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� Novel HDACi with nanomolar activity
against leukemic cells were
synthesized.

� HDACi of the KH-series are superior
to a clinical grade HDACi.

� HDACi of the KH-series modulate
acetylation and phosphorylation of
proteins.

� The new HDACi KH16 regulates cell
cycle arrest, apoptosis, and
autophagy.

� Apoptosis acts upstream of
autophagy in KH16-treated cells.
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Introduction: Posttranslational modification of proteins by reversible acetylation regulates key biological
processes. Histone deacetylases (HDACs) catalyze protein deacetylation and are frequently dysregulated
in tumors. This has spurred the development of HDAC inhibitors (HDACi). Such epigenetic drugs modu-
late protein acetylation, eliminate tumor cells, and are approved for the treatment of blood cancers.
Objectives: We aimed to identify novel, nanomolar HDACi with increased potency over existing agents
and selectivity for the cancer-relevant class I HDACs (HDAC1,-2,-3,-8). Moreover, we wanted to define
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how such drugs control the apoptosis-autophagy interplay. As test systems, we used human leukemic
cells and embryonic kidney-derived cells.
Methods: We synthesized novel pyrimidine-hydroxamic acid HDACi (KH9/KH16/KH29) and performed
in vitro activity assays and molecular modeling of their direct binding to HDACs. We analyzed how these
HDACi affect leukemic cell fate, acetylation, and protein expression with flow cytometry and immuno-
blot. The publicly available DepMap database of CRISPR-Cas9 screenings was used to determine sensitiv-
ity factors across human leukemic cells.
Results: Novel HDACi show nanomolar activity against class I HDACs. These agents are superior to the
clinically used hydroxamic acid HDACi SAHA (vorinostat). Within the KH-series of compounds, KH16
(yanostat) is the most effective inhibitor of HDAC3 (IC50 = 6 nM) and the most potent inducer of apoptosis
(IC50 = 110 nM; p < 0.0001) in leukemic cells. KH16 though spares embryonic kidney-derived cells. Global
data analyses of knockout screenings verify that HDAC3 is a dependency factor in 115 human blood can-
cer cells of different lineages, independent of mutations in the tumor suppressor p53. KH16 alters pro-
and anti-apoptotic protein expression, stalls cell cycle progression, and induces caspase-dependent pro-
cessing of the autophagy proteins ULK1 and p62.
Conclusion: These data reveal that HDACs are required to stabilize autophagy proteins through suppres-
sion of apoptosis in leukemic cells. HDAC3 appears as a valid anti-cancer target for pharmacological
intervention.
� 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Histone deacetylases (HDACs) are Zn2+- or NAD+-dependent
enzymes that control the acetylation status of cellular proteins in
procaryotes and eucaryotes. Eighteen mammalian HDACs are clas-
sified into four classes, based on their time of discovery and their
homology to yeast deacetylases. Class I HDACs comprise HDAC1,-
2,-3,-8, class II is divided into IIA being HDAC4,-5,-7,-9 and class
IIB being HDAC6,-10, and class IV contains only HDAC11, which
shares structural properties with classes I and II [1,2]. The HDAC
classes I, II, and IV use Zn2+ as a cofactor and the class III HDACs
SIRT1-7 utilize NAD+ as a cofactor [2,3].

Cancerous tissues frequently overexpress class I HDACs. This is
linked to tumors having histone and non-histone protein acetyla-
tion patterns that differ from healthy tissues [1,4,5]. Such findings
have stimulated the development of HDAC inhibitors (HDACi) with
nanomolar activities against class I HDACs. HDACi against Zn2+-
dependent HDACs have been approved by the U.S. food-and-drug
administration (FDA) for the therapy of human blood tumors
[1,4,5]. This was preceded by the use of weakly active, millimolar
fatty acid HDACi in compassionate protocols in the last century
[2]. The micromolar hydroxamic acid SAHA was the first clinically
approved HDACi. The hydroxamic acid belinostat, as well as the
depsipeptide romidepsin are additional HDACi that are approved
by the U.S. FDA. The China FDA approved the HDACi tucidinostat,
also called chidamide, for clinical use against subtypes of leukemia
[1,4,5]. Hydroxamic acids are variably active against all Zn2+-
dependent HDACs. Romidepsin and tucidinostat block class I
HDACs [6,7]. Additional HDACi, such as the hydroxamic acid-
based pan-HDACi abexinostat, increased overall survival rates of
follicular cell, T-cell, and B-cell lymphoma patients, at the cost of
dose-limiting hematopoietic toxicity, in a phase II clinical trial
[8]. Synthesizing and characterizing HDACi that are based on the
hydroxamic acid scaffold is a promising approach to identify more
effective epigenetic drug candidates for cancer treatment.

A common feature of clinical grade, therapeutically active
HDACi is a nano- to micromolar inhibition of class I HDACs. This
encourages the synthesis of HDACi with selectivity for these
enzymes. Beyond high activity against tumor cells, selective HDACi
are expected to have less side-effects than pan-HDACi [2]. HDACi
with the benzamide group as a molecular warhead to complex
Zn2+ can have remarkable class I HDAC selectivity but lack the
low nanomolar activities of depsipeptides and hydroxamic acids
202
[6,7,9,10]. There is an intense search for hydroxamic acids with a
very potent inhibition of individual class I HDACs.

The best-characterized anti-proliferative effects of HDACi
include the induction of cell cycle arrest and non-inflammatory cell
death through apoptosis. The molecular mechanisms underlying
the induction of cell cycle arrest by HDACi involve an increase in
cyclin-dependent kinase inhibitors and a downregulation of
cyclin-dependent kinases. HDACi-induced apoptosis relies on an
upregulation of pro-apoptotic and a downregulation of anti-
apoptotic proteins, including members of the BCL2 family and a
disruption of kinase signaling cascades. These effects can occur
through RNA- and protein-dependent mechanisms [1,4,5,11].
HDACi additionally halt tumor cell proliferation through the induc-
tion of DNA replication stress and DNA damage [12,13]. Recent
data show that HDACi also modulate a ‘‘self-eating” mechanism
of cells termed autophagy. This pathway digests cellular proteins
and organelles under stress to promote cell survival [14,15].
Accordingly, the induction of autophagy frequently antagonizes
pro-apoptotic properties of HDACi [5,16–18].

A nanomolar HDACi with class I HDAC selectivity is both a
clinically interesting molecule and a pharmacological tool to
assess the specific functions of HDACs. We developed and char-
acterized novel pyrimidine-hydroxamic acids regarding their
potency against leukemic cells. We focused on this type of can-
cer because FDAs approved HDACi for the treatment of certain
types of leukemia and lymphoma [1,4,5], and because there is
a vital clinical testing of HDACi for blood disorders [2,19]. We
compared these novel compounds with established HDACi and
analyzed the impact of the most potent new HDACi on key pro-
teins controlling apoptosis and autophagy. As testbeds, we used
human leukemic cells and kidney-derived cells, and we analyzed
global datasets.
Materials and methods

HDACi

SAHA and MS-275 were purchased from Selleck Chemicals,
Munich, Germany. KH9, KH16 (yanostat), and KH29 were synthe-
sized as mentioned in the supplemental information file SI and Figs
S1-S13. All drugs were kept as stock solutions in DMSO at �80 �C
and diluted in PBS immediately before treatment.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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In vitro HDAC enzymatic assays

Recombinant human HDAC1, HDAC2, HDAC3/NCOR1, and
HDAC6 were purchased from ENZO Life Sciences AG (Lausen, CH).
Recombinant human HDAC11 and recombinant human HDAC8
were produced as mentioned [20,21]. In vitro testing of the inhibi-
tors in an enzymatic assay was carried out as described in previous
publications [20–22]. For HDAC1,-2,-3, a fluorogenic peptide
derived from p53 (Ac-RHKK(Acetyl)-AMC) was used. All measure-
ments were performed in assay buffer (50 mM HEPES, 150 mM
NaCl, 5 mMMgCl2, 1 mM TCEP and 0.2 mg/mL BSA, pH 7.4 adjusted
with NaOH) at 37 �C. An Envision 2104Multilabel Plate Reader (Per-
kinElmer, Waltham, MA), with an excitation wavelength of
380 ± 8 nm and an emission wavelength of 430 ± 8 nm was used
to measure the fluorescence intensity. For HDAC6, the substrate
(Abz-SRGGK(thio-TFA)FFRR-NH2) was used as described before
[20,21]. The HDAC11 inhibition assay was performed as mentioned
in [22]. The enzyme inhibition of HDAC8 was determined with a
homogenous fluorescence assay [21]. The enzyme was incubated
for 90 min at 37 �C, with the fluorogenic substrate ZMAL (Z(Ac)
Lys-AMC) in a concentration of 10.5 lM and increasing inhibitor
concentrations. Fluorescence intensity was measured at an excita-
tion wavelength of 390 nm and an emission wavelength of
460 nm in a microtiter plate reader (BMG Polarstar).

Docking studies

Protein structures were retrieved from the Protein Data bank
(PDB) (HDAC1 PDB ID: 4BKX, HDAC2 PDB ID: 5IWG, 7ZZS. HDAC3
PDB ID: 4A69) [23–25]. The docking was carried out using the
Schrödinger program [26,27] as previously reported [9,21]. Valida-
tion of the molecular docking method was done with re-docking of
ligands from available HDAC crystal structures. The solvent mole-
cules (except one conserved water molecule W617) and ions (ex-
cept the catalytic Zn2+ ion) were removed. For preparation of the
proteins, the protein preparation wizard implementation of the
Schrödinger version 2019.1 was used with the following steps:
hydrogen atoms addition, protonation states assignation, and
finally restrained energy minimization using the OPLS force field
2005. Generation of the ligand structures were done in the imple-
mented 2D Sketcher of the Schrödinger version (version 2019.1).
Afterwards, the LigPrep (version 2019.1) tool was used for the
preparation of the inhibitors with energy minimization using OPLS
force field 2005. Sixty-four conformers for each inhibitor were gen-
erated with the ConfGen (Schrödinger version 2019.1) tool of the
same version. Preparation of the receptor grid for the docking pro-
cedure was applied by assigning the co-crystallized ligand as the
centroid of the grid box. The active site of the proteins was defined
with 10 Å radius grid box around the ligand. Standard precision (SP)
mode was applied for docking. Ten docking poses were subjected
for further post-docking minimization. The root mean square devi-
ation (RMSD) values of the docking poses corresponding to the
ligand binding mode in HDAC2 (5IWG), HDAC2 (7ZZS) and HDAC3
(4A69) are 0.29, 0.77, and 0.50 Å, respectively. Values below 1 Å are
considered as good agreement to the experimental structures
[28,29]. Docking poses were visualized using the MOE2019.01 pro-
gram [30]. The obtained HDAC-inhibitor docking complexes were
further refined and re-scored using the AMBER:10:ETH force field
and R-field solvation model (default force field setting in
MOE2019.01) as implemented in MOE2019.01.

In silico prediction of pharmacokinetic and toxicological data

For the in silico prediction of pharmacokinetic and toxicological
properties of the HDACi, the PreADMET (absorption, distribution,
metabolism, excretion, and toxicity) web server (https://pread-
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met.qsarhub.com) was used. The PreADMET approach is based on
different series of molecular descriptors that are considered for
generating quantitative structure property relationship and classi-
fication models. The following properties were calculated: blood
brain barrier penetration (BBB) [31], Caco2 cell permeability
(Caco2 apparent permeability coefficient (Papp) nm/s) [32], human
intestinal absorption (% HIA), plasma protein binding, buffer solu-
bility (classification model), log P (consensus logP), and total polar
surface area (TPSA Å2). Classification models were used to predict
the inhibition of several cytochromes, hERG and para-glycoprotein
(p-GP). Drug likeness was predicted using Lipinski’s rule of five
[33], the MDL Drug Data Report database [34,35], and World Drug
Index rule (WDI) [36]. To predict human organ toxicity, we used
the PROTOX II approach developed by Preissner et al. [37], which
is available online (https://tox-new.charite.de/protox_II/). The pre-
diction method is based on the analysis of the structural similarity
of compounds with known median lethal doses (LD50).

Cell culture

Experiments were carried out with HEL cells (erythroblast cell
line from the bone marrow of a 30-year-old, white, male patient
with erythroleukemia), Ramos cells (B-lymphocyte cell line from
a 3-year-old, white, male Burkitt’s Lymphoma patient), RS4-11
cells (lymphoblast cells from the marrow of a 32-year-old, white,
female patient with acute lymphoblastic leukemia), and human
embryonic kidney cells (HEK293T cells, originally from a female
fetus). The cells were kind gifts from Dr. Grez (Frankfurt/Main, Ger-
many), Dr. Kosan (Jena, Germany), Prof. Böhmer (Jena, Germany),
Prof. Heinzel (Jena, Germany), and were originally from the DSMZ
(Braunschweig, Germany). Cells were cultured under sterile condi-
tions at 37 �C and 5% CO2 in Roswell Park Memorial Institute-1640
(RPMI 1640, Sigma-Aldrich) for leukemic cells or Dulbecco’s Mod-
ified Eagle Medium (DMEM, Sigma-Aldrich) for HEK293T cells.
Media were supplemented with 5% fetal calf serum (FCS) (Sigma-
Aldrich) and 1% penicillin/streptomycin (Gibco). As previously
reported [38], using 5% instead of 10% FCS reduces cell stress dur-
ing proliferation. Cell density was kept below 400,000 cells per mL.

Immunoblot and antibodies

Immunoblot was done as recently described by us [39–41]. In
brief, cellswere seeded at 200,000 cells permL in 6-well plates. Cells
wereharvested into15mLconical tubes, centrifuged(300�g,5min)
and the supernatantwas aspirated. Cell pellets were resuspended in
1 mL ice-cold PBS, transferred to 1.5 mL tubes, and centrifuged
(21,000 � g, 5 min, 4 �C). Cells were lysed on ice in NET-N buffer
(100 mM NaCl, 10 mM Tris-HCl pH 8, 1 mM EDTA, 10% glycerin,
0.5% NP-40; plus cOmplete protease inhibitor tablets (Roche) and
phosphatase inhibitor cocktail 2 (Sigma)) for 25 min and sonified
(10 s/40% amplitude). Lysates were centrifuged (21,000� g, 25 min
4 �C) and protein concentrations were adjusted using the Bradford
assay.Afterwards,35–40lg lysateweredenatured in6x loadingbuf-
fer (375 mM Tris-HCL pH 6.8, 12% SDS (w/v), 30% glycerol, 500 nM
DTT, and bromophenol blue in H2O) and loaded onto SDS-PAGE gels.
Electrophoresis was performed at 95 V for 10 min and increased to
125 V for the remaining time. Proteins were blotted onto 0.2 lm
nitrocellulose membranes (Amersham Protran, GE Healthcare) for
2 h. Membranes were blocked in 5% non-fatty dry milk in TBS-T for
1 h and placed in primary antibodies for a minimum of 16 h at 4 �C.
Secondary antibodies were applied for 2 h at room temperature at
1 lg/6250 lL for infrared (IR) dye-based and 1 lg/4200 lL in case
of horseradish peroxidase (HRP)-linked secondary antibodies. IR
dye-coupled antibodies were detected using the Odyssey imaging
system (LI-COR), HRP-linked antibodies were detected using the
Ibright CL-1000 imaging system (Thermo Fischer).

https://preadmet.qsarhub.com
https://preadmet.qsarhub.com
https://tox-new.charite.de/protox_II/


Primary antibodies used in this work:

primary antibody host dilution catalogue number manufacturer

anti-a-tubulin rabbit 1:30.000 ab6560 Abcam, Cambridge, UK
anti-acetylated histone H3 rabbit 1:500 06–599 Merck Millipore, MA, USA
anti-acetylated histone H4 rabbit 1:1000 8674 Cell Signaling Tech., MA, USA
anti-BAK rabbit 1:500 ab32371 Abcam, Cambridge, UK
anti-BCL-XL rabbit 1:500 ab32370 Abcam, Cambridge, UK
anti-beclin-1 rabbit 1:500 3495 Cell Signaling Tech., MA, USA
anti-BID rabbit 1:1000 2002 Cell Signaling Tech., MA, USA
anti-b-actin mouse 1:1000 sc47778 Santa Cruz Biotechnology, Heidelberg, DE
anti-cleaved caspase-3 rabbit 1:1000 9661 Cell Signaling Tech., MA, USA
anti-cleaved PARP1 mouse 1:1000 552,596 BD Biosciences, Heidelberg, DE
anti-ERK1/ERK2 mouse 1:1000 sc271269 Santa Cruz Biotechnology, Heidelberg, DE
anti-GAPDH rabbit 1:1000 ab128915 Abcam, Cambridge, UK
anti-HSP90 mouse 1:1000 ADISPA830 Enzo Life Sciences, NY, USA
anti-LC3B rabbit 1:500 3868 Cell Signaling Tech., MA, USA
anti-MCL1 rabbit 1:500 sc-819 Santa Cruz Biotechnology, Heidelberg, DE
anti-p53 mouse 1:500 sc-126 Santa Cruz Biotechnology, Heidelberg, DE
anti-p62 rabbit 1:500 sc-25575 Santa Cruz Biotechnology, Heidelberg, DE
anti-PARP1 mouse 1:1000 556,362 BD Biosciences, Heidelberg, DE
anti-pERK1/pERK2 (T202/Y204) rabbit 1:1000 9101 Cell Signaling Tech., MA, USA
anti-pULK1 (S757) rabbit 1:100 14,202 Cell Signaling Tech., MA, USA
anti-survivin rabbit 1:500 ab134170 Abcam, Cambridge, UK
anti-ULK1 rabbit 1:500 8054 Cell Signaling Tech., MA, USA
anti-vinculin mouse 1:500 sc-73614 Santa Cruz Biotechnology, Heidelberg, DE
anti-XIAP rabbit 1:500 2042S Cell Signaling Tech., MA, USA

Secondary antibodies used in this work:

secondary antibody host catalogue number manufacturer

IRDye�680RD anti-mouse IgG goat 925–68070 LI-COR, NE, USA
IRDye�680RD anti-rabbit IgG goat 925–68071 LI-COR, NE, USA
IRDye�800CW anti-mouse IgG goat 925–32210 LI-COR, NE, USA
IRDye�800CW anti-rabbit IgG goat 925–32211 LI-COR, NE, USA
anti-mouse IgG, HRP-linked antibody horse 7076 Cell Signaling Tech., MA, USA
anti-rabbit IgG, HRP-linked antibody horse 7074 Cell Signaling Tech., MA, USA
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Measurement of apoptosis

Annexin-V binds to phosphatidylserine, which becomes
exposed on the outer membrane of early and late apoptotic cells.
Propidium iodide (PI) stains DNA and is utilized as a marker of
late-stage apoptosis and necrosis, with non-intact cell membranes
[39–41]. In brief, cells were seeded at 200,000 cells per mL in 24-
well plates and harvested into flow cytometry tubes. HEL cell cul-
tures have some cells attached to the culture dishes. Such cells
should be collected by trypsinization. Cells were centrifuged
(300 � g, 5 min), washed twice in ice-cold PBS, resuspended in
2.5 lL annexin-V (BD Bioscience) diluted in 50 lL annexin-V bind-
ing buffer (1 mM HEPES, 0.14 M NaCl, 0.25 mM CaCl2, adjusted to
pH 7.4 with KOH), and kept in the dark. After 15 min, 10 lL of PI
(Sigma-Aldrich) solution (50 lg/mL, diluted in 430 lL annexin-V
binding buffer) were added. Cells were analyzed after 10 min with
a FACS Canto II flow cytometer. Data were examined with the
FACSDiva software. To calculate IC50 values, we chose logarithmic
scale concentrations from 2.5 nM to 5 lM in GraphPad Prim 6.

Cell cycle analysis

We recorded cell cycle profiles by flow cytometry [39–41]. PI is
a marker for DNA contents in different phases of the cell cycle.
204
From G1 phase to G2/M phase, the cellular DNA content increases
from 2 N to 4 N. Apoptotic cells have DNA contents below 2 N (ter-
med subG1 fractions). In brief, cells were seeded at 200,000 cells
per mL in 24-well plates. Both floating and adherent cells were har-
vested and washed twice with ice-cold PBS. After discarding the
PBS, 1 mL ice-cold 80% ethanol was added dropwise while vortex-
ing to fix the cells. After storage at �20 �C for at least 2 h, samples
were centrifuged, and ethanol was discarded. To prevent false
measurement of RNA instead of DNA, fixed cells were treated with
333 lL PBS supplemented with 1 lL RNAse (10 mg/mL) (Roche) at
37 �C for 30 min at room temperature. Cells were treated with
164 lL PI-staining solution (50 lg/mL) and measured after
10 min using a FACS Canto II. Further data analysis was carried
out with FACSDiva and GraphPad Prism 6.

Cancer dependency map (DepMap) data base analysis

CRISPR dependency data (CHRONOS scores) and TP53 (gene
encoding the transcription factor p53) mutation data for cell
lines of myeloid and lymphoid lineages were both downloaded
from the publicly available 2022 Q4 DepMap release using the
Broad Institute’s DepMap portal (https://depmap.org/portal/).
The Wilcoxon rank-sum test, which does not require that the
data show a normal distribution test, was applied to compare

https://depmap.org/portal/
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dependency scores between TP53 wild-type and TP53 mutant
cell lines.

Additional software used in this work to collect biological data
Ta
In
software
ble 1
vitro activity of KH9, KH16, an

compound structure

KH9

KH16

KH29

SAHA
developers
BD FACSDivaTM CS 6
 BD Biosciences, Heidelberg, DE

Cell Imaging Software
 Olympus Soft Imaging Solutions,

Münster, DE

Flowing Software

2.5.1

Turku Bioscience Centre, Turku, FIN
GraphPad Prism
Version 6
GraphPad Software, CA, USA
Image Studio Lite 5.2
 LI-COR, NE, USA

MS Office 365
 Microsoft, Unterschleißheim, DE

Odyssey Version 3.0
 LI-COR, NE, USA

RStudio 2023.03.1
 Posit PBC, Boston, MA, USA
Measurement of autophagy

Autophagy detection was performed with a kit from Enzo life
sciences. This tool contains the Cyto-ID� dye that labels autophagic
vacuoles [42]. In brief, 200,000 cells per mL were seeded in 12-well
plates and harvested into flow cytometry tubes. Cells were cen-
trifuged (300 � g, 5 min) and washed with 1 mL ice-cold PBS. Cells
were re-centrifuged, and PBS was discarded. Pellets were resus-
pended in 250 lL RPMI (phenol-red free) with 5% FCS. Cyto-ID�

dye was diluted 1:1000 in RPMI (phenol-red free) with 5% FCS.
Each sample was subjected to 250 lL dye-RPMI mixture, gently
vortexed, and stored at 37 �C and 5% CO2 for 30 min. Samples were
centrifuged (300 � g, 5 min), resuspended in 2 mL PBS, and re-
centrifuged (300 � g, 5 min). Pellets were resuspended in 500 lL
PBS and measured using a FACS Canto II flow cytometer (BD
Biosciences).

Statistical analysis

Statistical analysis of annexin-V/PI and cell cycle measurement
data were done using two-way ANOVA tests with Bonferroni
correction using GraphPad Prism 6 (*p < 0.05, **p < 0.01,
d KH29 against the indicated HDACs.

HDAC1 IC50 lM HDAC2 IC50

0.0089± 0.0005 0.022±0.001

0.013±0.001 0.034±0.001

0.0094± 0.0005 0.026±0.001

0.101±0.007 0.43±0.009
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***p < 0.001, ****p < 0.0001). Statistical analysis of autophagy
detection was done using one-way ANOVA tests with Dunnett
multiple comparison using GraphPad Prism 6 (*p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001). Cancer dependency data
was analyzed in RStudio 23.03.1 using theWilcoxon rank-sum test.
Results

In vitro activity of new HDACi of the KH-series: KH9, KH16, and KH29

We synthesized a battery of pyrimidine-based hydroxamic
acids as potential HDACi and tested them with established enzy-
matic assays [9] in vitro (KH-series, Table 1). Synthesis details
and analytical characterization of these compounds are described
in the supplementary information file SI and Figs. S1-S13. KH9,
KH16, and KH29 have low nanomolar in vitro activity against class
I HDACs (Table 1). The three compounds were similarly active
against HDAC2 (IC50 = 22–34 nM). KH9 and KH29 were most active
against HDAC1 (IC50 = 9 nM) and KH16 was most active against
HDAC3 (IC50 = 6 nM). Except for KH29, the KH-compounds were
less active against the class I HDAC HDAC8 (IC50 = 49–530 nM)
and the class IIB HDAC HDAC6 (IC50 = 25–460 nM). All agents
showed far weaker activity against the class IV HDAC HDAC11
(IC50 = 870–1500 nM) (Table 1).

KH9, KH16, and KH29 contain the hydroxamic acid moiety
which is present in the clinically approved HDACi SAHA. SAHA is
an at least eightfold less potent inhibitor of HDAC1, HDAC2, and
HDAC3 than KH9, KH16, and KH29. SAHA and KH29 are similarly
effective against HDAC6, and both are at least 10-fold more potent
inhibitors of HDAC6 than KH9 and KH16 (Table 1).

These data show that the KH-compounds are low nanomolar
inhibitors of the cancer-associated enzymes HDAC1, HDAC2, and
HDAC3 in vitro.

In silico ADMET results

To further analyze the in vivo potential of the inhibitors, we cal-
culated several physicochemical properties and predicted pharma-
cokinetic parameters (Table S1). For predictions, we used the
PreADMET (https://preadmet.qsarhub.com/adme/) and PROTOX II
(https://tox-new.charite.de/protox_II/) web services. The in silico
pharmacokinetic data, e.g., Caco2 apparent permeability (Papp
nm/s) and human intestinal absorption (HIA %) as well as physico-
lM HDAC3 IC50 lM HDAC6 IC50 -lM HDAC8 IC50 lM HDAC11 IC50 lM

0.019±0.001 0.14±0.01 0.11±0.01 1.5±0.1

0.0060 ± 0.0001 0.46±0.03 0.53±0.03 0.87±0.08

0.020±0.001 0.025±0.001 0.049±0.002 1.0±0.1

0.21±0.01 0.013±0.001 0.42±0.08 n.d.

https://preadmet.qsarhub.com/adme/
https://tox-new.charite.de/protox_II/
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chemical data, e.g., TPSA and consensus logP predict that the KH-
compounds are cell permeable and display oral bioavailability.
All three compounds were classified as well-absorbed compounds
(HIA 70–100%) with good to high solubility. In addition, the pre-
dicted human toxicity values from various assays gave suitable
results for the studied compounds (Table S1).

Assessment of apoptosis induction by KH-compounds

The low nanomolar inhibitory activity of the KH-compounds
encouraged us to test them in leukemic cells. Since HDACi are con-
sidered for the treatment of myeloproliferative neoplasms (MPNs)
[2,19], we chose HEL erythroleukemia cells as testbed to analyze
cellular effects of our new HDACi. We treated these cells with
KH9, KH16, and KH29 and assessed early apoptosis (annexin-V
positivity) and late apoptosis (annexin-V/PI positivity) by flow
cytometry. We calculated the IC50 values for total apoptosis induc-
tion by the KH-compounds and used the clinically validated HDACi
SAHA for comparison. KH9 induced apoptosis starting at approxi-
mately 50 nM and with a corresponding IC50 value of 164.8 ± 2.1
3 nM. KH29 was similarly effective, with apoptosis induction start-
ing at 55 nM and an IC50 value of 162.0 ± 2.12 nM. KH16 was the
most effective agent, starting to trigger apoptosis at 30 nM and
Fig. 1. HDACi of the KH-series induce apoptosis of leukemic cells. (A-D) HEL cells were
KH16, KH29, or SAHA for 24 h. Cytotoxicity was determined by annexin-V/PI staining us
KH16 (red), KH29 (green). IC50 values were determined from independent experiments
mean ± SD for A-D and mean ± SE for E). (For interpretation of the references to colour
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with an IC50 value of 110.0 ± 2.10 nM. SAHA evoked apoptosis at
a concentration starting from approximately 400 nM and with an
IC50 value of 1214.4 ± 1.92 nM (Fig. 1A-D). KH16 had the lowest
IC50 value of the KH-compounds and an 11-fold lower IC50 value
than SAHA had. Comparison of IC50 values demonstrated that
KH9, KH16, and KH29 were significantly more effective than SAHA
(p < 0,0001) (Fig. 1E).

These results show that the three KH-compounds are up to 11-
fold more potent than their parent compound SAHA in leukemic
cells. These data correspond to the notion that the KH-
compounds have a higher in vitro activity against HDAC1, HDAC2,
and HDAC3 than SAHA (Table 1). KH16 exerts the strongest impact
on HDAC3 in vitro and this translates into the strongest impact on
leukemic cell survival.

KH16 binds class I HDACs through structurally defined regions

To rationalize the high inhibitory potency of the structurally
highly similar KH16 and KH29 for HDAC1, HDAC2, and HDAC3
(Table 1), we docked them into available crystal structures. Model-
ling the interaction of KH-compounds with HDAC1, HDAC2, and
HDAC3 unraveled that in all three HDACs, the hydroxamate coordi-
nates the Zn2+ at the bottom of the catalytic clefts of the HDACs.
treated with increasing concentrations ranging from 25 nM to 5 lM of either KH9,
ing flow cytometry. (E) Overlay of data collected in (A-D) SAHA (black), KH9 (blue),
(KH-series n = 4, SAHA n = 3; **** p < 0.0001 for SAHA versus the KH-compounds;
in this figure legend, the reader is referred to the web version of this article.)
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The pyrimidine ring is sandwiched between two conserved pheny-
lalanine residues in the acetyllysine tunnel. The protonated piper-
azine forms a salt-bridge with the D99 residue in HDAC1/HDAC2
(corresponding to D92 in HDAC3). For HDAC1 and HDAC2, their
capping groups (methoxyphenyl of KH9, indole of KH16, and
methylindole of KH29) make van-der-Waals interactions with
the F205/F210 moieties in HDAC1/HDAC2 and the corresponding
F200 residue in HDAC3. The overall binding mode of the inhibitors
to HDAC1 and HDAC2 is highly similar. In HDAC3, KH16 has a dif-
ferent orientation of the capping group that is stabilized by a
hydrogen bond between its indole NH and the D92 moiety. This
interaction cannot be observed for the methylated agents KH29
and KH9, which do not possess a hydrogen bond donor in the cap-
ping group. This interaction is also not observed for KH16 docked
to HDAC1 and HDAC2 due to a different conformation of this part
of the binding pocket. In addition, we calculated the docking scores
and binding energies DH of the KH-compounds as well as the ref-
erence SAHA for HDAC1, HDAC2, and HDAC3 (Table S2). The KH-
compounds show better docking scores compared to SAHA. This
Fig. 2. Binding mode of KH16 to class I HDACs and accumulation of hyperacetylated hist
Hydrogen bonds between inhibitors and proteins are shown as yellow-colored dashed lin
dashes lines. Salt bridges are shown as purple-colored dashed lines. Aromatic interactio
100, or 200 nM KH16 for 24 h or 100 nM KH16 for 24 h to 48 h. Immunoblots were per
independent loading controls; ac-H3, acetylated histone H3. Data are representative for tw
proteins, divided by those for the loading controls. Untreated samples are set as 1.0. (For
to the web version of this article.)
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mirrors their superior HDAC inhibition in vitro (Table 1). KH16
showed the best docking score to HDAC3. This can be explained
by the additional hydrogen bond between the indole ring and
D92. The same trend was noted for the calculated binding energies
DH. Concerning HDAC1 and HDAC2, KH9 shows the best binding
energy, whereas KH16 is the strongest binder for HDAC3. Thus,
its unique interaction profile can in part explain the high potency
of KH16 for HDAC3 (Fig. 2A-C; S14-S16). The 2D plots of the
HDAC-HDACi interactions are included in Figs. S17-S19.

Of the three KH-compounds, KH16 is the most potent in vitro
and in cells. To investigate if KH16 has on-target activity for the
cancer-relevant class I HDACs, we analyzed the acetylation of their
prototypical targets histones H3 and H4 in cells [43]. We applied
50–200 nM KH16 for 24 h or 100 nM for 24 h to 48 h. KH16
increased acetylated histone H3 levels dose-dependently up to
nearly 70-fold. After 24 h, 100 nM KH16 induced an over 30-fold
increase in acetylated histone H3. This effect persisted over at least
48 h (Fig. 2D). Furthermore, the accumulation of the acetylated his-
tones H3 and H4 was induced more strongly by KH16 than by
one H3. (A-C) Binding mode of KH16 (colored green) at HDAC1, HDAC2, and HDAC3.
es. Coordinative binding to the Zn2+ ion (colored cyan) is indicated by cyan colored

ns are shown as dark blue colored dashed lines. (D) HEL cells were treated with 50,
formed with antibodies against acetylated histone H3 and vinculin or a-tubulin as
o or more independent experiments. Numbers indicate densitometry values for the
interpretation of the references to colour in this figure legend, the reader is referred
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SAHA and the selective, benzamide-based HDAC1, HDAC2, and
HDAC3 inhibitor MS-275 (entinostat; Fig. S20).

These data illustrate the interaction of KH9, KH16, and KH29
with class I HDACs and verify that KH16 inhibits class I HDACs in
leukemic cells.

KH16 causes cell cycle arrest and DNA fragmentation

Of the KH-compounds, KH16 has the lowest IC50 value (Fig. 1E).
Therefore, we used KH16 for all further experiments with tumor
cells. We used flow cytometry to test if the induction of protein
hyperacetylation and apoptosis by KH16 are linked to cell cycle
arrest of HEL cells. As expected, untreated HEL cells showed a typ-
ical cell cycle distribution in the G1, S, or G2/M phases, and only
7.6 ± 2.2% of cells were detectable as subG1 fractions with frag-
mented DNA (Fig. 3A). Treatment with 100 nM KH16 for 24 h
decreased the numbers of cells in the S phase and G2/M phases.
After 48 h, the G2/M phase population was decreased significantly
by KH16. The numbers of cells in the G1 phase were not signifi-
cantly changed by KH16 after 24 h and 48 h. The subG1 fractions
increased significantly to 40 ± 11.2% and 55 ± 3.5% in a time-
dependent manner (Fig. 3A).

HEL cells have a constitutive activity of mitogen-activated pro-
tein kinases and extracellular signal-regulated kinases (MAPK/
ERK1/ERK2). These promote cell cycle entry and unrestricted cell
proliferation [44]. Treatment with 50 nM KH16 for 24 h strongly
decreased the phosphorylation of ERK1/ERK2 at T202/Y204. This
was not further augmented by 100–200 nM KH16. Total ERK1/
ERK2 levels remained unchanged by KH16 (Fig. 3B). A concentra-
tion of 100 nM KH16 diminished pERK1/pERK2 at 24 h and this
effect persisted up to 48 h (Fig. 3C).

These results show that nanomolar concentrations of KH16 stall
cell cycle progression, cause DNA fragmentation, and suppress
kinase signaling.

KH16 dysregulates apoptosis regulators

Apoptosis is executed upon the limited proteolysis of pro-
caspases into active enzymes. Activated caspase-3 is the ultimate
death executioner at a ‘‘point-of-no-return” [14,45]. This holds
for HDACi-induced apoptosis [1,4]. We treated HEL cells with
50–200 nM KH16 for 24 h and 100 nM KH16 for 24 h and 48 h
and probed lysates from these cells for cleaved caspase-3 by
immunoblot. We found a dose-dependent accumulation of active,
cleaved caspase-3 fragments. Consistent herewith, we noted an
accumulation of the cleaved form of the DNA repair protein PARP1
(Fig. 3D), which is a typical target of active caspase-3 in HDACi-
treated tumor cells [41]. We further noted a time-dependent acti-
vation of caspase-3 and subsequent cleavage of PARP1 (Fig. 3E).

Next, we investigated the underlying mechanisms of KH16-
induced apoptosis in HEL cells by immunoblot. Pro-apoptotic and
anti-apoptotic proteins of the BCL2 family control mitochondrial
integrity and thereby mitochondrially mediated apoptosis
[14,45]. An application of 50–200 nM KH16 for 24 h dose-
dependently and significantly attenuated the levels of the anti-
apoptotic BCL2 family members BCL-XL and MCL1 (Fig. 3F). The
pro-apoptotic BAK is activated by truncated BID and forms pores
in mitochondrial membranes to trigger release of cytochrome-c
for caspase activation [46]. Full-length BID was processed, which
propels apoptosis. BAK was expressed in resting HEL cells and
KH16 augmented BAK levels dose- and time-dependently
(Fig. 3F,3G). KH16 additionally reduced the anti-apoptotic proteins
XIAP and survivin. An application of 50 nM KH16 for 24 h attenu-
ated XIAP and survivin as effective as 100–200 nM KH16 (Fig. 3F).
These effects persisted and increased upon a 48-h treatment period
(Fig. 3G).
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The transcription factor p53 suppresses aberrant cell growth,
but mutants thereof promote tumorigenesis and therapy resis-
tance [47–49]. HEL cells carry p53 with an inactivating M133K
mutation in its DNA-binding domain [50,51]. KH16 dose- and
time-dependently reduced this mutant p53 protein (Fig. 3F,3G).

These results illustrate that KH16 modulates anti-apoptotic and
pro-apoptotic proteins. This ties in with caspase-dependent
apoptosis.

HDAC3 is a valid target in blood cancer cells

Of the new HDACi of the KH-series, KH16 is the most effective
inhibitor of HDAC3 and the most effective inducer of apoptosis
(Table 1, Fig. 1). We therefore analyzed whether HDAC3 is a depen-
dency factor in various leukemic cells using data from the DepMap
project. This database includes genome-wide CRISPR-Cas9 screens
across a large panel of well-characterized human tumor cell lines
(https://depmap.org/portal/). The dependency of a cell line on a
gene is reported as a dependency score, which represents the effect
of the gene knockout on cell growth and viability. A score of zero
indicates that a cell line is not dependent on the gene, whereas
(strongly) negative scores indicate that the gene is essential in
the given cell line. Analysis of the DepMap CRISPR-Cas9 dataset
identified that both myeloid and lymphoid tumor cells depend
on HDAC3 for their proliferation and/or survival (Fig. 4A). The tran-
scription factor p53 is a major tumor suppressor and mutated in 5–
40% of aggressive myeloid and lymphoid cancer subtypes [47–49].
Like p53 wild-type leukemic cells, p53 mutant cells depend on
HDAC3 (Fig. 4A).

Due to these findings and to extend our data for the efficacy of
KH16 against HEL cells, we assessed whether it induces apoptosis
in human acute lymphoblastic leukemia cells (RS4-11, p53 wild-
type) and B-cell lymphoma cells (Ramos, p53 mutant) [52,53].
KH16 activated caspase-3, the processing of PARP1, and annexin-
V/PI positivity in these cells (Fig. 4B,4C; S21), indicating efficient
apoptosis induction.

To exclude that KH16 has general and non-selective killing
effects, we incubated human embryonic kidney cells with KH16.
These cells did not become apoptotic after 48 h when KH16 doses
up to 200 nM KH16 were applied to them (Fig. 4D). Consistent
herewith, no activation of caspase-3 in response to KH16 was
observed in these cells (Fig. 4E).

These data show that HDAC3 is a rational drug target in leuke-
mic cells.

KH16 triggers disruption of autophagy proteins

Autophagy is initiated by the formation of autophagosomes,
which require catalytically active UNC-51 like autophagy activat-
ing kinase (ULK1), activated LC3B, and beclin-1. The sequestosome
1 (p62/SQSTM1) protein is degraded inside the autophagosome
[54]. This multifunctional protein sorts ubiquitinylated proteins
together with itself for degradation by autolysosomes [15]. We
found that KH16 dose-dependently reduced the autophagy sub-
strate p62 after 24 h in HEL cells (Fig. S22). This effect was pro-
nounced after 48 h (Fig. 5A). Moreover, there was a time-
dependent reduction of the autophagy-inhibiting phosphorylation
of ULK1 at S757 and a decrease of the autophagy-promoting pro-
tein beclin-1 by 100 nM KH16 (Fig. 5A). Activation of LC3B mani-
fests as phosphatidylethanolamine-conjugated band that
migrates faster in immunoblot analyses. This conversion of LC3-I
to LC3-II denotes autophagosome formation [54]. We noted a
reduction of total LC3B after 24 h and a non-significant accumula-
tion of the active form after 48 h in KH16-treated cells (Fig. 5A).
Since the reduction of the inhibitory phosphorylation of ULK1
may still indicate autophagy, we suppressed it with chloroquine.

https://depmap.org/portal/


Fig. 3. KH16 dysregulates the cell cycle and apoptosis regulators in HEL cells. (A) HEL cells were treated with 100 nM KH16 for 24 h or 48 h; -, untreated cells. Cells were fixed,
stained with PI, and analyzed by flow cytometry. Results are derived from three independent experiments. Statistical tests for cell cycle analysis were performed using two-
way ANOVA with Bonferroni correction (** p < 0.01, *** p < 0.001, **** p < 0.0001). (B) KH16 blocks ERK phosphorylation. HEL cells were treated with 50, 100, or 200 nM KH16
for 24 h. Immunoblots were performed with antibodies against ERK1/ERK2, phosphorylated ERK1/phosphorylated ERK2, and a-tubulin as loading control. (C) Treatment of
HEL with 100 nM KH16 was applied for 24 and 48 h. Indicated proteins are analyzed as mentioned in B). (D) KH16 activates caspase-3 and cleavage of its substrate PARP1
concentration-dependently. HEL cells were treated with 50, 100, or 200 nM KH16 for 24 h. Immunoblots were performed with antibodies against cleaved caspase-3, cleaved
PARP1, and b-actin as loading control; cl, cleaved; casp, caspase. (E) Time-dependent activation of caspase-3 and PARP1 processing by 100 nM KH16. HEL cells were treated
with 100 nM KH16 for 24 h or 48 h. Immunoblots were performed with antibodies against cleaved caspase-3, cleaved PARP1, and b-actin as loading control. (F,G) Dose- and
time-dependent alteration of apoptosis regulators by KH16. HEL cells were treated with 50, 100, or 200 nM KH16 for 24 h (F), or 100 nM KH16 for 24 h to 48 h (G).
Immunoblots were performed with antibodies against BID, BAK, XIAP, p53, survivin, BCL-XL, MCL1, with a-tubulin, b-actin and GAPDH as loading control; fl. full-length;
MCL1(L), MCL1 large isoform. Quantifications were normalized to the loading control, untreated cells defined as 1.0. Data are derived from two or more independent
experiments.
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Fig. 4. Myeloid and lymphoid leukemic cells rely on HDAC3 and are susceptible to KH16. (A) DepMap data analysis of HDAC3 dependencies in a panel of myeloid and
lymphoid cell lines (115 specimen). Cell lines were stratified according to their TP53 status into p53 wild-type and p53 mutant cell lines. The boxplot shows the interquartile
range in the box with the median as a horizontal line, the whiskers extend to 1.5 times the interquartile range. Each dot represents one cell line. p-values were determined
using theWilcoxon rank-sum test. A dependency score of 0 indicates that HDAC3 is not essential in each cell line, whereas a dependency score < 0 indicates that the cell line is
more likely to be dependent on HDAC3. The median score of all common essential genes is �1. The Wilcoxon test was used to assess if there is a statistically significant
difference in the HDAC3 dependency between p53 wild-type and p53 mutant cell lines. The p53 status has no statistically significant impact on the HDAC3 dependency:
p = 0.77 for myeloid and p = 0.66 for lymphoid tumor cells. (B) RS4-11 cells were treated with 50, 100, or 200 nM KH16 for 24 or 48 h (n = 3). Statistical tests were performed
using two-way ANOVA test with Bonferroni correction (* p < 0.05, ** p < 0.01, **** p < 0.0001). (C) Ramos cells were treated with 50, 100, or 200 nM KH16 for 24 h.
Immunoblots were performed with antibodies against cleaved caspase-3 and cleaved PARP1 with HSP90 as loading control; cl, cleaved; casp, caspase. (D) The impact of 50,
100, and 200 nM KH16 on HEK293T cells after 24 h and 48 h was determined by annexin-V/PI-staining and flow cytometry (n = 3). HEL cells treated with 100 nM KH16 for
48 h were used as positive control for apoptosis induction (n = 2); two-way ANOVA, Bonferroni correction; **** p < 0.0001. (E) HEK293T cells and HEL cells (positive control)
were treated with 50, 100, or 200 nM KH16 for 24 h. Immunoblots were performed with antibodies against cleaved caspase-3 and cleaved PARP1, and HSP90 as loading
control. Experiments represent two or more independent repetitions.
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This compound prevents the autophagosome-lysosome fusion and
thereby interrupts the autophagic flux [55]. Chloroquine did not
alter the KH16-induced activation of caspase-3 and PARP1 cleav-
age (Fig. 5B). Furthermore, KH16 did not induce autophagosome
formation, but even attenuated the chloroquine-induced accumu-
lation of autophagosomes (Fig. 5C,5D).

These data let us speculate that the reduction of p62 and pULK1
by KH16 is not indicative of increased autophagy. Since KH16
causes apoptosis (Fig. 1,3), we speculated that caspase activation
decreased p62 and ULK1. Like the established caspase-3 target
210
PARP1, ULK1 was processed into a smaller protein fragment in
KH16-treated HEL cells. This effect occurred dose-dependently.
The pan-caspase inhibitor z-VAD-FMK restored full-length ULK1
and prevented its processing into the smaller fragment. Z-VAD-
FMK also restored the levels of p62 in such cells (Fig. 5E).

These findings unravel that caspases cleave major
autophagy-inducing proteins in KH16-treated cells. Hence, we con-
clude that KH16 has a negative impact on autophagy through acti-
vation of caspases and a subsequent degradation of autophagy
proteins.



Fig. 5. KH16 modulates autophagy and apoptosis in leukemic cells. (A) HEL cells were treated with 100 nM KH16 for 24 h to 48 h or 50 lM chloroquine for 24 h. Immunoblots
were performed with antibodies against ULK1 phosphorylated at S757, p62, LC3B, beclin-1, and b-actin as loading control. (B) HEL cells were treated with 50 nM
KH16 ± 50 lM chloroquine for 24 h. Immunoblots were performed against cleaved caspase-3, PARP1, and HSP90 as loading control; CQ, chloroquine; fl, full-length; cl,
cleaved; casp., caspase. (C) HEL cells were treated with 50 nM KH16 ± 50 lM chloroquine for 24 h. Autophagy was measured using flow cytometry and the Cyto-ID� kit.
Representative overlay histogram of fluorescence spectra of the untreated control (grey), chloroquine (red), KH16 (green), and the combination of KH16 and chloroquine
(blue). (D) Cells were treated as in (C). Statistical evaluation of mean fluorescence intensities was measured (n = 3), one-way ANOVA, Dunnett multiple comparison (* p < 0.05,
**** p < 0.0001); a.u., arbitrary units. (E) HEL cells were treated with 50 or 100 nM KH16 ± 20 or 50 lM z-VAD-FMK for 24 h. Immunoblots were performed with antibodies
against ULK1 S757, p62 and PARP1; b-actin as loading control. Quantifications were normalized to the loading control, untreated cells defined as 1.0. The data represent the
outcomes of two or more independent repetitions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Discussion

HDACi are an approved therapeutic option for cutaneous T-cell
lymphoma and myeloma [1,4,5]. The hydroxamic acid-based
HDACi panobinostat and givinostat produced promising results in
MPN patients [56,57]. Since KH16 is effective against human
211
MPN cells, acute lymphoblastic leukemia cells, and B-cell lym-
phoma cells [52,53], it may equally be a promising drug for treat-
ing such hematological diseases.

In vitro and in cells, HDACi of the KH-series are more potent
inducers of apoptosis in leukemic cell cultures than their parental
structure SAHA [6]. KH16 is the most potent of them and has the
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strongest activity against HDAC3. HDAC3 controls key survival
functions in leukemic cells, such as cell proliferation, apoptosis,
DNA replication forks, and genomic integrity [40,58–64]. These
data together with CRISPR-Cas9 screening data from a panel of
115 humanmyeloid and lymphoid cancer cells of different lineages
suggest that HDAC3 is a particular vulnerability of blood cancer
cells and that future research on HDACi should focus on agents
with strong activity against HDAC3. The narrower inhibition profile
of KH16 compared to established HDACi, combined with its high
anti-proliferative activity suggest a further testing of KH16 and
derivatives thereof. According to our results, these should contain
an unmethylated indole in the capping group for interaction with
HDAC3.

KH16 is an improvement of SAHA, which is approved for the
treatment of blood malignancies in humans. The corresponding
safety and toxicology data for SAHA are publicly available. Such
advanced research appears to be superior to animal data and, nota-
bly, authorities like the US Food-and-Drug-Administration no
longer require animal tests before human drug trials [65]. In addi-
tion, like our data with human embryonic kidney cells, data from
whole mice demonstrate that HDAC3 is not a dependency factor
of normal tissues [66].

Apoptosis is an event resulting from multiple cellular alter-
ations [14,45]. We see dose-dependent molecular changes in vari-
ous pro- and anti-apoptotic regulators (BID, XIAP, p53, BCL-XL,
MCL1, PARP1) and caspase-3 activation. These culminate in the
orchestration of apoptosis. Previous studies showed that class I
HDAC inhibition reduced p53 levels [41,67–70]. Congruently,
KH16 attenuates p53 levels. Wild-type p53 acts as a tumor sup-
pressor gene with the capability to induce cell death via apoptosis.
HEL cells carry the p53M133K mutation rendering p53 inactive [50].
It remains to be shown whether this mutant p53 induces survivin
and BCL-XL like p53R172H (corresponds to the human p53 hotspot
mutation p53R175H) in murine tumor cells [68,69]. If this applies,
reduction of p53M133K might have caused the attenuation of sur-
vivin and BCL-XL in HEL cells. Irrespective thereof, our analyses
demonstrate that leukemic cells rely on HDAC3. Hence, patients
with different p53 status may profit from KH16 and other HDACi
with a strong inhibitory impact on HDAC3.

KH16 mainly reduced cells in the S- and G2/M�phases and had
a lesser impact on cells in G1 phase. The stronger sensitivity of
such cells is consistent with the literature and multiple explana-
tions for this have been provided for leukemic cells. These include,
but are not limited to, an inhibition of the S phase-dependently
induced transcription factor NF-jB [69,71,72], the induction of
DNA replication stress/DNA damage [40,58–60,62], inactivation
of signaling through the transcription factor STAT5 [73], and a dis-
ruption of proper mitosis [74]. Consistent herewith, KH16-induced
cell cycle disruptions are linked to a significant fragmentation of
DNA. Activated ERK1/ERK2 regulate gene expression driving cell
cycle progression as well as resistance towards kinase inhibitors
[44,75]. Albeit we did not specifically investigate other proteins
in the MAPK/ERK pathway, our observations suggest that the inac-
tivation of ERKs by KH16 is a mechanism contributing to cell cycle
arrest and apoptosis.

Apoptosis appears as the main anti-leukemic mechanism that
KH16 induces. In some experiments, we noticed cleavage of PARP1
before a detectable activation of caspase-3. This can be explained
by a processing of PARP1 by additional apoptosis-promoting
enzymes, such as caspase-7 [76,77]. In addition to apoptosis,
HDACi modulate autophagy in leukemic cells [5]. Opposed to the
destruction of cells by apoptosis, autophagy is characterized by
self-digestion through autophagosomes. This frequently protects
cells from HDACi-induced apoptosis [5,16–18,54]. KH16 decreases
pS757-ULK1, which suppresses autophagy, as well as the autop-
hagy inducers p62 and beclin-1. An activation of ULK1 and attenu-
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ation of p62 can indicate ongoing apoptosis [15,54]. However,
experiments with chloroquine suggest that autophagy plays a
minor role in the KH16-mediated cell death. Instead, KH16 induces
the caspase-mediated processing of ULK1 and p62. Thus, apoptosis
can operate as an upstream regulator of autophagy in HDACi-
treated leukemic cells.

The induction of autophagy can be an undesired effect of
HDACi. For example, SAHA induces autophagy in chronic myeloid
leukemia cells. This process restricts HDACi-induced apoptosis that
occurs without functional p53 but dependent on the apoptosis-
promoting lysosomal protease cathepsin-D [78]. Unlike in chronic
myeloid leukemia cells, the fatty acid-based class I HDACi valproic
acid, MS-275, and SAHA suppress autophagy in pediatric acute
myeloid leukemia cells [79]. Both studies found that HDACi
induced an accumulation of reactive oxygen species and DNA dam-
age. In acute pre-B lymphocytic leukemia cells, autophagy attenu-
ates pro-apoptotic effects of the pan-HDACi panobinostat [80]. The
benzamide class I HDACi mocetinostat and tucidinostat induce
apoptosis and suppress autophagy in chronic lymphocytic leuke-
mia B-cells [81,82]. Although HDAC10 regulates autophagy, cyto-
toxic effects due to HDAC10 inhibition unlikely explain our data.
At least in acute myeloid leukemia cells, an induction of autophagy
upon a specific inhibition of HDAC10 does not cause apoptosis [83].
It appears that KH16 is superior to HDACi that are inducers of cyto-
protective autophagy. These findings suggest further investigation
of KH16 as a drug for the treatment of blood cancers and poten-
tially other tumor types.
Conclusions

HDACi of the KH-series kill leukemic cells, outperforming the
clinically validated HDACi SAHA in preclinical experiments. The
most promising compound, KH16 (yanostat), preferentially inhi-
bits HDAC3, efficiently induces apoptosis, and disables autophagy
through caspase activation. This occurs through a previously
unrecognized acetylation-regulated, caspase-dependent upstream
control of autophagy by apoptosis. KH16 triggers apoptosis and
caspase activity that eliminates autophagy proteins.
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