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Abstract

Leukemia remains a major therapeutic challenge in clinical oncology. Despite significant advancements in treatment
modalities, leukemia remains a significant cause of morbidity and mortality worldwide, as the current conventional
therapies are accompanied by life-limiting adverse effects and a high risk of disease relapse. Histone deacetylase
inhibitors have emerged as a promising group of antineoplastic agents due to their ability to modulate gene expres-
sion epigenetically. In this review, we explore these agents, their mechanisms of action, pharmacokinetics, safety
and clinical efficacy, monotherapy and combination therapy strategies, and clinical challenges associated with his-
tone deacetylase inhibitors in leukemia treatment, along with the latest evidence and ongoing studies in the field. In
addition, we discuss future directions to optimize the therapeutic potential of these agents.

Keywords Antineoplastic agents, Apoptosis, Epigenetics, HDAC inhibitor, Hematological malignancy, Histone
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Introduction

Leukemia arises from the uncontrolled proliferation of
immature blood cells in the bone marrow and peripheral
blood. Classified broadly into acute and chronic forms,
leukemia is considered a multifactorial disease, involv-
ing a variety of genetic, environmental, and immunologic
factors [1, 2]. Common symptoms of leukemia include
fatigue, fever, easy bruising or bleeding, and recurrent
infections, reflecting bone marrow failure and com-
promised immune function [3, 4]. Diagnosis typically
involves a combination of clinical evaluation, peripheral
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blood smear, bone marrow aspiration, and genetic testing
to subtype the disease and guide treatment decisions [5].
Despite therapeutic advances, leukemia remains a signifi-
cant cause of morbidity and mortality globally, with con-
ventional therapies, facing limitations including toxicity
and risk of relapse [6].

Histone deacetylase (HDAC) inhibitors represent a
class of pharmacological agents that modulate gene
expression by targeting epigenetic mechanisms [7-9].
HDAC:s, enzymes responsible for removing acetyl groups
from histone proteins, play a significant role in regulating
chromatin structure and gene transcription [10, 11]. Dys-
regulation of HDAC activity is implicated in various dis-
eases, including cancer, where aberrant gene expression
contributes to tumorigenesis and progression [12, 13].
HDAC inhibitors exert their effects by inhibiting HDAC
activity, leading to increased histone acetylation, chro-
matin relaxation, and transcriptional activation of genes
involved in cell cycle regulation, apoptosis, and differ-
entiation [8, 13]. Beyond histones, HDAC inhibitors can
also target non-histone proteins [14]. Given their ability
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to modulate gene expression epigenetically, HDAC inhib-
itors have been proposed as promising therapeutic agents
for a wide range of malignancies.

This review aims to provide a comprehensive clinical
insight into the potential of HDAC inhibitors in the treat-
ment of leukemia.

Main text

Mechanisms of action

In general, HDAC inhibitors exert their effects through
multiple mechanisms, including:

Histone acetylation

HDAC inhibitors suppress the deacetylation of histone
proteins, leading to chromatin relaxation and transcrip-
tional activation of genes involved in cell cycle regulation,
apoptosis, and differentiation [15].

Non-histone protein acetylation

HDAC inhibitors also acetylate non-histone proteins,
such as transcription factors and signaling molecules,
influencing various cellular processes critical for cancer
pathogenesis [16].

Apoptosis induction

By upregulating pro-apoptotic genes, programmed acti-
vation of caspases, and downregulating anti-apoptotic
genes, HDAC inhibitors promote apoptosis in malignant
cells, leading to cell death [17-19].

Cell cycle arrest

HDAC inhibitors induce cell cycle arrest at different
checkpoints, preventing uncontrolled proliferation of
leukemic cells [20].

Anti-angiogenic effects

HDAC inhibitors have been shown to inhibit angiogen-
esis by targeting endothelial cell function and disrupting
angiogenic signaling pathways, ultimately inhibiting the
formation of new blood vessels in tumors [21]. HDAC
inhibitors modulate the expression of genes involved in
angiogenesis, such as vascular endothelial growth fac-
tor (VEGF) and its receptors, endothelial nitric oxide
synthase (eNOS), and angiopoietins, through epigenetic
mechanisms [22, 23]. By promoting histone acetylation
and altering chromatin structure, HDAC inhibitors sup-
press the transcriptional activity of pro-angiogenic genes
[24, 25]. Moreover, HDAC inhibitors have been shown to
disrupt the tumor microenvironment by targeting stro-
mal cells, immune cells, and extracellular matrix com-
ponents, additionally impairing angiogenesis and tumor
growth [26, 27].
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Disruption of DNA repair mechanisms

HDAC inhibitors impair DNA repair mechanisms,
enhancing the susceptibility of malignant cells to DNA
damage-induced cell death [28, 29].

Autophagy induction

Previous studies have specified the autophagy-induc-
ing role of HDAC inhibitors, generally through mTOR
inhibition, NF-«kB hyperacetylation, and p53 acetylation
signaling pathways [30].

Classification

The classical family of HDACs are typically catego-
rized into different classes. Each class shares a common
ancestor and is characterized by structural and func-
tional similarities [31]. The classical HDACs family is
consisted of three classes [32, 33]:

» Class I: HDAC1, HDAC2, HDAC3, and HDACS8

+ Class II: HDAC4, HDAC5, HDAC6, HDAC?7,
HDAC9, HDAC10

+ Class IV: HDACI11

Class III HDACSs, also referred to as sirtuins, are
structurally and mechanistically distinct. While class
I and class II HDACs are zinc-dependent, class III
HDACs require nicotinamide adenine dinucleotide
(NAD*) as a cofactor for their deacetylase activity,
which rises from the evolutionary divergence and dis-
tinct biochemical properties of sirtuins compared to
classical HDACs [34, 35].

HDAC inhibitors can also be classified into structur-
ally diverse classes, including hydroxamic acids (such
as vorinostat and panobinostat), cyclic peptides (such
as romidepsin), benzamides (such as entinostat), and
short-chain fatty acids (such as valproic acid). These
compounds differ in their chemical structures and
HDAC isoform selectivity, leading to variations in their
pharmacokinetic properties and therapeutic effects.

Pharmacokinetics and clinical efficacy

The pharmacokinetic properties of HDAC inhibitors,
including absorption, distribution, metabolism, and
elimination, influence their bioavailability and efficacy
in vivo. HDAC inhibitors are administered via vari-
ous routes, including oral and intravenous, with dif-
ferent absorption rates and tissue distribution profiles
[36]. Oral formulations of HDAC inhibitors undergo
absorption in the gastrointestinal tract, where they
may be subject to first-pass metabolism in the liver
before reaching systemic circulation. Intravenous
administration bypasses the gastrointestinal tract,
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resulting in rapid and complete drug absorption into
the bloodstream.

Several studies have evaluated the use of HDAC inhibi-
tors, both as monotherapy and in combination with other
agents, across various leukemia subtypes. While results
have been variable, HDAC inhibitors have shown signifi-
cant activity in subsets of patients, including those with
relapsed or refractory disease who have failed stand-
ard therapies [37, 38]. Improved overall response rates
(ORR), increased progression-free survival (PFS), and
prolonged duration of response have been reported in
certain trials, particularly in combination with chemo-
therapy or targeted agents [39, 40]. While HDAC inhibi-
tors have demonstrated efficacy in specific leukemia
subtypes, their clinical utility in acute myeloid leukemia
(AML) and acute lymphoblastic leukemia (ALL) remains
under investigation [41]. Despite these encouraging find-
ings, challenges such as drug resistance, heterogeneous
patient populations, off-target effects, and optimal dosing
schedules remain areas of active investigation [42, 43].

Safety

The safety profile of HDAC inhibitors in leukemia treat-
ment is a subject of considerable interest and investiga-
tion. While HDAC inhibitors have shown promising
therapeutic efficacy in preclinical and clinical studies,
their clinical use could be associated with various adverse
effects, including cardiac toxicity, gastrointestinal dis-
turbances, fatigue, and hematologic toxicity [43-45].
Hematologic toxicity, in the forms of thrombocytopenia,
neutropenia, and anemia, is among the most commonly
reported adverse events [46]. Gastrointestinal discom-
fort, including nausea, vomiting, diarrhea, and loss of
appetite, is also frequently observed and may require
supportive care measures [36, 47, 48]. Cardiac toxicity,
characterized by QT interval prolongation, T-wave flat-
tening, ST segment depression, and arrhythmias, has
been reported with specific HDAC inhibitors and under-
scores the importance of cardiac monitoring during
therapy [43, 49]. In addition, some studies have suggested
electrolyte abnormalities subsequent to administration
of HDAC inhibitors as the cause of cardiac side effects
[50]. Overall, further studies are required to determine
the complete safety profile of HDAC inhibitors in leuke-
mia treatment and ensure their tolerability and long-term
efficacy in patients.

Clinical agents and candidates

Several agents have been proposed and studied through
the last decades. Tables 1 and 2 present a comprehensive
review of the preclinical and clinical studies of HDAC
inhibitors. The most prominent HDAC inhibitors candi-
dates for the treatment of leukemia are:
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Vorinostat

Vorinostat (suberoylanilide hydroxamic acid, SAHA) is
a broad-spectrum HDAC inhibitor that targets class I,
II, and IV HDAC enzymes [51, 52]. By inhibiting these
enzymes, vorinostat increases the acetylation of histone
proteins, leading to the transcriptional activation of
genes that induce cell cycle arrest, promote apoptosis,
and inhibit tumor angiogenesis [53, 54]. This modula-
tion of gene expression disrupts cancer cell prolifera-
tion and survival. Initially approved for the treatment
of cutaneous T-cell lymphoma (CTCL), its potential has
also been explored in AML and other hematological
malignancies [15, 55, 56]. Studies have demonstrated
its ability to synergize with other therapeutic agents,
enhancing the cytotoxic effects against leukemic cells
by disrupting mitochondrial function and inducing oxi-
dative stress, which leads to apoptosis in leukemic cells
[57].

Romidepsin

Romidepsin (FK228) is a selective inhibitor of class I
HDAC:S, particularly HDAC1 and HDAC2 [58, 59]. Its
anti-tumor activity is attributed to its strong induction
of G2/M cell cycle arrest and activation of the intrin-
sic apoptotic pathway [60]. Romidepsin modifies the
expression of key apoptotic regulators, enhancing the
expression of pro-apoptotic proteins and suppress-
ing anti-apoptotic proteins [61]. Primarily approved
for CTCL and peripheral T-cell lymphoma (PTCL),
romidepsin has been evaluated in clinical trials involv-
ing patients with various forms of leukemia [62]. Recent
studies indicate the potential of romidepsin in downregu-
lating DNA methyltransferases, leading to the demethyl-
ation of tumor suppressor genes and reactivation of their
expression, thereby providing a dual epigenetic therapy
approach when combined with DNA methylation inhibi-
tors [63, 64].

Belinostat

Like vorinostat, belinostat (PXD101) is a pan-HDAC
inhibitor that affects class I, II, and IV enzymes [65].
Its anticancer effects are mediated through the induc-
tion of apoptosis, cell cycle arrest, and the reduction of
angiogenesis [66—68]. Belinostat also affects the acetyla-
tion of non-histone proteins critical in cell cycle regula-
tion and apoptosis [68, 69]. While belinostat is approved
for PTCL, its role in treating leukemia subtypes is under
investigation. Preclinical models show that Belinostat
effectively induces death in leukemic cells, particularly
when combined with other chemotherapeutic or targeted
agents, enhancing its antileukemic activities [68].



Page 4 of 19

(2024) 29:514

Hosseini et al. European Journal of Medical Research

$9S0P MOJ Ul UaA sisordode Jo
uonoNpul Buons Yim ALAIDE DIWLSRNI)
-1ue disIBIsuAs Juedyiubls aney syusbe
Bunigiyur €174 pue siouaiyul SYaH
ymmolb ||9 pue bulispowai

UlleWOIYD Uo 12edwl S)1 ybnoiyl s109)s
JIWSXN3|1UE PIRAISUOWSP 1RISOUI|g

Adesayy uon

-BUIQWIOD Ul PaAJISSQO Sem ABISUAS ou Ing
‘sa|dules JUeISIS2I-Pl0IS1S Ul 91

-D3J9 sem 1e1souljaq ‘sisoxdode bupnpul

XB|D0}2USA pUB ‘SUISIDOUIA
‘aulgeleIAd ‘gluew| 03 §|j92 JIWNN3) Jo
AUAINISUDS 94} s9A0Id W] 181S0ZRIPAH

S129)J2 dnse|doaunue

uedyIubIS paressuouwsp Adesayiouow
1€150UIqOURd I9AIMOH dulindoided
-J9W pUe 31eX21104I2W YIM 1e1souUlqo
-ued jo Adelayy uoneuiquiod ybnoaya
POAIDSGO SBM 123}J3 D11SIBISUAS ON

uoIssaIdxa

suta1o.d paiejal aouelsIsal-bnup Jo uon
-onpas pue Aemyied dnnoidode pareipaul
-S43 3Y3 JO UoBAINDR YBNOIY) S109Y3
DIWSYN3|1IUB SMOYS UOIIBUIGUIOD 3y ]

skemyzed

sisoydode jo uope|nbaidn pue ‘asuodsai
abewep s|j9 ul A121x01014D D11SIBISUAS Ul
paynsal Adesayl uoneuIquiod ay |

95U0dsal JUSUIIRAI} 1PISOULIOA-DUIGR
-1129p Joj Joyjiew [enualod e si Txy ‘uon
-Ippe Ul TJNY J0j JusWieal) [enuaiod e se
108 P|N0D pue 3suodsal paroidull
A|[e21151B19UAS WOy S1YSuaq sulge

-11D9p PUE 1RISOULIOA JO UOIIBUIGUIOD 3y

510949 dIwa3Na|iue Juedyiubis Ul bul
-nsai ‘skemyied onoidode-oid ayy sonpul
SUINSHDUIA PUB 1ISOULIOA PRUIGUIOD
S1o9)e Joduednue

panoidwll A|[eo13sIBISUAS pamoys ‘gluloz
-|4JeD Y1IM UOIIBUIGUIOD Ul ‘1RISOULIOA

TNV

1dv

TAY TV

TAD 1dY TAVY

v

TAD

TNV

Tdv WY

Tv-L

1oL

09-TH pue ¥gN

"EL-WIOW ‘€TAV-1D0

09-1H PUE ETNV-IDO

W32-442D PUE - TOW

8/ 1NH pPuUe #-ITOW

(co1'pdd ‘'uuneisopiu ‘giu

SL-NTOW PUe LL-pAN - -I1ezinb :sionqiyul €174) ML

pIoe djouay

1unsey pue ‘ipned ‘9N VYN
1834IN[ F-ITOW ‘W3D-44DD

(@vA) Aderayiowsyd

95~ pue Xe|D019USA pue ‘auil

"£€6-N'09TH 'L-dHL'LL-PAW  -SUDUIA SUIGeleIAd ‘giunew

BI=CT
LLPSY  -oylaw pue suundoldeda|y

(ougiyur
95 DVQH) 21e1A1ng WnIpos

qguiede|o pue ‘suigeldap
'Xe|D0}2UDA ‘BUaiuesig

L L-AW pue

auigeldaq

SUNSLIDUIA

quuozyed

(68SHIT)
1e350UIGOURY

(101dXd) 1ersouljeg

(L0Laxd) reisoul;ag

(Hd-1eIsoulj=g)
1e150ZRIPAY ‘1RISOUlDg

(68SHGT)
1eI50UIGOURY

(68SHgT)
1eI50UIGOUR

(68SHgT)
JeIS0UIgOUER

(VHYS) 1e1SOULIOA

(VHYS) 12150ULI0A

(VHWS) 1250ULOA

[Ov1]
(2107) |2 12 uuewydsIald

[6€11(5100) e 32 ousinijeA

[8¢1] (£00?) '|e 32 huewelq

[£€11 (120?) |e 12 erodebep

[9€1] (c07) e 12 OUBION

(el (6107) e 12 Bl

[v€ 1] (C20?) e 1e ZepleA

[£€1] (£102) [ 32 Bunoy

[¢€L1(5102) e 19 0rYD

[LE1]1(9107) e 19 OB

spioe
JIUEBXOIPAH

sawod)no pue sbuipuly adAigns ejwadna

saul| [I9D Adeiayy uoneuiquod

Juaby

(1eak) Joyany

Ssep JVaH

(S21PNIS JUSIDLYNS JO 22USSR SY1 Ul pajuasaid os|e spodal eIuISYNS|-UOU) eIUIS3N3| Ul SIoNGIYUI (DYAH) 95e|A19283p SUOISIY JO S3IpNIs [edjuldaild L d|qel



Page 5 of 19

(2024) 29:514

Hosseini et al. European Journal of Medical Research

sis01400beyd Juspuadsp

-Apognue ybnoayl Yyimoibino Y Yl

Bujssaiddns ‘97 jo senuadoid uonigiyut
g/VDIN 21 s3z1b1auAs uisdapiwoy TNY

S|192 77D Ul Y3eap |19 sadnpul Ajjed
-1351619UAS QIWIO0Z31100 YIIM 1eISOUl|D] pue
uIsdapILIOy JO UONEUIGIOD By | (Mg-d) 1D

€-IHIM PUB ‘8677 1D VN

C-DIN PUB E-INAr

(Apognue g/yDIN) 9D/

gIW0z110g pue 1e1soul|ag

(8C2yl4) uisdapiuwoy

(874) uisdapiwioy

(vl
(C200) e 32 BAIIS Bp SoAlY

[1¥1]1(8007) 1e12te@  sapndad 21pAD

sdwod)1no pue sbuipuly adAiqns ejwana

sau| |13

Adeiay) uoneuiquo)

uaby

(1eak) Joyany ssep JyaH

(panunuod) L ajqey



Page 6 of 19

(2024) 29:514

Hosseini et al. European Journal of Medical Research

suswiba) uoneuIgquIod
||e ur uoissaiddns Abeydoine yum buoje

VYW-€ 'auinb

(p1oe djoidiep
pue) (€0L0ADOW)

‘sisordode s9dnpul 181SOUNADON 115-9 €-WAT PUB ‘T-WAr Z-4DW -0I0JYd “(I¥D) [opuidonel4 1e1s0unEdoW 1511 (#102) '[e 39 AInoyy-[3
OAIA Ul [BAIAINS POSERIDUI PUB
oA Ul sisoydode pasealoul ul bupnsai
‘uondnpoid 493\ pue 9-| buissaid 804D "1-41"1-OM
-dns yBnoiys Ayanoe djwaxnal-nue 1Usiod dV WY wnsey ‘26N ‘L-dHL '09-TH - (£S€T411) 18150UIND (0511 (£002) e 13 AejoD
| ION pue
£/INN s101dad31 Je3jdNU paduU3|Is Ay}
Buioisai Ag sisordode sayowoid ‘sioy INY-DO pue uisdapiwol (SLT-SW
-IqIyul DYAH 42430 Yum Buoje Jesounuy TV ETWY-D0 ‘€ L-WTOW '09-TH 'V Ul1eISOUD1 1RISOULIOA  ‘G/Z-XANS) Je1sounul levL](€102) e 19 NOYZ
asuodsal abewlep YN a2y3 buiidaye ‘sisoy
-dode pue 1sa11e 3243 ||92 sadNPUl Ul (SLT-SWN
-PeJ> pue jeisouilus JO UohesIulLpeo) AW Y LIANIW PUe ‘992N ‘9CC8INdY sulqupeD  ‘S/Z-XANS) eisounuy [8v1] (8107) e 12 buesm
SSOUDAINDDYD
S11 $9SB2IDUI ‘GIUNIO|IU 1O glulew| Se yans
‘sJuabe [y Yyim aprulepiyd buiuiquiod
‘skemyied Abeydoine-sisoidode jo uon
-e|npow ay1 ybnouys aduelsisal bnip
P31e[21-UOHRINW | € | SWODIRNAO AJjer (0008-19H
-uaj0d ued AdesaLjouow apiuepIyD TND ISleled/egpueOled €4/e9 qiuiojiu pue qruiew /5505D) spiwepiy) [£¥1](€200) e 19 UIA
sisoydode pue
152448 324D |19 01 bulpes| ‘'Yimoib |19
s19b.e1 A|[eonsiBisuAs suiqupe yum
SpIWepIyYd JO Uonens|ulLpeod ‘Aemyied (0008-19H
LDDU/PAN-D/2DVAH 241 Bundayy TNV LL-PAIN PUB ‘L-dHL /€6 [uIglpe|d /5505D) spiwepiy) [Or 1] (€207) e 19 NS
uolssaiddns
SISK|02A|6 Ul s1Nsal spIwepIyd ‘| SY-SYND |-lwnsey| pue ‘| | (0008-19H
palej21-auisouspelAy1aW-gN bundayy TNV -PAIN "€ L-NTOW “T13H ‘09-TH - /S50SD) Spiwepiyd [S¥1] (¥20T) 1239 NH
skemyied
onoldode-oid pasnpul pue AljigelA |92
pa103ye AjjednsibisuAs giuiede pue (0008-19H
splwepiyd jo Adelsyl uoneuiquio) TNV L-lwinsey pue o9y qlunedy /SS0SD) epiwepiyd [¥¥1] (c20T) |2 10 OrYZ
swsied JND-Dg Jo
S9WO0DINO [BDIUlD Y3 dAcidwll pjnod pue
9DUPISISI [Y] S9N QIUlIBUIO pue (0008-19H
SplWepIYS JO UORBUIqUIOD 9y | TND SWEH qiunew /5505D) spiwepiyd [€¥711(020T) e 12 oH soplwezusg
sawodino pue sbuipuly adAigns ejwayna saul| 1D Adeiay) uoneuiquo) aby (1eak) 20yany ssep JYdH

(panupuOd) | 3jqey



Page 7 of 19

(2024) 29:514

Hosseini et al. European Journal of Medical Research

10358} YIMoJb |e1[9Y10pUS JBJNJSEeA {537/ ‘DUOSRYIDWEXSP ‘UIDIGNIOXOP ‘DUIISLIDUIA JI/A AOMGIYUl 9seuny| aulsoiA} [y ‘ewoydwA| |93 1 77/ ‘elwayna| dnisejqoydwA| aynde [j9-|

T7v-L ‘pPIoe diwexolpAy apijiuejfoiagns yHYS ‘ewojaAw aidiynw ppy ‘g pue y 9duanbas pajejai-apndadAjod | ssepd xajdwod Ajiqnedwod03siy g/ ‘unajiaiul 7j ‘opisodols ‘suigeselfd ‘upigniepl 3] ‘sasejk1adeap
UOISIY DYJH ‘€ dSeUD| dUIS0IAY DYI|-SINH £174 ‘SS313S Win|nd13al diwse|dopud SyJ ‘eIwayna| d13K3019AW d1uoIyd T ‘@seury| Juapuadap-ulpAd ygo ‘elwayna| dnkdoydwAjoid [|93-g 774-g ‘elwayna| d13kd0ydwA| d1uosyd
1193-9 772-4 ‘e1wasna| plojaAw d1U0IYD SISLD 1Se|q TAD-DF ‘PIoe JI0UNdI SUBI}-||e Y[V ‘elwdxna] d13kd0[aAwoid a1nde T4y ‘elwayna| piojaAw ainde Ty ‘elwayna| dnsejqoydwA| ainde 77y ‘DuiuspejAYdN-€ YIN-€

suawiBas Adesay1owayd SAISUSIUL Y1IM

PaUIqWIOD USYM Y JO JUSWIRSIY 343 Ul 09-TH pue spioe A1ey
510942 211s1612UAS UmOys sey pide dloidjep 1dv TNV AN TS TIHMAD  (VY1V ‘IDI) Adessyiowsyd pioe djoidjep [¢S11(9107) "2 19 12Ny uley>s-1oys
sdwod)Ino pue sbuipuly adAigns ejwana saul| |9 Adeiay) uoneuiquo) by (1eak) Joyany sse|d DYaH

(panunuod) L ajqey



Page 8 of 19

514

(2024) 29

Hosseini et al. European Journal of Medical Research

|02030.d JUdWILSI) Y3 O}
1e350Udeld Bulppe Ag pa123|yal 9DUIa4Ip JuedYIU

[S91] (¥200)

-BIs OU Y1m ‘panlasqo sem asuodsai [ed1Ul]d JO 3. TNV aulpnezy (6£69S) 1IS0UDRI4  [eL ||| 9S_Yd  J21ULdn NN ‘|© 19 OISUBIN-B[DIRD)
TNY S1994e Ajjeuiuiu Adelayiouow 1e1so #91]
-ulj3q pue ‘syusiied sy BuOWwe paAISSHO sem YD ON AV - (L01AdXd) 1easouljag [el3 || oseyd VSN (#107) e 19 WNequdsiy
syuaited ey
-N3J Ul AJAIIDE PaYIWI| SMOYS ING ‘3|CISeS) PUR 3JeS S| [€91]
QlWwoza1iog pue 1e1s0ul|9q JO Uohensiulwpeo) SAW TNV qlwoza1i0g (L01AdXd) 1easouljag [Bl3 | 9seyd vsn (1202) ‘e 19 BAOY|0H
syualied buowe paAIasqo sem Juswanoldull
[eD1UI|D JURDYIUBIS OU ING '3|qISes) pue 3Jes S|
q1I950AEPY PUE 18150U19q JO UOLENSIUIWPECD SAW TAV qlissonepy (L0LAdXd) 1esouljeg [eH1 | 9seyd vSN  [291](€207) e 1° d9jeys
salpueubiiew [ed1bo) (payidadsun) Adeiayy [191]
-01eWRY UM siuaiied uj pa1eiajol-||am S| 1eisoul|ag THN W T uonelpes ‘Adessyiowayd) (101Aaxd) 1eisouljag |eu1 | seyd suewuag (8007) '|e 32 Buiswio
sixejAydoud
AHAD 10§ SNUI|0JIS/SNWI|0ID.|
UOIIUDAISIU| 3]qISe3) puUB Jes e 1| bupyeul 'sJuana (duigesepnyy pue
95IaAPE J0feu INOYLM ‘JHAD 23N2e JUedYIUDIS A|jed ‘uejeyd|jaw ‘UejNsng Jo
-JUIJD JO SDUSPIDUI DAIIRINUIND MO B Ul PR1|NSal SIXe|A A)su1ul padnpai/aanelq
-ydoid gHAD piepuels Yum pauiquiod 1elsoulqoued SAW WY 1V -eojpAw) AdesaLpowayd  (685HET) 1elsoulqoued [el || oseyd vSn (0911 (120?) '8 19 zaiad
%CE JO 9181 14D/4D B YUM ‘Pa1eIa|0l-||om sem Adesayy [651]
-OWaY> 3yl Yim 1e1soulqoued JO UoReUIquiod ay | TNV (€+/) Adesaylowayd  (685HET) 1elsoulqoued [eH1 | 9seyd vsn (6102) 1B 12 1IMNP3IA
sasuodsas ou 1am 243y sbul
-puy deIpied U 24aM 213y | ApPNIS SIYL Ul PaAISSQO
2I9M S$1D3JD [BUIISIIUIOAISED) 'S393(gNS dllie|pad [851]
pa1ealiaid A|IABY Ul Pa1RIS|0) SBM 1RISOUIqOoUR THNTIVINY  (Paydadsun) Adelayjowayd  (685HET) 1eIsoulqouey |eu1 | aseyd VSN (0207) '|e 32 biagpjoD
PaAIasqo sem (duIgeIeIfD [£S1]
S43%E'8Z PUR YD %S € YIM 9%6°09 JO HYO UV TAY ‘uigniepl) Adessylowsyd  (68SHET) Jelsouldoued [eH} | 9seyd VSN (6102) 'le 19 0]9buyaQ
1PISOULIOA )M UOIIBUIqUIOD 841 JO SS3)
-pJebal ‘sawoIN0 [eIIUID TNY Y} dA0IdUl 10U [[IM [951] (+202)
Adeiayy uononpur ayi bulnp auigeseIf) asop-ybiH TNV (du1gesrIfd) Adeiayrowayd (VHYS) 1PISOULIOA e} ||| 95eyd VSN ‘|e 19 OJ3UBN-BIDIRD)
(dseu
-1besedse-H3d ‘Duoiiuexolul
V-9 Ul sanIxol 9|geidad ‘SUIISLIDUIA ‘'DUOSBYIDWeX3P
-OBUN 01 P3| UOIEUIGUIOD 18ISOULIOA pUE sulgelda(] TIv-d ‘augeldap) Adessylowsyd (VHVS) 1BISOULIOA  [eld ||/| 9Seyd vsn - [SSL1(020T) e 1e =xng
1DSH d18uaboyje
Bulobiapun syuaiied eluNNS| 40} NGN|HO[D YlIm uon (ngni4 sl
-euIquUIOD Ul JUsWaA0IdWI MOYS 10U PIP 1RISOULIOA SAW TNV TV -0[D) usawibal buluopipuod) (VHVYS) 38ISOULIOA [} I/ 95eYd VSN (2207) |8 32 ysenely
ApNis sIY1 Ul 9AD3YD pue
p31eJ3|0)-||oM sem saldeiay) paseq-Oy 14 pue auige
-1129P YUM JBISOULIOA JO UOIIRUIGUIOD Y1 “TNY AIO) (Ov14 pue [es1] spioe
-DBJJ3I Ul 98¢ pUe Pasdejal Ul 969 JO YYO Ue LI TAY auigendap) Adessyrowayd (VHVS) 18ISOULIOA [el3 | 9seyd VSN (@474 NIERERETENRS SlwexoIpAH
S3WO011N0 [es1ulD adAigns ejwayna Adesayy uoneuiquod alepipued  ubisap |euL Anuno> (4eak) Joyiny sse|d DYaH

(S21PN3S JUBPLYNS

JO 92USsQR 2y} Ul pa1uasald Os|e s1I0dal BILUDYNSJ-UOU) BILUSYN| JO JUSWILIY Y3 Ul SIOHIYUI (DYAH) 95e|A19283p aU0lsly Jo A12es/Adeduja Uo S3Ipnis [ediuld) g ajqeL



Page 9 of 19

514

(2024) 29

Hosseini et al. European Journal of Medical Research

SSOUDAIIDYD UO UOISN|DUOD
Aue meip 0} |[ews 00} Aem s| dnoib uoluaalaul

yoea Ul spuapied Jo Jaquinp ‘24es aiam Adesayy (£010QDOW)
UoleuUIqUIOD pue Adelayiouow 1eISOUIISI0N T qeWIXNY 1PISOUNS0N |euy || 9seyd VSN [9/1] (6007) ‘e 1@ win|g
SAID3Y pue (€0L0ADOW) [S21]1(8000)
3Jes uanold sem Adesayiouow 1eISOUIISI0N SAW TNV - 1BISOUNIDD0N |euy | 9seyd VSN ‘[B 19 OJ2UB|\-BIDIRD)
A1D1X01 3URD
-y1ubis audsap Aoedyys [ed1uld palwi| 03 Paie|as Sem (qewnz (SLT-SW /1]
gewnzijoiquiad pue 1e3sounus JO UONRIISIUILIPROD) SAW TNV -l|oiquiad) Adesayrounwiw| 'G/7-XANS) 1PISOUNUT  [el) g| 9seyd VSN (#207) '|e 19 JJopsiamag
pasoubelp Aimau ay3 01
JolRyul 9G 01 SWaas syualed A1o1delyai/pasdejas uo
UoNeUIquIoD siy JO 10edwl 3Y | "SAI1D3YYS pue 3|gesd (SLT-SW [e/1]
-|03 SI 2UIQEIRJO[D UM 1PISOUIIUS JO UOIRUIGUIOD By | gy 1v (suigeteyo|D) Adelayiowayd 'S/ Z-XANS) 1eisounul |euy | 9seyd VSN (1Z02) '|e 12 Aemelled
syuaned 101 4 pasdejai pue
A1012€1491 10§ Pasn Ajjerrualod aq pjnod pue ‘djyoid
K194eS pue A2edLya 3|geNS B Sey apIWepIYd ‘YYO (suswibas bujuleIuod-WnU
%81°LS & Yl Adessyy uoneuiguiod sulebe -iiejd ‘suawiibal ij-dOHD) (0008-1gH
Adeiayiouow 10§ 751 SA 67 L SeM S4d URIPIN oL Adesstpowsyd /550SD) SpiwdepiyD el gj| aseyd eulyd [¢211(£100) e 39 1ys
syuaned SQW/TAY LDSH-Oj[e-1s0d 1oy souadns S|
[1d PUe DYD YiM spllleplys JO UoleuUIquIod sy} (0008-19H
'SYIUOW 61 JO SO UBIP3W PUE "Yd %S 4D %St B YIM SAW TNV 1a (©vD) Adesstpowsyd /5505D) apiwiepiyd [el || oseyd eulyd [1£11(€207) e 19 1am
TNY A1010e4501/pasdeal Ul 9AI1D3S pue paiela|ol (0008-19H
-[|9m sem 5y5J pue spiulepiyd JO UOReUIqUOD a9y TNV (©y2Q) Adessypowsyd /GS0SD) spiweplyD  [eld |l/| oseyd eulyD  [0£1](0207) e 30 Buem soplwezuag
WIN AJo1oeIR) Ul 9suodsas 9A129(qo Juedyubis e uj (payidadsun) Adeiayy [691]
1|nsal 01 Aj2y1jun si uisdapiwos Jo Adelayiouop W uope|pes ‘Adesayiowayd (877>4) uisdapiwoy [ely || 9seyd VSN (1107) e 32 AzIASaIN
A1D1x01 9|geabeurw yum satadoid saduediue
JURDYIUBIS SMOYS SUOSBYIDWPXIP,/GIL0Z1I0q UM 3U0S [891]
uisdapiwos Jo Adelayl UoeuUIqUIOD ‘YO %2/ B YU W -BUISWEX3p pue gIulozapiog (877>4) uisdapiwoy  [eul |I/] 9seyd eljensny (1107) |8 32 uosiIeH
19W 10U sem Apnis siy1 Jo Julodpua
Arewid ay 1anamoy ‘syuaned paieanun Jo S4d ayl
anoidwi Jou pip Adelayy uoneuIquiod d3oHD pue
uISAIPILIOY %79 JO YD PUL 9% L/ JO YJO Ue Ylm [£91]
'Pap10331 3I9Mm SBIIDIX0) paldadxaun oN TId 105 (dI0HD) Adessyiowsyd (8¢2yld) Uisdapiuioy 1l/91 9seyd Aley  (€207) '|e e ejledderyd
IXO1
BUIIWI-950p PaAISSGO Y3 319M S|[1YD pue ‘A/N
‘anbiiey ||| apelD A[pAndadsal ‘syuaned Jo %t i, pue DI [991]
%C'C | Buowe PanIasqo sem 3seasip d|qels pue yd “1DLd 129 11S/11D glwozsjog (872yi4) Uisdapiuioy [eli3 | 9seyd vsn (£107) e 12 eAOYIOH  sapndad D1pAD
S9WO011N0 [esiuld adAigns erwaxna Adeisayy uoneuiquo) alepipued  ubisap |euL A1i3uno> (4eak) Joyiny sse|d DYAH

(panunuod) g ajqey



Page 10 of 19

(2024) 29:514

Hosseini et al. European Journal of Medical Research

2UOSEYIDWEXIP ‘UIDIGNIOXOP ‘DUIISLDUIA giA ‘ewoydwi| 193 1 77 ‘ewoydwA| o1nk>0ydwA| jjews 775 ‘uonejuejdsuel) |93 widls DS ‘pIoe dlwexolpAy apijiue|foiagns yHYS ‘|eAlAINs da1)-asdejal

544 "ewoydwiA| [193-] |esaydiiad 714 ‘uoissiwail eued Yd ‘[BAIAINS 33143-U0Issa1601d S{d ‘|eAIAINS ||BISAO SO ‘1.l dsuodsal ||eJan0 YYO ‘@suodsai ||eiano YO ‘ewoydwA| upnjbpoH-uou JHN ‘BuIlWoA pue easneu A/N
‘ewojpAw a|diynw ppy ‘woipus dnsejdsApolAw sgpy ‘opisodola ‘suigeielifd ‘upigniepl 3D ‘uolieiuejdsuesy |19 wals d13dlodolewdy | HSH ‘DsejA1adeap auoisiy JYgH ‘uonieiue|dsuey [|93 d13a1odoleway [ JH ‘dseasip
150Y-snsJan-yeib gHAD ‘une(dsid pue auoseyiawexap ‘duigedwab Jgo ‘1o3oe) bunenwiis-Auojod 91430|nueib 4555 4SOH pue auiqeselifd ‘duiqeiepnyy D74 ‘[BAIAINS 931J-1USAS §47 ‘Uoisnjul 93K>0ydwA| Jouop [7g 450D
‘udIgnJede ‘sulgeselfd ‘auigeldsp oD ‘ewoydwA| [[93-1 SnosueInd 71D ‘Uoissiwal 919]dwod ¥ ‘D1 A19A0331 JUN0d 3313|dwodul/asuodsal 933|dwo) 1Y /4 ‘elwsyNa| 21IA20[RAW d1UoIYd T ‘Ueynsng ‘sulgelepnyy
‘aulqese)old ngnj40/) ‘elwadyna| d13k30ydwA| d1uoiyd 77D ‘duojosiupaid pue ‘BunsudUIA ‘Uignioxop ‘dpiweydsoydo|dAd JoH) ‘@pisodola ‘suosiupaid ‘BunsuduIA ‘udignioxop ‘apiweydsoydodkd gF0HD 4SID ‘udignue)de
‘auiqe.elfd oy ‘ewoydwi| |[93-g 7Og ‘elweyna| dnsejqoydwA| a1nde ||93-g T7¥-g ‘PID. Jloual sURIl-|[e Y[y ‘eIluaXNa| plojaAw 91nde Ty ‘elwsyna| dnsejqoydwA| sinde 77y ‘elwaxns| d1dAjousydiq sandy 19y

SO pue s43 Ul
POAISSGO SeM 3DURISHIP UBDLIUBIS OU I9AaMOY

(VY1V ‘Suigeselfd

‘p1oe djoidjea Buiaiedal syuaned ul paaoidul sem Sy TNV ‘upignJep)) Adesayiowayd ppedjoidep [l ||| 9Seyd Auewso  [6/1] (£107) '|e 12 esesse|
sdnoib (VY1Y
Apnis 3y Ul 44O 243 10344e 10U pIp pioe dloid|ep TNV ‘auigelnsq) Adessyiowayd pedjoidiep el aseyd Auewan  [8/1] (120T) | 19 J9xdag p spioe
hejuteyd
91e0id|eA buiaieda) syusned Ul (VH1V [z21] -paydueIq
PaAIRSQO Sem SO Jo Aopadns Juedyiubis oN TNV ‘auigeida) Adesayiowayd pioe djoidjep [euy || 9seyd Auew oo (0207) |8 3@ Maqan 1oys
S3WO021N0 [esiuld adAigns erwayna Adeisayy uoneuiquod alepipued  ubisap |eup A13uno> (4eak) Joyiny sse|d DYaH

(panunuOd) Z 3jqey



Hosseini et al. European Journal of Medical Research (2024) 29:514

Panobinostat

Panobinostat (LBH589) inhibits class I, II, and IV HDAC
enzymes, which results in a more robust increase in his-
tone acetylation compared to other HDAC inhibitors [15,
70]. This extensive hyper-acetylation disrupts many cel-
lular processes in cancer cells, including gene expression,
cell cycle progression, and survival pathways. Initially
approved for multiple myeloma (MM) in 2015, panobi-
nostat has demonstrated significant potential in preclini-
cal studies for the treatment of ALL [71-73]. It has been
shown to induce apoptosis and enhance the efficacy of
other therapeutic agents like bortezomib through syner-
gistic mechanisms in leukemic cells [74]. Furthermore,
panobinostat has been involved in clinical trials aimed at
evaluating its effectiveness in overcoming drug resistance
and preventing disease relapse in leukemia patients [75].

Chidamide

Chidamide, also known as CS055/HBI-8000, is a novel
benzamide class HDACi that has shown promising
activity in preclinical models and clinical trials for the
treatment of leukemia [76, 77]. Chidamide selectively
inhibits class I HDACs (HDACI, 2, 3, and 10), leading
to increased histone acetylation and modulation of gene
expression [78, 79]. Chidamide has demonstrated anti-
leukemic activity in preclinical and clinical studies, par-
ticularly in patients with relapsed or refractory disease
[80, 81]. Combination therapy strategies, administrating
chidamide along with chemotherapy agents or targeted
therapies, are being explored to enhance therapeutic effi-
cacy and overcome drug resistance.

Entinostat

Entinostat, (MS-275, SNDX-275), is a synthetic benza-
mide derivative that selectively inhibits class I HDAC
[82]. Preclinical studies have demonstrated the abil-
ity of entinostat in the induction of cell cycle arrest and
expression of pro-apoptotic proteins in leukemic cells
[83]. Recent clinical trials evaluating entinostat as mono-
therapy or in combination with other agents have shown
promising results in leukemia patients, including those
with AML and chronic lymphocytic leukemia (CLL) [84,
85]. Combining entinostat with hypomethylating agents
such as azacitidine has been extensively studied as a
potential treatment regimen for leukemia patients [85,
86).

Mocetinostat

Mocetinostat (MGCDO0103) is a highly selective inhibitor
of class I and IV HDAC isoforms that has demonstrated
preclinical activity against leukemia cells [87, 88]. Moce-
tinostat also establishes antileukemic effects through the
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induction of apoptosis, cell cycle arrest, and modulation
of gene expression. Clinical studies of mocetinostat in the
treatment of leukemia are still ongoing, and the results
are indefinite to date.

Givinostat

Givinostat (ITF2357) is a hydroxamic acid derivative
inhibiting class I and IIb HDAC isoforms [89]. Givinostat
has demonstrated preclinical activity in leukemia models,
including the induction of apoptosis and differentiation
of leukemic cells [90, 91]. Clinical studies investigating
givinostat in leukemia patients, particularly those with
AML and myelodysplastic syndromes (MDS), are ongo-
ing, evaluating the patients’ hematologic responses and
improvements in disease-related symptoms.

Other candidates

Several other candidates are being studied preclinically,
including fimepinostat (CUDC-907), ivaltinostat (CG-
200745), and CUDC-101, which are chiefly studied for
solid tumors, but also considered for relapsed/refractory
hematologic malignancies [42, 92—94].

Repurposed agents

Due to the heterogenic spectrum of HDAC classes,
the development of novel HDAC-targeting agents has
been challenging, which has led to frequent endeavors
to repurpose the currently available drugs [95, 96]. Tri-
chostatin A is an antibiotic antifungal agent with specific
class I and II HDAC inhibitory properties, which has also
demonstrated significant anti-leukemic effects in preclin-
ical studies [97-99]. Apicidin is another fungal metabo-
lite with HDAC inhibitory properties, which has been
proven to induce pro-apoptotic activities in hematologi-
cal malignancies [100, 101].

In addition, some distant agents, such as valproic
acid—which is primarily used as an antiepileptic medica-
tion—have also shown HDAC inhibitory activities [102,
103], which, although might not be a primary choice of
cancer treatment, have demonstrated strong evidence for
positive antileukemic effects in combination with novel
and conventional cancer therapies [104].

Combination therapies

Several studies have proposed therapeutic regimens of
HDAC inhibitors combined with other treatment modal-
ities in order to overcome resistance, minimize off-target
effects, and increase the clinical efficacy for the treat-
ment of leukemia subtypes [105]. As displayed in Fig. 1,
these combination regimens can synergistically enhance
antitumor effects and improve patient outcomes. Sev-
eral combination protocols are being studied, the main of
which being:
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Histone and non-histone protein acetylation

Cell cycle arrest

Disrupted DNA repair mechanisms

Pro-apoptotic pathways trigger

HDAC inhibitors

Epigenetic Chemotherapy
modifiers
Stem cell
transplant

Autophagy induction

Anti-angiogenic effect

Immunomodulation

Tumor microenvironment modification

Fig. 1 HDAC inhibitors exhibit antileukemic effects, either as monotherapy or in combination with other treatment modalities

Combination with chemotherapeutic agents

Combining HDAC inhibitors with conventional cytotoxic
chemotherapy agents is a rational approach to enhance
tumor cell destruction and overcome chemotherapy
resistance [106]. Preclinical studies have demonstrated
synergistic interactions between HDAC inhibitors and
agents, such as cytarabine, doxorubicin, and vincris-
tine in leukemia models, leading to activation of pro-
apoptosis pathway and cell cycle arrest in leukemic
cells [107]. Clinical trials evaluating the combination of
HDAC inhibitors with chemotherapy regimens in leu-
kemia patients have shown promising results, including
improved response rates and survival outcomes, mostly
with acceptable toxicity levels (Table 2).

Combination with immunotherapy

HDAC inhibitors can modulate the tumor microenviron-
ment, enhance antigen presentation, and promote anti-
tumor immune responses [108—110]. Previous studies
suggested a significant synergistic effect for the coadmin-
istration of HDAC inhibitors and immunomodulating
agents in solid tumors, with potentially high levels of
toxicity [111]. However, the studies on hematological
malignancies are still indefinite. Considering the rapidly
evolving landscape of cancer immunotherapy, further
studies are required to determine the effectiveness and
safety of these combinations, particularly in treatment
regimens involving immune checkpoint inhibitors and
tumor microenvironment components, such as myeloid-
derived suppressor cells (MDSCs) and tumor-associated
macrophages (TAMs) [112, 113].

Combination with targeted therapies

Combining HDAC inhibitors with tyrosine kinase inhibi-
tors (TKIs) targeting aberrant signaling pathways such
as FLT3, BCR-ABL, or JAK-STAT has shown promise
in preclinical models of leukemia, leading to enhanced
apoptosis and inhibition of leukemic cell proliferation
[114-116]. Gilteritinib, midostaurin, sorafenib, and
quizartinib are among the most common FLT3-inhibit-
ing agents combined with HDAC inhibitors for leukemia
treatment [117, 118].

Combination with radiation therapy

In general, radiation therapy is not the primary treat-
ment strategy for leukemia. However, combining HDAC
inhibitors with radiation therapy has the potential to
enhance the efficacy of palliative radiotherapy and over-
come tumor resistance mechanisms in the treatment of
leukemia metastases. The rationale behind this combina-
tion lies in the ability of HDAC inhibitors to modulate
chromatin structure, sensitize tumor cells to radiation-
induced DNA damage, and promote apoptotic cell death
[119]. HDAC inhibitors alter the chromatin structure
and DNA repair mechanisms, leading to increased sen-
sitivity of metastatic cells to ionizing radiation-induced
DNA damage (radiosensitization), thereby enhancing
the cytotoxic effects of radiation therapy [120]. In addi-
tion, HDAC inhibitors induce apoptosis through multi-
ple mechanisms, which synergize with radiation-induced
apoptosis. Moreover, the anti-angiogenesis effects of
HDAC inhibitors enhance the efficacy of radiation ther-
apy by reducing tumor blood supply and oxygenation
to metastatic tumor cells [121]. However, the current
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evidence regarding the clinical applicability of this com-
bination strategy is limited.

Combination with other epigenetic modifiers

Combining HDAC inhibitors with other epigenetic mod-
ifiers, such as DNA methyltransferase (DNMT) inhibi-
tors or bromodomain and extra-terminal (BET) protein
inhibitors, could modulate multiple layers of epigenetic
regulation and achieve synergistic antitumor effects
[122-124].

DNMT inhibiting azacitidine and decitabine are among
the common hypomethylating agents, recommended for
leukemia combination therapy with HDAC inhibitors
[125]. A recent preclinical study has demonstrated that
combining decitabine and HDAC inhibition resulted in
significant downregulation of both oncogenes and the
epigenetic modifiers often overexpressed in leukemia
[126]. Preclinical studies have also confirmed that com-
bining HDAC inhibitors with DNMT inhibiting agents
or BET inhibitors could lead to an enhanced reprogram-
ming of gene expression, induction of differentiation, and
inhibition of leukemic cell proliferation [127, 128]. Clini-
cal trials investigating the combination of HDAC inhibi-
tors with epigenetic modifiers in leukemia patients are
still ongoing, aiming to assess safety, efficacy, and poten-
tial biomarkers of response.

Ongoing research

Several trials are currently ongoing to determine the
effectiveness and safety of HDAC inhibitors in the treat-
ment of leukemia. Most of the ongoing studies focus on
adding HDAC inhibitors as an arm of a combined proto-
col for treating leukemia [129, 130]. Table 3 summarizes
the ongoing trials of HDAC inhibitors monotherapy and
combination therapy for leukemia treatment.

Future directions

Future research endeavors regarding the potential of
HDAC inhibitors in the treatment of leukemia should
address the following issues:

+ Combination therapies: The synergistic effects of
HDAC inhibitors with available novel and conven-
tional cancer therapies, including other targeted
agents, chemotherapy, and immunotherapy, in order
to improve efficacy and minimize resistance.

+ Biomarker identification: Identifying predictive bio-
markers for response to HDAC inhibitor therapy, in
order to select leukemia patients who are most likely
to benefit from HDAC inhibitor therapy and moni-
toring treatment response.

+ Epigenetic profiling: Utilizing epigenetic profiling to
stratify leukemia patients based on their epigenetic
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signatures and tailor treatment approaches accord-
ingly.

+ Developing next-generation HDAC inhibitors:
Designing selective HDAC inhibitors with improved
potency, pharmacokinetics, and safety profiles to
overcome limitations associated with current agents.

+ Immunomodulatory effects: Exploring the immu-
nomodulatory effects of HDAC inhibitors, including
their impact on the tumor microenvironment and
immune checkpoint regulation, to enhance antileu-
kemic immune responses.

Conclusion

Histone deacetylase inhibitors represent a promising
therapeutic strategy for different leukemia subtypes by
targeting epigenetic dysregulation implicated in leuke-
mogenesis. While significant progress has been made
in understanding their mechanisms of action and clini-
cal efficacy, challenges such as drug resistance and life-
limiting side effects still persist. Ongoing research efforts
focused on combination therapies, biomarker identifica-
tion, and next-generation HDAC inhibitors hold promise
for improving outcomes in patients with hematological
malignancies.
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