39 

MAKV-8 and demonstrated efficient binding to the ligand-binding pocket of HDAC 40 

isoenzymes. In cellulo, MAKV-8 significantly induced target protein acetylation, displayed 41 

cytostatic and cytotoxic properties, and triggered concomitant ER stress/protective autophagy 42 

leading to canonical caspase-dependent apoptosis. Considering the specific upregulation of 43 

selected HDACs in LSCs from CML patients, we investigated the differential toxicity of a co-44 

treatment with MAKV-8 and imatinib in CML versus healthy cells. We also showed that beclin-45 

1 knockdown prevented MAKV-8-imatinib combination-induced apoptosis. Moreover, 46 

MAKV-8 and imatinib co-treatment synergistically reduced BCR-ABL-related signaling 47 

pathways involved in CML cell growth and survival. Since our results showed that LSCs from 48 

CML patients overexpressed c-MYC, importantly MAKV-8-imatinib co-treatment reduced c-49 
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 3 

MYC levels and the LSC population. . In vivo, tumor growth of xenografted K-562 cells in 50 

zebrafish was completely abrogated upon combined treatment with MAKV-8 and imatinib. 51 

Conclusions: Collectively, the present findings show that combinations HDAC inhibitor-52 

imatinib are likely to overcome drug resistance in CML pathology. 53 

 54 

Keywords: epigenetic regulation; tyrosine kinase inhibitor; computational docking; 55 

autophagy; apoptosis; endoplasmic reticulum stress  56 

 57 

Background 58 

Chronic myeloid leukemia (CML) is a clonal myeloproliferative malignancy accounting for 59 

15% of newly diagnosed leukemia cases in adults (1). CML pathogenesis is mainly driven by 60 

the translocation t(9;22)(q34;11) between the breakpoint cluster region (BCR) and the Abelson 61 

murine leukemia viral oncogene homolog 1 (ABL) genes. The resulting fusion gene is translated 62 

into the oncogenic BCR-ABL protein with abnormal constitutive tyrosine kinase activity, 63 

which stimulates tumor cell proliferation and survival (2). Accordingly, BCR-ABL-positive 64 

CML patients are currently treated with tyrosine kinase inhibitors (TKis) including imatinib. 65 

TKis effectively block downstream BCR-ABL signaling pathways and eliminate most CML 66 

cells (3). Nevertheless, such therapeutic regimens are associated with severe side effects, as 67 

well as the development of TKi resistance, partly due to the reservoir of TKi-insensitive 68 

quiescent leukemic stem cells (LSCs) (4, 5). Therefore, novel therapeutic approaches are 69 

required to overcome these limitations and effectively cure CML patients. Combining imatinib 70 

with epigenetic modulators has emerged as a promising strategy for improving anti-leukemic 71 

therapy. Accordingly, TKi-HDACi combinations have been shown to induce synergistic anti-72 

CML effects and LSC eradication (6). 73 

Histone deacetylases (HDACs) catalyze the removal of acetyl groups from lysine residues 74 
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 4 

of various histones and non-histone protein targets. They thus act as important regulators of 75 

gene expression and are implicated in a plethora of cellular processes (7). Nowadays, it is 76 

established that aberrant activation or overexpression of HDAC isoenzymes trigger disruptions 77 

of the functional acetylation landscape, therefore contributing to the development of numerous 78 

cancers including CML (8, 9). Since HDACs are considered to be attractive targets for cancer 79 

prevention and therapy, pan-HDAC inhibitors (HDACis) represent a powerful class of 80 

epigenetically active therapeutic drugs that have already demonstrated promising anti-cancer 81 

activities in pre-clinical studies and are undergoing clinical trials for many cancers (10, 11). 82 

Four HDACis have achieved Food and Drug Administration approval: class I selective- (FK-83 

228) or pan-HDACis [suberoylanilide hydroxamic acid (SAHA), PXD-101, and LBH-589] 84 

(12). In particular, SAHA has been repeatedly reported to enhance the cytotoxicity of various 85 

chemotherapeutic drugs including TKis such as imatinib (13), and dasatinib (14). 86 

MAKV-8, characterized by a linker of 6-methylene units and a CAP group with 87 

arylisoxazole, has been initially reported to display an IC50 value of 2 pM towards HDAC3 and 88 

HDAC6 in vitro, and its anti-proliferative activity against pancreatic cancer cells was similar 89 

to that of SAHA (15). However, its HDAC-inhibitory properties were never tested in cellulo 90 

and the molecular mechanism through which MAKV-8 exhibits anti-cancer effects has not been 91 

characterized. In this study, we demonstrated that the pan-HDACi MAKV-8 displays anti-92 

leukemic properties alone and in combination with imatinib, which are likely to lower the 93 

burden of resistance in CML pathology. 94 

 95 

Results 96 

In vitro HDAC inhibition by MAKV-8 97 

First, we assessed the in vitro HDAC inhibitory potential of MAKV-8 using SAHA as a 98 

reference compound (Fig. 1). MAKV-8 inhibited total HDAC, as well as recombinant HDAC1 99 
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and HDAC6 deacetylase activities with IC50 values of 5.8, 2.6 and 11.4nM, respectively, 100 

suggesting the inhibition of multiple deacetylase activities. Notably, about 10% of the total 101 

HDAC activity remained with 2µM SAHA or 0.1µM MAKV-8 (Fig. 2A). 102 

 103 

In silico prediction of the drug-likeness characteristics of MAKV-8 104 

In silico predictions showed that MAKV-8 had low lipophilicity, as characterized by a 105 

miLogP coefficient below 5 and a logD7.4 of 2.8, which is a major criterion for orally active 106 

drugs. This compound expressed a topological polar surface area of 142.79 combined with a 107 

molecular weight of 446.5 Da; further 4 and 10 hydrogen bond donors and acceptors, 108 

respectively, were recognized. These parameters imply free diffusion over the cell membrane. 109 

Interestingly, MAKV-8 displayed a favorable intestinal absorption parameter and plasma 110 

protein binding potential compared to PXD-101, predicting a good bioavailability (Table 1). 111 

Altogether, MAKV-8 displayed favorable drug-likeness parameters and a low predicted 112 

toxicity risk, similar to FDA-approved pan-HDACis. 113 

 114 

Table 1: In silico predictions of MAKV-8 druglikeness and oral bioavailability. 115 

Method Parameter 

(unit) 

  Values   

  Theoretical  MAKV-

8 

SAHA PXD-

101 

LBH-

589 

Lipinski’s rule of 

five  

Volume (Å3) NA 411.02 255.64 266.11 330.62 

 miLogP ≤5 3.49 2.47 2.19 3.19 

 MW (Da) ≤500 446.5 264.32 318.35 349.43 

 n-OHNH ≤5 4 3 3 4 

 n-ON ≤10 10 5 6 5 

Ghose filter n-atoms 20≤ x ≤70 32 19 22 26 

Veber’s Rule n-rotb ≤10 12 8 5 7 

 TPSA (Å2) ≤140 142.79 78.42 95.5 77.14 
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Absorption BBBP 0.1≤ MA 

≤2 

0.12 0.22 0.18 1.16 

 IA (%) ≥70 76.68 84.53 89.94 89.23 

 PPB (%) <90 82.82 72.16 94.26 78.3 

Toxicity Rat NA Negative Negative Negative Negative 

BBBP: blood-brain barrier penetration; IA: intestinal absorption; MA: middle absorption; 116 

miLogP: octanol-water partition coefficient; MW: molecular weight; n-atoms: number of 117 

atoms; n-OHNH: number of hydrogen bond donors; n-ON: number of hydrogen bond 118 

acceptors; n-rotb: number of rotatable bonds; NA: not applicable; PPB: plasma protein binding; 119 

TPSA: topological polar surface area.  120 

 121 

MAKV-8 efficiently binds to the ligand-binding pocket of HDAC isoenzymes 122 

A docking simulation on a panel of human HDAC isoforms frequently associated with 123 

tumorigenesis indicated that the hydroxamate group and hydrophobic linker region of MAKV-124 

8 established efficient interactions in the ligand-binding pocket of all HDAC isoenzymes, 125 

whereas its CAP group interacted with loops around the ligand-binding pocket (Fig. 2B; 126 

Additional file 1: Figure S1). Qualitative molecular analyses demonstrated that MAKV-8 127 

displayed more potent binding affinities than SAHA for all tested HDACs, with average values 128 

of -7.1 and -6.2 kcal/mol, respectively, and suggested a moderately different HDAC-inhibitory 129 

profile between MAKV-8 and SAHA since binding affinity energy values were similar for 130 

certain HDACs and distinct for others (Table 2). 131 

 132 

Table 2: Qualitative molecular docking of MAKV-8 against selected HDACsa. 133 

HDAC (PDB code) MAKV-8 SAHA 

HDAC1 (4BKX) -6.7 -5.4 

HDAC2 (4LY1) -7.2 -6.7 
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HDAC3 (4A69) -6.9 -6.5 

HDAC4 (2VQM) -7.7 -5.6 

HDAC6 (5EDU) -7.2 -6.1 

HDAC7 (3C10) -7.1 -6.0 

HDAC8 (3EW8) -7.0 -6.9 

Average -7.1 -6.2 

aBinding affinity energy values (kcal/mol) for the indicated Protein Data Bank (PDB) codes 134 

were calculated using AutoDock Vina program. SAHA was used as a reference HDACi. 135 

 136 

MAKV-8 significantly induced target protein acetylation 137 

To determine whether MAKV-8 acted as an HDACi in cellulo, we next analyzed its effect 138 

compared to SAHA on the acetylation of histone H4, a nuclear substrate of class I, II, and IV 139 

HDACs, and α-tubulin, a cytoplasmic substrate of HDAC6. In K-562 cells, MAKV-8 strongly 140 

induced α-tubulin and histone H4 acetylation in a concentration-dependent manner, starting 141 

from 5 and 1µM, respectively (Fig. 2C). SAHA increased such protein acetylation in a similar 142 

manner to that observed with MAKV-8, albeit at lower concentrations. Noteworthy, EC50 143 

values suggested that MAKV-8 displayed increased selectivity against nuclear HDACs 144 

targeting histone H4 compared to HDAC6 targeting α-tubulin, whereas SAHA acted similarly 145 

on both targets (Table 3). Next, kinetic analysis of α-tubulin and histone H4 acetylation status 146 

showed a rapid and time-dependent increase in protein acetylation beginning at 2h after 147 

MAKV-8 treatment, with a peak occurring between 8 and 24h. With SAHA, we observed 148 

similar effects for acetyl-α-tubulin, but histone H4 acetylation was maintained at a later time 149 

(Fig. 2D). 150 

 151 

Table 3: EC50 values of MAKV-8 and SAHA toward acetylated targets. 152 
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Target EC50 (µM) 

 MAKV-8 SAHA 

Acetyl α-tubulin 12.1 ± 0.9 1.9 ± 0.8 

Acetyl histone H4 5.9 ± 1.4 2.6 ± 0.2 

Data are presented as the mean ± standard deviation of the effective concentration that induces 153 

half-maximal acetylation of protein targets (EC50). Values were calculated after western blot 154 

quantification from at least three independent experiments. Concentrations of compounds near 155 

the EC50 values have been used for subsequent experiments. 156 

 157 

MAKV-8 displayed cytotoxic properties in CML cells 158 

We further evaluated whether MAKV-8 treatments exert anti-CML properties. MAKV-8 159 

inhibited the growth of CML cell lines (i.e., K-562, KBM-5, and MEG-01) starting at about 160 

3µM, and cell death was triggered beginning at 10µM after 48h of treatment (Fig. 2E). 161 

Accordingly, the replicative ability of CML cells in a 3D model was strongly reduced by 162 

MAKV-8, beginning at 5µM in K-562 and MEG-01 cells and 10µM in KBM-5 cells (Fig. 2F). 163 

Notably, MAKV-8 exposure also enhanced α-tubulin and histone H4 acetylation in KBM-5 and 164 

MEG-01 cells, which generalized our findings concerning MAKV-8-mediated inhibition of 165 

multiple HDAC activities in CML cells (Fig. 2G). 166 

 167 

MAKV-8 derivatives were less potent than their parent compound 168 

To gain insight into the relationship between MAKV-8 structure and deacetylase-inhibiting 169 

activities, we tested the HDAC-inhibitory potential of four MAKV-8 derivatives (Fig. 1). In 170 

vitro, IC50 values for MAKV-6 and -7 against total HDAC activities were in the low µM range 171 

(Table 4), indicating that compounds were less potent than MAKV-8, whereas MAKV-10 and 172 

-12 failed to inhibit HDAC activities with concentrations up to 100µM (Additional file 1: Figure 173 
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S2). Compared to MAKV-8, docking analysis showed weaker binding affinities of the 174 

derivatives to HDAC6; MAKV-6 and -7 could not bind properly to its ligand-binding pocket, 175 

whereas MAKV-10 and -12 moderate binding did not allow suitable interactions with the zinc 176 

atom (Fig. 2H; Table 5). We confirmed these results in K-562 cells by showing that MAKV-6 177 

and -7 increased histone H4 acetylation only at the highest concentrations and failed to increase 178 

α-tubulin acetylation, suggesting that HDACs targeting histones were preferentially inhibited, 179 

but with a much lower potency than MAKV-8. Conversely, MAKV-10 and -12 did not augment 180 

protein target acetylation levels even at the highest concentrations tested (Fig. 2I). After 48h of 181 

treatment with MAKV-8 derivatives, we detected a reduction in K-562 cell proliferation 182 

starting at 5µM MAKV-6 or 10µM MAKV-7 and a decrease of cell viability starting at 25µM 183 

MAKV-6 or -7. In contrast, neither MAKV-10 nor -12 impacted K-562 cell proliferation and 184 

viability (Fig. 2I), suggesting that MAKV-8 anti-cancer effects are associated with the 185 

inhibition of HDACs targeting histones.  186 

 187 

Table 4: In vitro HDAC-inhibitory activity of MAKV-8 and derived compounds. 188 

Compounds IC50 values against total HDAC activity (nM) 

MAKV-6 1,050 ± 220 

MAKV-7 22,000 ± 25,200 

MAKV-8 5.8 ± 3.8 

MAKV-10 >100,000 

MAKV-12 >100,000 

Data are presented as the mean ± standard deviation of the concentration inhibiting 50% (IC50) 189 

of the HDAC activity. Values were calculated from at least three independent experiments, or 190 

two independent experiments for MAKV-10 and MAKV-12. HDAC: histone deacetylase. 191 

 192 
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Table 5: Qualitative molecular docking of MAKV-8 derivatives against HDAC6. 193 

Compounds Binding affinity (kcal/mol)a 

MAKV-6 -5.9 

MAKV-7 -6.4 

MAKV-8 -7.2 

MAKV-10 -6.9 

MAKV-12 -6.1 

aBinding affinity energy values for Protein Data Bank (PDB) code 5EDU were calculated using 194 

AutoDock Vina program. 195 

 196 

MAKV-8 induced cell cycle arrest and apoptotic cell death in CML cells 197 

Next, we further characterized MAKV-8 anti-cancer properties. Since MAKV-8 treatment 198 

hampered CML cell proliferation, we studied its effects on cell cycle distribution, which 199 

revealed a time-dependent accumulation of cells in the G1 phase, which was comparable to 200 

results obtained with SAHA (Fig. 3A). 201 

Nuclear morphology analyses showed that MAKV-8 mainly triggered a time- and dose-202 

dependent increase in apoptotic cells, which was completely prevented upon treatment with the 203 

pan-caspase inhibitor z-VAD-FMK (Fig. 3B). In addition, cleavage of pro-caspases 3, 7, 8 and 204 

9, and poly (ADP-ribose) polymerase (PARP)-1 was consistent with caspase-dependent 205 

apoptosis induction (Fig. 3C). 206 

 207 

MAKV-8 triggered ER stress, autophagic flux, and DNA damage 208 

Since the inhibition of cell cycle progression could result from endoplasmic reticulum (ER) 209 

stress-induced unfolded protein response (UPR) activation (16), we analyzed 78 kDa glucose-210 

regulated protein (GRP78) expression levels in K-562 cells upon treatments with MAKV-8 211 
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compared to thapsigargin. GRP78 expression was upregulated after 8h of treatment and 212 

accompanied by increased ATF6 expression, as well as phosphorylated protein kinase RNA-213 

like ER kinase (PERK) and eukaryotic initiation factor (eIF)2α levels (Fig. 4A). Accordingly, 214 

we also observed enhanced DNA damage-inducible transcript (DDIT)3 mRNA expression after 215 

24h (Fig. 4B) and X-box binding protein (XBP)1 mRNA splicing after 4h (Fig. 4C) upon 216 

treatment with 10μM MAKV-8. Altogether, results demonstrate that MAKV-8 activates the 217 

UPR signaling. 218 

Modulations of the autophagic machinery, which can be activated by the UPR pathways 219 

(17), may contribute to HDACi anti-cancer effects (18). Cell morphology analyses revealed 220 

that, unlike control cells, MAKV-8-treated cells displayed a swollen cytoplasm enriched with 221 

numerous vacuoles of various sizes (Fig. 4D). Additionally, Cyto-ID®-stained cell 222 

quantification showed that the percentage of cells displaying autophagic vesicles, as indicated 223 

by the dotted fluorescent pattern, was three times higher in MAKV-8-treated cells compared to 224 

control cells presenting a homogeneous signal (Fig. 4E). Furthermore, MAKV-8 treatment 225 

stimulated microtubule-associated protein 1 light chain (LC)3-I to LC3-II conversion and 226 

reduced p62/sequestosome (SQSTM)1 expression levels. Upon addition of late-phase 227 

autophagy inhibitor bafilomycin A1, LC3-II and p62/SQSTM1 accumulation was further 228 

enhanced, suggesting that MAKV-8 induced autophagy (Fig. 4F). Accordingly, the study of 229 

cellular structures by transmission electron microscopy showed a more extensive 230 

autophagocytic vacuolization in MAKV-8-treated cells compared to untreated cells (Fig. 4G). 231 

HDACi treatments reportedly cause DNA damage, including double strand breaks, which 232 

partly underlies apoptosis induction (19). Accordingly, we showed that 5µM MAKV-8 233 

enhanced H2AX phosphorylation (γH2AX) levels after 24h; this effect was more pronounced 234 

with 10µM MAKV-8 (Fig. 4H), although less important than that observed with cisplatin (20). 235 

 236 
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Modulation of HDAC expression profiles in CML patients 237 

Despite the outstanding therapeutic results obtained with TKis in CML, the occurrence of 238 

imatinib resistance in over 30% of CML patients necessitates the discovery of additional 239 

therapeutic approaches. Interestingly, transcriptomic analyses of CML patient data revealed 240 

that HDAC1 and HDAC2 mRNA expression levels were significantly upregulated and 241 

associated with a trend towards increased HDAC3 mRNA levels in LSCs compared to healthy 242 

stem cells (HSCs) (Fig. 5A). The importance of HDAC1 and HDAC2 in tumor cell survival 243 

provides a good rational for treating CML cells with imatinib in combination with pan-HDACis 244 

(21). 245 

 246 

MAKV-8 combined with imatinib displayed synergistic pro-apoptotic activity in imatinib-247 

sensitive and -resistant CML cells  248 

Considering computational docking results, we investigated the anti-leukemic potential of 249 

co-treatments with subtoxic concentrations of MAKV-8 and imatinib in imatinib-sensitive and 250 

-resistant CML cells. First, we tested whether treatment with imatinib affected MAKV-8-251 

mediated HDAC inhibition. In all CML cells, α-tubulin acetylation was similarly induced after 252 

a 24h-exposure to MAKV-8-imatinib co-treatment compared to MAKV-8 treatment alone, 253 

whereas acetylated histone H4 levels were further enhanced. In contrast, cells treated with 254 

SAHA-imatinib displayed decreased and increased levels of acetylated α-tubulin and histone 255 

H4, respectively, compared to SAHA alone (Fig. 5B).  256 

We then evaluated the effect of combinations on CML cell viability. In K-562 cells, 257 

MAKV-8-imatinib-mediated reduction in viability was greater than that induced by compounds 258 

alone, with a 75%-decrease in living cells after treatment with 10µM MAKV-8 combined with 259 

imatinib (Fig. 5C). Combination index (CI) values below 1 indicated synergism for each 260 

MAKV-8 concentration combined with imatinib, with the highest MAKV-8 concentration 261 
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conferring the maximal effect (Table 6). Additionally, MAKV-8-imatinib co-treatment 262 

triggered mitochondrial membrane potential (MMP) loss and increased Annexin V-positive cell 263 

proportion, reaching approximately 83% of cells displaying low MMP and Annexin V 264 

positivity, respectively, after co-treatments with 10µM MAKV-8 compared to 7 and 20% in 265 

untreated cells (Fig. 5D, E). Such co-treatment also caused a stronger cleavage of caspases 3, 266 

8, 9, and PARP-1, indicating more important apoptosis induction than observed with single 267 

treatments (Fig. 5F).  268 

We generalized our findings by showing that MAKV-8-imatinib combination also had a 269 

synergistic effect on KBM-5 and MEG-01 cell viability, with a reduction of 88 and 69% of 270 

living cells, respectively, following co-treatments with the highest MAKV-8 concentration 271 

(Fig. 5G, upper panel, Table 6). Additionally, caspase 3 and PARP-1 cleavage highlighted a 272 

greater induction of apoptosis in MAKV-8-imatinib co-treated KBM-5 and MEG-01 cells (Fig. 273 

5G, lower panel). Comparatively, co-treatments with 2µM SAHA presented similar results to 274 

those obtained after co-treatment with the lowest MAKV-8 concentration in all CML cells (Fig. 275 

5C, G).  276 

In imatinib-resistant KBM-5 (KBM-5R) cells, which began to die in response to a dose 277 

between 10 and 25µM imatinib (Additional file 1: Figure S3), the decrease in cell viability was 278 

further enhanced by co-treatments compared to treatments with either drug alone, and a 279 

synergistic loss of 65% of living cells occurred after a combination with 2.5µM MAKV-8 and 280 

10µM imatinib (Fig. 5H, upper panel; Table 6). Accordingly, PARP-1 cleavage, which 281 

indicated the activation of apoptotic pathways, was stronger in co-treated KBM-5R cells (Fig. 282 

5H, lower panel). 283 

 284 

Table 6: Combination index (CI) values for treatments with combined MAKV-8-imatinib 285 

in imatinib-sensitive and -resistant CML cells. 286 
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Cell line MAKV-8 (µM) Imatinib (µM) CI (48 h)a 

K-562 5 0.25 0.42 ± 0.13 
 10 0.25 0.28 ± 0.14 

KBM-5 1 2.5 0.46 ± 0.06 
 2.5 2.5 0.05 ± 0.03 

MEG-01 5 0.25 0.77 ± 0.16 
 10 0.25 0.37 ± 0.07 

KBM-5R 1 10 1.42 ± 0.58 
 2.5 10 0.78 ± 0.16 

aCI values correspond to the mean ± standard deviation of three independent Hoechst-287 

propidium iodide staining experiments. CML: chronic myeloid leukemia. 288 

 289 

Imatinib-MAKV-8 co-treatment induced differential toxicity in healthy cell models 290 

compared to CML cells 291 

Next, we evaluated the effect of MAKV-8-imatinib co-treatments on the viability of healthy 292 

cell models. In peripheral blood mononuclear cells (PBMCs), we observed a moderate effect 293 

with MAKV-8 treatment either alone or in combination, with a maximum decrease of 30% of 294 

viable cells after 48h, whereas imatinib alone failed to trigger any cell mortality (Fig. 5I, upper 295 

panel; Additional file 1: Figure S4). These results were comparable to those of SAHA 296 

(Additional file 1: Figure S4). Although RPMI-1788 cells underwent a reduction of about 55% 297 

of living cells following a 48h-treatment with 10µM MAKV-8, the decrease in cell viability 298 

was not further enhanced upon addition of imatinib (Fig. 5I, lower panel). Consequently, the 299 

ratio of cell death induced by MAKV-8-imatinib co-treatments in cancer versus normal cells 300 

attested of a stronger toxicity against cancer cells (Table 7). Finally, MAKV-8 neither alone 301 

nor in co-treatments elicited any significant cytotoxicity in platelets (Fig. 5I, right panel; 302 

Additional file 1: Figure S4). Altogether, combination of MAKV-8 with imatinib displayed a 303 

promising safety profile for healthy cells.  304 
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Finally, we investigated the ability of CML cell lines pre-treated with MAKV-8 for 8h to 305 

form colonies in the presence of experimentally selected imatinib concentrations (Additional 306 

file 1: Figure S5). The combinations exerted more potent effects on reducing colony formation 307 

than agents alone in both imatinib-sensitive and -resistant CML cells (Fig. 5J). 308 

 309 

Table 7: Selectivity ratio of MAKV-8-imatinib co-treatment for cancer cells versus 310 

healthy models. 311 

CML cells Selectivity ratio 

PBMCs RPMI-1788 

K-562 5.8 3.9 

KBM-5 8.5 9.2 

MEG-01 2.2 1.5 

Values were calculated from the percentage of cancer cell death versus healthy cell death from 312 

three independent experiments. PBMCs: peripheral blood mononuclear cells. 313 

 314 

Beclin-1 knockdown partially prevented MAKV-8-imatinib combination-induced 315 

apoptosis 316 

Since MAKV-8 treatments induced autophagy, we tested whether this process would be 317 

implicated in co-treatment-induced synergistic cell death. We knocked down the gene coding 318 

for beclin-1 (BECN1) (Fig. 6A), and observed after 48h of MAKV-8-imatinib treatment that 319 

the proportion of viable K-562 cells was significantly increased from 15 and 20% in cells 320 

transfected with or without non-targeting small interfering RNA (siRNA), respectively, to 40% 321 

in BECN1-silenced cells (Fig. 6B). Finally, decreased PARP-1 cleavage in cells transfected 322 

with siRNA targeting BECN1 further confirmed reduced apoptotic rate (Fig. 6B).  323 

 324 
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MAKV-8 and imatinib co-treatment reduced BCR-ABL-related pathways  325 

BCR-ABL-related signaling pathways result in CML cell growth and survival (22). 326 

Accordingly, we examined the effects of MAKV-8-imatinib co-treatment on the expression and 327 

phosphorylation of BCR-ABL and downstream targets in K-562 cells. Although such 328 

combination did not impact BCR-ABL expression, it led to a drastic decrease in its 329 

phosphorylation accompanied by a similar effect on signal transducer and activator of 330 

transcription (STAT)5 phosphorylation. Notably, MAKV-8 further downregulated STAT5 331 

protein levels and provoked a striking decrease in c-MYC expression, which was maintained 332 

by co-treatment with imatinib. Conversely, myeloid cell leukemia (MCL)-1 expression was not 333 

markedly impacted by the combination due to oppositional effects exhibited by each drug (Fig. 334 

6C). Despite a MAKV-8-mediated upregulation in BCR-ABL expression, treatment with 335 

MAKV-8 and imatinib decreased BCR-ABL phosphorylation in KBM-5, MEG-01, and 336 

KBM5-R cells (Fig. 6D). In all CML cell lines, treatments with SAHA, alone or in combination 337 

with imatinib, exhibited results comparable to that of the highest MAKV-8 concentration (Fig. 338 

6C, D). 339 

 340 

MAKV-8 and imatinib co-treatment reduced the LSC population and inhibited CML cell 341 

growth in vivo 342 

The oncogenic transcription factor c-MYC reportedly plays an important role in LSC 343 

survival, which is implicated in TKi resistance and relapse in CML patients (23). Moreover, 344 

bioinformatic analysis revealed that c-MYC mRNA expression levels were significantly 345 

upregulated in LSCs versus HSCs (Fig. 6E).  346 

Since MAKV-8 strongly reduced c-MYC expression (Fig. 6C), we further evaluated 347 

whether MAKV-8 treatment, with and without imatinib, could decrease the aldehyde 348 

dehydrogenase (ALDH)+ LSC fraction in K-562 cells. The ALDH+ cell percentage was reduced 349 
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from 50% in untreated cells to 24 and 30% in MAKV-8- and imatinib-treated cells, 350 

respectively, and was further decreased to 15% after MAKV-8-imatinib co-treatment. In 351 

contrast, SAHA failed to reduce the ALDH+ cell proportion. When cells were co-treated with 352 

SAHA and imatinib, the percentage of ALDH+ cells decreased to 30%, indicating the MAKV-353 

8-imatinib combination was more efficient to reduce LSC population (Fig. 6F). 354 

We finally tested our findings in an in vivo setting and demonstrated that combining 355 

MAKV-8 with imatinib fully abrogated tumor formation in zebrafish xenografted with K-562 356 

cells, whereas single agents were unable to significantly reduce tumor volumes (Fig. 6G; 357 

Additional file 1: Figure S6).  358 

 359 

Discussion  360 

In vitro, MAKV-8 acts as a 10-times more potent pan-HDACi than SAHA. Accordingly, 361 

docking studies suggest efficient MAKV-8 interactions with the ligand-binding pockets of all 362 

tested HDACs, with higher binding affinity in comparison to SAHA. Interestingly, EC50 values 363 

for MAKV-8 and SAHA towards acetylated protein targets, as well as the different modulations 364 

of compounds-mediated HDAC inhibition upon imatinib addition suggest distinct HDAC-365 

inhibitory properties. Compared to SAHA, MAKV-8-mediated acetylation of specific histone 366 

and non-histone proteins may result in improved HDACi-related anti-cancer activities. Despite 367 

a fairly good overall in silico profile, some structural modifications could be necessary to 368 

improve MAKV-8 drug-likeness parameters. Nevertheless, the importance of the hydroxamate 369 

group and the linker chain length for HDAC-inhibitory activities was confirmed by the results 370 

obtained with MAKV-8 derivatives (15). Notably, in silico predictions should be critically 371 

considered due to potentially different pharmacokinetic properties of compounds in vivo. 372 

Collectively, MAKV-8 appears to be an attractive drug candidate for further consideration in 373 

CML therapies, especially considering that the inhibition of HDAC1 and HDAC2, upregulated 374 
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in LSCs versus HSCs from patients, strongly impacts the transcription of proteins essential for 375 

tumor cell survival (21), 376 

MAKV-8 treatment triggers ER stress, as evidenced by the upregulation of proteins related 377 

to UPR. Since HDACs have been described to modulate GRP78 acetylation (24), MAKV-8-378 

mediated HDAC inhibition could result in GRP78 acetylation and selective UPR activation, as 379 

similarly reported for other HDACi (25). Furthermore, MAKV-8-mediated inhibition of 380 

HDAC6, which is important for misfolded protein clearance, could thus lead to the 381 

accumulation of protein aggregates and ER stress induction (26). Simultaneously to ER stress, 382 

MAKV-8 induces autophagy. Pan-HDACi have been shown to promote the initiation and block 383 

the maturation phases of autophagy by inhibiting class I-IIa and class IIb HDACs, respectively 384 

(27). Autophagy may also participate in imatinib sensitization, as downregulation of pro-385 

autophagic beclin-1 expression partly prevents co-treatment-induced cell death. Conversely, 386 

one study showed that impairing autophagy significantly enhanced SAHA anti-cancer activity 387 

(28). Finally, MAKV-8 treatment weakly induces the appearance of double strand breaks at a 388 

time where no cell death is observed. Since H2AX phosphorylation does not occur in 389 

concomitance with histone acetylation, as previously reported (29), MAKV-8-mediated 390 

accumulation of excessive DNA damage may result from ER stress and/or autophagy, and this 391 

accumulation could lead to apoptosis activation (30). Altogether, our work does not exclude 392 

that MAKV-8-related mechanisms could be implicated in its anti-cancer effects, but further 393 

studies are required. 394 

In imatinib-sensitive and -resistant BCR-ABL-positive CML cells, synergistic apoptotic 395 

cell death is triggered upon MAKV-8-imatinib co-treatment. Accordingly, concomitant 396 

treatment with SAHA and TKi has previously been reported to synergistically induce apoptosis 397 

in CML cell lines (13, 14). Furthermore, MAKV-8 combined with imatinib also impaired tumor 398 

growth of xenografted CML cells in zebrafish. Notably, moderate cytotoxicity was observed in 399 
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healthy models exposed to the same co-treatment. A weak toxicity towards normal cells 400 

compared to cancerous cells has also been described for many other HDACi (31, 32). 401 

Collectively, MAKV-8 could provide a non-toxic strategy for overcoming imatinib resistance, 402 

hence providing a rational basis to further study the potency of MAKV-8-imatinib combination 403 

for CML therapy. 404 

Mechanistically, lowered BCR-ABL kinase activity is observed after MAKV-8-imatinib 405 

co-treatment, which most likely explains the reduction in STAT5 phosphorylation, as well as 406 

the drop in c-MYC and MCL-1 expression. Previous reports indicate that SAHA downregulates 407 

BCR-ABL mRNA and protein levels in CML cells (13), which could be implicated in 408 

synergistic anti-leukemic interactions involving TKis (14). By inhibiting HDAC6, pan-409 

HDACis could disrupt the association of HSP90α with BCR-ABL, provoking its poly-410 

ubiquitination and proteasomal degradation (33). Surprisingly, MAKV-8 rather augments 411 

BCR-ABL expression in our cell models, implying the involvement of other regulatory 412 

mechanisms. Furthermore, downstream BCR-ABL targets play a critical role in CML 413 

pathogenesis (34-36). Similar to our observations, HDACi-mediated potentiation of TKi 414 

cytotoxicity has been related to STAT5 inhibition in BCR-ABL-positive cells (37). As 415 

previously described, HDACi-related apoptosis induction in CML cells could be enhanced by 416 

imatinib-mediated downregulation of anti-apoptotic MCL-1 expression, which was upregulated 417 

by MAKV-8 (38). In addition, c-MYC has been recently reported as an important target for 418 

selectively eliminating CML LSCs (39). Accordingly, human LSCs displayed increased c-419 

MYC mRNA levels compared to HSCs. Besides lowering c-MYC expression, MAKV-8 420 

treatment potently decreased the ALDH+ cell proportion, which was further enhanced upon co-421 

treatment with imatinib. Altogether, combining imatinib with MAKV-8, which targets key 422 

hematopoietic stem cell molecular effectors, may represent an effective strategy to overcome 423 
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LSC resistance to TKis, thereby offering the opportunity to improve disease outcomes for CML 424 

patients.  425 

 426 

Conclusions  427 

We found that compound MAKV-8 acted as a potent pan-HDACi in vitro and in various 428 

CML cell lines. Furthermore, MAKV-8 alone or in combination with imatinib displayed 429 

promising anti-cancer properties in imatinib-sensitive and -resistant BCR-ABL-positive CML 430 

cells, whereas only a very moderate toxicity was noted in healthy cell models exposed to the 431 

same co-treatment. Mechanistically, the combination MAKV-8-imatinib reduced BCR-ABL 432 

expression and phosphorylation, as well as the expression of downstream targets playing a 433 

critical role in CML proliferation and survival. In addition, such therapeutic approach 434 

effectively decreased LSC population. Altogether, the present findings suggest that treatment 435 

with MAKV-8 contributes to a strong sensitization of imatinib-sensitive and -resistant CML 436 

cells including LSCs towards imatinib cytotoxicity, hence providing a rational basis to further 437 

study the potency of MAKV-8 and imatinib as a combination therapy against CML. 438 

 439 

Methods 440 

Cell culture and reagents 441 

The human CML cell lines K-562 (DSMZ Cat# ACC-10, RRID: CVCL_0004) and MEG-442 

01 (DSMZ Cat# ACC-364, RRID: CVCL_0425) were purchased from Deutsche Sammlung für 443 

Mikroorganismen und Zellkulturen (Braunschweig, Germany). Human CML KBM-5 cells 444 

were kindly provided by Dr. Bharat B. Aggarwal. Imatinib-resistant KBM-5 (KBM-5R) cells 445 

were established as previously described (40). The K-562, MEG-01 and KBM-5 cell lines have 446 

been authenticated in 2014 using the LGC Standards Cell Line Authentication service 447 

(Teddington, United Kingdom). All cells were maintained at 37°C in a humid atmosphere and 448 
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5% CO2 in a culture medium supplemented with 10% heat-inactivated fetal calf serum (FCS; 449 

BioWhittaker ®, Lonza, Verviers, Belgium) and 1% (v/v) antibiotic (streptomycin and 450 

penicillin) and antimycotic (BioWhittaker®). K-562 and MEG-01 cells were cultured in RPMI 451 

1640 medium (BioWhittaker®). KBM-5 and KBM-5R cells were cultured in IMDM medium 452 

(BioWhittaker®).  453 

PBMCs were isolated from the blood of healthy adult human donors obtained from the Red 454 

Cross (Luxembourg, Luxembourg) and purified as previously reported (41). Human RPMI-455 

1788 cells (ATCC Cat# CCL-156, RRID: CVCL_2710), which were derived from B 456 

lymphocytes, were purchased in 2017 from the American Type Culture Collection (Manassas, 457 

Virginia, USA). Platelets from healthy adult human donors were provided by the Red Cross. 458 

All healthy models were cultured at 37°C in a humid atmosphere and 5% CO2 in RPMI 1640 459 

medium (BioWhittaker®) supplemented with 0, 10, or 20% heat-inactivated FCS 460 

(BioWhittaker®) for platelets, PBMCs, and RPMI-1788 cells, respectively, and each 461 

containing 1% (v/v) antibiotic-antimycotic (BioWhittaker®).  462 

All cell lines have been monthly tested for mycoplasma contamination. 463 

Compound MAKV-8 was synthetized as previously described by Kozikowski et al. 464 

(compound 3) (15), and compounds MAKV-6, -7, -10, and -12 were derived from the reported 465 

synthetic protocol as shown in Additional file 1: Figure S7. The following additional 466 

compounds were used in this study: cisplatin in saline solution from Teva Pharmaceutical 467 

Industries Ltd. (Wilrijk, Belgium), imatinib and thapsigargin from Sigma-Aldrich (Bornem, 468 

Belgium), SAHA from Cayman Bio-connect (Huissen, Netherlands), and z-VAD-FMK from 469 

Millipore (Merck, Brussels, Belgium). Except for cisplatin, all compounds were dissolved in 470 

dimethylsulfoxide (DMSO). 471 

 472 

Computational analysis of public chronic myeloid leukemia datasets 473 
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The gene expression microarray datasets E-MTAB-2581 (42) and GSE97562 (43) were 474 

downloaded from the ArrayExpress database (44) and the Gene Expression Omnibus 475 

repository, respectively. Datasets were normalized using the Robust Multichip Average 476 

algorithm from the oligo R package (version 1.48.0) (45) and batch corrected using the function 477 

removeBatchEffect from the limma R package (version 3.40.2) (46). The ggboxplot function 478 

from the ggpubr package (version 0.2.1) (47) was used to draw the boxplots in R 3.6.0 (48) and 479 

RStudio (49).  480 

 481 

In vitro HDAC activity assay 482 

In vitro HDAC activities were measured as previously described (50, 51). IC50 values 483 

against the various HDAC activities were determined using nonlinear regression in Prism 8.0 484 

software (GraphPad Software, Inc., La Jolla, CA, USA). 485 

 486 

Docking studies 487 

Docking studies were carried out as previously reported (52) using the Protein Data Bank 488 

(PDB) codes 4BKX, 4LY1, 4A69, 2VQM, 5EDU, 3C10, and 3EW8 corresponding to HDAC1, 489 

HDAC2, HDAC3, HDAC4, HDAC6, HDAC7 and HDAC8, respectively. MAKV-6, -7, -8, -490 

10 and -12, and SAHA were drawn using ChemDraw Professional software version 15.0 491 

(PerkinElmer Informatics). 492 

 493 

Prediction of in silico drug-likeliness parameters 494 

The web-based Molinspiration Cheminformatics 495 

(http://www.molinspiration.com/products.html) and PreADMET ver2.0 496 

(https://preadmet.bmdrc.kr) programs were used to compute compound drug-likeness 497 

parameters.  498 
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 499 

Cell viability and proliferation test 500 

Cell viability and proliferation were evaluated using the Trypan Blue exclusion method 501 

(BioWhittaker ®). Cells were processed using a semi-automated image-based cell analyzer 502 

(Cedex XS Innovatis, Roche, Luxembourg, Luxembourg), which provided the cell number as 503 

well as cell viability based on the fraction of trypan blue-positive cells. 504 

For colony formation assays, 1000 cells were grown in 1mL of semi-solid methylcellulose 505 

medium (Methocult H4230, StemCell Technologies Inc., Grenoble, France) supplemented with 506 

10% heat-inactivated FCS (BioWhittaker ®) in 12-well plates. Colonies were detected after 10 507 

days of culturing by adding 5mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-508 

diphenyltetrazoliumbromide (MTT) reagent (Sigma-Aldrich) and incubating for 15min at 509 

37°C. Pictures were taken with the GelDoc XR+ System (BioRad, Temse, Belgium), and 510 

quantifications were conducted using Image J software (U.S. National Institute of Health, 511 

Bethesda, MD, USA). 512 

 513 

Protein extractions and western blotting analysis 514 

Cells were lyzed in 10% (v/v) Mammalian Protein Extraction Reagent solution (MPER®; 515 

Thermofisher, Erembodegen, Belgium) supplemented with 1× protease inhibitor cocktail 516 

(Complete EDTA-free, Roche) according to the manufacturer’s instructions. Histone 517 

enrichment was performed in acidic conditions as previously described (53). The protein 518 

concentration was determined using the Bradford assay (BioRad). 519 

Western blotting was performed as previously described (51) using the following primary 520 

antibodies: acetylated α-tubulin (sc-23950, RRID: AB_628409, 1/1000), ATF6 (sc-166659, 521 

RRID: AB_2058901, 1/250), c-ABL (sc-23, RRID: AB_626775, 1/1000), caspase 3 (sc-56053, 522 

RRID: AB_781826, 1/1000), GRP78 (sc-13968, RRID: AB_2119991, 1/1000), p62/SQSTM1 523 
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(sc-28359, RRID: AB_628279, 1/1000), and phosphorylated PERK (sc-32577, RRID: 524 

AB_2293243, 1/1000) from Santa Cruz Biotechnology (Boechout, Belgium); phosphorylated 525 

H2AX (05-636, RRID: AB_2755003, 1/500), acetylated histone H4 (06-866, RRID: 526 

AB_310270, 1/50000), and histone H1 (05-457, RRID: AB_310843, 1/2000) from Millipore; 527 

α-tubulin (CP06, RRID: AB_2617116, 1/5000) from Calbiochem; β-actin (A5441, RRID: 528 

AB_476744, 1/20000) and LC3 (L7543, RRID: AB_796155, 1/1000) from Sigma-Aldrich; 529 

beclin-1 (3738, RRID: AB_490837, 1/1000), caspase 7 (9494, RRID: AB_2068141, 1/1000), 530 

caspase 8 (9746, RRID: AB_2275120, 1/1000), caspase 9 (9502, RRID: AB_2068621, 1/1000), 531 

eIF2α (9722, RRID: AB_2230924, 1/2000), MCL-1 (4572, RRID: AB_2281980, 1/1000), 532 

PARP-1 (9542, RRID: AB_2160739, 1/1000), PERK (3192, RRID: AB_2095847, 1/1000), 533 

phosphorylated BCR (3901, RRID: AB_2063779, 1/1000), phosphorylated eIF2α (3898, RRID 534 

not available, 1/2000), STAT5 (9363, RRID: AB_2196923, 1/5000), and phosphorylated 535 

STAT5 (9351, RRID: AB_2315225, 1/1000) from Cell Signaling (Leiden, Netherlands); and 536 

c-Myc (51-1485GR, RRID: AB_2148606, 1/250) from BD Biosciences (San Jose, CA, USA). 537 

Corresponding secondary antibodies were obtained from Santa Cruz Biotechnology. Western 538 

blot quantifications were performed with the ImageQuant TL software (GE Healthcare), and 539 

corresponding fold change values reported to control are indicated underneath western blot 540 

pictures, unless otherwise specified. The EC50 values, which represent 50% of the maximum 541 

effect, were calculated using Prism 8.0 software.  542 

 543 

Cell cycle analyses 544 

Cells were fixed at 4°C for 1h with 70% ethanol and stained for 20min with 1μg/mL 545 

propidium iodide in 1× PBS supplemented with 100μg/mL RNase A (Roche). Stained samples 546 

were processed through a cytometer (FACS Calibur, BD Biosciences), and data were recorded 547 

statistically (10,000 events/sample) using the CellQuest Pro software (BD, Biosciences). The 548 
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percentage of cells in each phase of the cycle was finally determined by the Dean-Jet-Fox 549 

algorithm using the Flow-Jo 8.8.5 software (Tree Star, Inc., Ashland, OR, USA). 550 

 551 

Cell death assessment 552 

Nuclear morphology was evaluated under an IX81 (MT10) fluorescent microscope 553 

(Olympus, Aartselaar, Belgium) using the Cell^M software on cells incubated with 1µg/mL 554 

Hoechst 33342 (Invitrogen, Tournai, Belgium) for 15min at 37°C and 1μg/mL propidium 555 

iodide (Sigma-Aldrich). 556 

Phosphatidylserine exposure was evaluated using the FITC Annexin V Apoptosis Detection 557 

Kit I (BD Biosciences) according to the supplier’s instructions. Stained samples were processed 558 

through a cytometer (FACS Calibur, BD Biosciences), and data were recorded statistically 559 

(10,000 events/sample) using the CellQuest Pro software (BD, Biosciences). Data were 560 

analyzed using the Flow-Jo 8.8.5 software. 561 

 562 

Determination of mitochondrial membrane potential  563 

The MMP was assessed by staining with MitoTracker® Red CMXRos (Invitrogen) 564 

according to the manufacturer’s protocol. Stained samples (20,000 events/sample) were 565 

processed through a cytometer (FACS Calibur, BD Biosciences). 566 

 567 

Assessment of gene expression 568 

The total RNA was extracted with the NucleoSpin® RNA Plus Kit (Macherey-Nagel, 569 

Hoerdt, France) according to manufacturer’s instructions. Reverse transcription and real-time 570 

PCR were performed as previously described (54). The following primers (Eurogentec, Liège, 571 

Belgium) were used: β-actin (forward 5ʹ-CTCTTCCAGCCTTCCTTCCT-3ʹ, reverse 5ʹ-572 
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AGCACTGTGTTGGCGTACAG-3ʹ); DDIT3 (forward 5ʹ-TGGAAGCCTGGTATGAGGAC-573 

3ʹ, reverse 5ʹ-AAGCAGGGTCAAGAGTGGTG-3ʹ). 574 

XBP1 splicing analysis was performed by end-point PCR as described previously (55) using 575 

the following primers (Eurogentec; forward: 5ʹ- GGAGTTAAGACAGCGCTTGG -3’, reverse: 576 

5’- ACTGGGTCCAAGTTGTCCAG -3ʹ). 577 

 578 

Morphological analysis 579 

After staining cells with the Diff-Quick Stain Kit (Dade Behring S.A., Brussels, Belgium), 580 

morphological analyses were performed as previously described (54). 581 

 582 

Visualization of autophagic vesicles 583 

For fluorescence microscopy, the Cyto-ID® Autophagy Detection Kit (Enzo Life Science) 584 

was used according to the manufacturer’s instructions. Stained cells were visualized under an 585 

IX81 (MT10) fluorescent microscope.  586 

Transmission electron microscopy was performed as previously described (56). 587 

 588 

Evaluation of cellular ALDH activity 589 

Cellular ALDH activity was assessed using the ALDEFLUORTM kit (StemCell 590 

Technologies Inc.) according to the manufacturer’s procedure. Diethylaminobenzaldehyde, a 591 

specific inhibitor of ALDH activity, was used to differentiate cells with low or high ALDH 592 

activity. Stained samples (100,000 events/sample) were processed through a cytometer (FACS 593 

Calibur, BD Biosciences). 594 

 595 

Transfections 596 
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Transfections were carried out with 1.5µL HiPerFect Transfection reagent (Qiagen, Venlo, 597 

Netherlands) and 1nM siRNAs (Qiagen) either targeting the human beclin-1 gene 598 

[Hs_BECN1_2 (SI00055580)] or non-targeting (AllStars Negative Control) as described 599 

elsewhere (57). Treatment compounds were added to the culture medium 24h post-transfection. 600 

 601 

Zebrafish cancer cell xenografts 602 

Cancer xenograft assays in zebrafish were performed as previously described (58) using 603 

cells stained with 2µM CM-Dil (Invitrogen) and diluted in 1× PBS supplemented with 1% 604 

phenol red sodium salt solution. 605 

 606 

Statistical analyses 607 

All histograms represent the mean ± standard deviation (SD) of at least 3 independent 608 

experiments. Significant differences were determined using one-way or two-way analyses of 609 

variance (ANOVA) followed by the Holm-Sidak’s multiple comparison tests in the Prism 8.0 610 

software. Variations between patient and Cyto-ID-stained samples were evaluated using two-611 

tailed Welch t-test in the R 3.6.0 software and two-tailed paired t-test in the Prism 8.0 software, 612 

respectively. Statistical significances were evaluated with p-values below 0.05 and are 613 

represented by the following legend: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. In all experiments, 614 

data were presented as the mean ± standard deviation, and results of treated samples were 615 

statistically compared to the corresponding vehicle unless otherwise specified. 616 

The CI was calculated according to Chou and Talalay (59) using the Compusyn Software 617 

(ComboSyn, Inc., Paramus, NJ, USA). CI values below or above 1 indicate synergism or 618 

antagonism, respectively, whereas the effect is determined to be additive when the CI is equal 619 

to 1. 620 
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List of abbreviations 622 

ABL: Abelson murine leukemia viral oncogene homolog 1, ALDH: aldehyde dehydrogenase, 623 

ATF: activating transcription factor, BCR: breakpoint cluster region, CI: combination index, 624 

CML: chronic myeloid leukemia, DDIT: DNA damage-inducible transcript, DMSO: 625 

dimethylsulfoxide, ER: endoplasmic reticulum, eIF: eukaryotic initiation factor, FCS: fetal calf 626 

serum, GRP78: 78 kDa glucose-regulated protein, γH2AX: H2AX phosphorylation, HDAC: 627 

histone deacetylase, HDACi: HDAC inhibitor, HSC: healthy stem cell, LC: microtubule-628 

associated protein 1 light chain, LSC: leukemic stem cell, MCL: myeloid cell leukemia, MMP: 629 

mitochondrial membrane potential, PARP: poly (ADP-ribose) polymerase, PBMC: peripheral 630 

blood mononuclear cell, PDB: Protein Data Bank, PERK: protein kinase RNA-like ER kinase, 631 

SAHA: suberoylanilide hydroxamic acid, siRNA: small interfering RNA, SQSTM: 632 

sequestosome, STAT: signal transducer and activator of transcription, TKi: tyrosine kinase 633 

inhibitor, UPR: unfolded protein response, XBP: X-box binding protein. 634 
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Supplementary information 683 

Additional file 1.docx (5.2MB) 684 

Figure S1: Reaction scheme showing the synthesis of MAKV-6, -7, -8, -10 and -12. Figure S2: 685 

Docking of MAKV-8 into human HDAC isoenzymes. Figure S3: Effect of MAKV-8 derived 686 

compounds on in vitro HDAC6 and total HDAC activities. Figure S4: Effect of imatinib 687 

treatment on KBM-5R cell death. Figure S5: Effect of pan-HDACi MAKV-8 and SAHA on 688 

healthy model viability. Figure S6: Effect of imatinib treatment on replicative ability of 689 

imatinib-sensitive and -resistant CML cells. Figure S7: Panel of zebrafish pictures. 690 

 691 

Figure legends 692 

Fig. 1: Chemical structures of MAKV-6, -7, -8, -10 and -12, and the reference HDACi, 693 

SAHA. The prototypical pharmacophoric model of an HDACi is constituted by the zinc binding 694 

group, the hydrophobic linker region, and the cap group. MAKV-6 and -7 lack the linker 695 

portion; MAKV-10 and -12 substitute the hydroxamate group with a methyl ester group and 696 

were obtained as synthesis intermediates. 697 

 698 

Fig. 2: The potent pan-HDAC inhibitor MAKV-8 displays cytotoxic properties in CML 699 

cells. (A) In vitro HDAC activity assays were conducted with increasing MAKV-8 700 

concentrations. Relative activities of total HDAC, HDAC1, and HDAC6 were determined by 701 

comparison to the vehicle, DMSO. (B) Docking poses of MAKV-8 (stick model, orange) on 702 

the crystal structure of indicated HDAC isoenzymes (white; PDB codes: see Methods section). 703 

Numbered residues forming hydrophobic interactions in the binding sites (stick representation) 704 

correspond to HDAC1 to HDAC8 from top to bottom. (C, D) The acetylation levels of HDAC 705 

targets were assessed by western blot in K-562 cells treated with (C) increasing MAKV-8 706 

concentrations for 24h or (D) 15µM MAKV-8 for the indicated time points. (E) CML cell 707 
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proliferation and viability were evaluated following treatments with increasing MAKV-8 708 

concentrations for up to 72h. (F) CML cells were grown in the presence of increasing MAKV-709 

8 concentrations for 10 days, and their colony-forming capacity was scored after MTT addition. 710 

Representative pictures (left panel) and corresponding quantifications (right panel) from three 711 

independent experiments are provided. (G) Histone H4 and α-tubulin acetylation levels were 712 

assessed by western blot in KBM-5 and MEG-01 cells treated with increasing MAKV-8 713 

concentrations for 24h. (H) Docking poses of MAKV-8 derivatives (stick model) on HDAC6 714 

crystal structure (white; PDB code: 5EDU). Numbered residues forming hydrophobic 715 

interactions in the binding sites (stick representation) are indicated. (B and H) Zinc atom is 716 

shown as a purple sphere; nitrogen and oxygen are colored in blue and red, respectively. (I) 717 

Histone H4 and α-tubulin acetylation levels were assessed by western blot (upper panel), and 718 

cell proliferation and viability were evaluated (lower panel) following treatments of K-562 cells 719 

with increasing concentrations of the indicated MAKV-8 derivatives for 24h and up to 72h, 720 

respectively. β-actin and histone H1 served as loading controls for α-tubulin and histone H4, 721 

respectively. Blots are representative of three independent experiments. SAHA was used as a 722 

reference HDACi.  723 

 724 

Fig. 3: Treatment with MAKV-8 leads to cell cycle arrest and apoptotic cell death. K-562 725 

cells were treated with MAKV-8 at the indicated time points and concentrations, followed by 726 

analyses of (A) cell cycle distribution using a range of subtoxic cytostatic MAKV-8 727 

concentrations to focus only on aspects of cell cycle modulation, (B) nuclear morphology, and 728 

(C) caspase and PARP-1 activation. (B) Representative pictures (upper panel) and 729 

corresponding quantifications (lower panel) from three independent experiments are provided. 730 

Where indicated, cells were pre-incubated for 1h with the pan-caspase inhibitor z-VAD-FMK. 731 

Cisplatin was used as a positive control for caspase and PARP-1 cleavage. Blots used β-actin 732 
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as the loading control and are representative of three independent experiments. SAHA was used 733 

as a reference HDACi. 734 

 735 

Fig. 4: MAKV-8 treatment induces ER stress, autophagy, and double strand breaks. K-736 

562 cells were treated with the indicated concentrations of MAKV-8 at the indicated time points 737 

unless otherwise stated. (A) The expression levels of UPR-associated proteins, such as the ER 738 

stress marker GRP78, were assessed by western blot. (B) DDIT3 mRNA expression levels were 739 

quantified by real-time PCR and normalized to β-actin mRNA levels. (C) End-point analysis 740 

of XBP1 mRNA splicing. (D) Cell morphology was analyzed after 48h of treatment using 741 

modified GIEMSA staining, and pictures were acquired by bright-field microscopy. (E) The 742 

appearance of autophagosome-related vesicles was quantified in cells treated with MAKV-8 743 

for 8h. Representative pictures (left panel) and corresponding quantifications (right panel) from 744 

three independent experiments are provided. (F) After 8h of treatment, the conversion of LC3-745 

I to LC3-II and expression of p62, two autophagic markers, were evaluated by western blot. 746 

Where indicated, bafilomycin A1 was added 2h before the end of treatment. (G) Representative 747 

images of electron microscopy analysis in indicated CML cell line: (1) phagophores and (2) 748 

autophagolysosomes. (H) The expression level of γH2AX, the earliest marker for DNA damage 749 

localized at double strand breaks, was assessed by western blot. Thapsigargin (T, 4 µM) and 750 

cisplatin (C, 50 µM) were used as positive controls for ER stress and double strand break 751 

induction, respectively. Blots used β-actin as the loading control, and pictures are representative 752 

of three independent experiments. 753 

 754 

Fig. 5: The HDACi MAKV-8 combined with imatinib induces synergistic anti-cancer 755 

activity in CML cells. (A) Boxplots including outliers illustrating fold-change (log2) of 756 

HDAC1, HDAC2 and HDAC3 mRNA expression levels in CD34+CD38- stem cells isolated 757 
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from healthy (n=7) and CML (n=11) patients (represented by triangles). (B-J) CML and healthy 758 

cells were treated with the indicated concentrations of imatinib alone or in combination with 759 

MAKV-8. (B) After 24h-incubations, α-tubulin and histone H4 acetylation levels were assessed 760 

by western blot, with β-actin and histone H1 as loading controls, respectively. SAHA was used 761 

as a reference HDACi. (C) Nuclear morphology, (D) phosphatidylserine exposure, and (E) the 762 

mitochondrial membrane potential (MMP) were analyzed in K-562 cells treated for 48h. 763 

Representative dot plots (upper panel) and corresponding quantifications (lower panel) from 764 

three independent experiments are provided. (F) Caspases and PARP-1 cleavage was analyzed 765 

in K-562 cells treated for 24h. (G) Nuclear morphology (upper panel) and cleavage of caspase 766 

3 and PARP-1 (lower panel) were studied in KBM-5 and MEG-01 cells treated for 48 and 24h, 767 

respectively. (H) Nuclear morphology (upper panel) and PARP-1 cleavage (lower panel) were 768 

evaluated in KBM-5R cells treated for 48 and 24h, respectively. Caspases and PARP-1 cleavage 769 

was assessed by western blot using β-actin as the loading control. Cisplatin was used as a 770 

positive control for apoptosis induction and MMP disruption. Blots and pictures are 771 

representative of three independent experiments. (I) Healthy cell models were treated for 48h. 772 

Cell viability was assessed based on the Trypan Blue exclusion method for PBMCs, by flow 773 

cytometry after Annexin V staining for platelets, and nuclear morphology was examined in 774 

RPMI-1788 cells. (J) CML cells were pre-treated with MAKV-8 for 8h and then grown in 775 

semisolid methylcellulose medium in the presence of imatinib. After 10-day incubations, cell 776 

colony-forming capacity was scored after MTT addition. Representative pictures (left panel) 777 

and corresponding quantifications (right panel) from three independent experiments are 778 

provided.  779 

 780 

Fig. 6: Altered BCR-ABL signaling and reduced cancer stem cell population are 781 

associated with MAKV-8-imatinib anti-cancer properties.  782 
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CML cells were treated with the indicated concentrations of imatinib alone or in combination 783 

with MAKV-8. (A, B) K-562 cells were transfected with or without the indicated siRNA, then 784 

(A) the expression level of beclin-1, a protein involved in initiating the autophagic flux, was 785 

assessed by western blot 24 and 72h post-transfection, and (B) nuclear morphology (upper 786 

panel) and cleavage of PARP-1 (lower panel) were analyzed in cells treated for 24 and 48h, 787 

respectively. The ratio between the cleaved and uncleaved forms of PARP-1 was determined 788 

based on western blot quantification. (C, D) Protein expression and phosphorylation levels were 789 

assessed by western blot in cells treated for 24h. Blots used E-actin as a loading control and are 790 

representative of three independent experiments. (E) Boxplots illustrating fold-change (log2) 791 

of c-MYC mRNA expression in CD34+CD38- stem cells isolated from healthy (n=7) and CML 792 

(n=11) patients (represented by triangles). (F) Analysis of aldehyde dehydrogenase (ALDH) 793 

activity in K-562 cells cultured for 24h and known to present a substantial proportion of cells 794 

with cancer stem-like characteristics. Elevated ALDH activity is an established marker for the 795 

identification of hematopoietic stem cells. The ALDH inhibitor diethylaminobenzaldehyde 796 

(DEAB) was used to distinguish cell subpopulations with low and high ALDH activity. 797 

Representative dot plots where the percentage of ALDH+ cells is indicated (upper panel) and 798 

corresponding quantifications (lower panel) representative of three independent experiments 799 

are presented. SAHA was used as a reference HDACi. (G) K-562 cells were treated for 24h, 800 

fluorescently labeled, and then injected into the zebrafish yolk sac. Three days post-injection, 801 

pictures of 5 to 8 fishes (one representative set of pictures is presented) were taken, and the 802 

fluorescence intensity was quantified. 803 
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Aberrant activation or overexpression of histone deacetylase (HDAC) isoenzymes trigger 

disruptions of the functional acetylation landscape, therefore contributing to the development of 
numerous cancers. Accordingly, pan- or selective HDAC inhibitors (HDACi) represent a powerful 
class of epigenetically active therapeutic drugs that have already demonstrated promising anti-cancer 
properties in pre-clinical studies and are undergoing clinical trials for the therapy of many cancers. 
The main goal of this project is to develop new therapeutic approaches for the treatment of 
hematological malignancies combining HDACi to targeted therapies. 	

 In this study, we assessed the anti-cancer activity of the novel hydroxamate-based pan-
HDACi MAKV-8, which complied with the Lipinski’s “rule of 5”, in various chronic myeloid 
leukemia (CML) cell lines alone or in combination with imatinib. We validated the in vitro HDAC 
inhibitory potential of MAKV-8 and demonstrated efficient binding to the ligand-binding pocket of 
HDAC isoenzymes by docking analyses. In cellulo, MAKV-8 enhanced target protein acetylation, 
displayed cytostatic and cytotoxic properties, and triggered concomitant ER stress/protective 
autophagy leading to canonical caspase-dependent apoptosis. Considering the specific up-regulation 
of selected HDACs in LSCs from CML patients, we investigated the therapeutic potential of 
MAKV-8 in combination with imatinib against CML cells. First, we highlighted a differential 
toxicity of a co-treatment with MAKV-8 and imatinib in CML versus healthy cells. We also showed 
that beclin 1 knockdown prevented MAKV-8-imatinib combination-induced apoptosis. Moreover, 
MAKV-8 and imatinib co-treatment reduced BCR-ABL-related signaling pathways involved in 
CML cell growth and survival. Since our results showed that LSCs from CML patients 
overexpressed c-MYC, MAKV-8-imatinib co-treatment-induced c-MYC down-regulation was 
importantly accompanied with reduced LSC population. In vivo, tumor growth of xenografted K-562 
cells in zebrafish was completely abrogated upon combined treatment with MAKV-8 and imatinib. 

We also demonstrated that MAKV-15, a new hydroxamate-based compound derived from 
tubastatin A, acts as a potent and selective HDAC6i in vitro. Accordingly, MAKV-15 increases 
preferentially (about 10 times) the acetylation of the HDAC6 substrate α-tubulin in comparison to a 
non-HDAC6 substrate in cellulo. Interestingly, inhibiting selectively HDAC6 activity is insufficient 
to trigger any anti-cancer effects. Nevertheless, stronger accumulation of poly-ubiquitinated proteins 
accompanied with a potentiation of the anti-cancer effects are observed upon co-treatment of 
multiple myeloma cells with MAKV-15 and bortezomib, suggesting a potential sensitization of cells 
to a third compound. However, the variety of responses to tri-therapies highlights the heterogeneity 
among MM cell lines and suggests distinct mechanisms of action that require further investigations. 

Collectively, the present findings provide a rational basis to further assess the potential of 
HDACi in combination treatments as novel therapeutic approaches for hematological malignancies. 

 
 

			 			 				 				  


