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Compounds targeting class II histone deacetylases do not cause
panHDACT-associated impairment of megakaryocyte differentiation
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Histone deacetylase inhibitors (HDACIs) have demonstrated effectiveness against lym-
phomas and myelomas in clinical practice. However, common to all currently approved
broad-acting HDACIs (panHDACIs) is dose-limiting thrombocytopenia, which has pre-
vented wider use in cancer therapy. Using CD34" hematopoietic stem cells (HSCs), we
show that megakaryocyte (MK) cell maturation and differentiation are impaired by
panHDACIs, correlating to clinical thrombocytopenia. Importantly, we demonstrate
that inhibitors of class II histone deacetylases (HDACs), including LMK235 and tuba-
cin at clinically relevant concentrations, do not affect MK maturation. Furthermore,
we show that HDACI-induced impairment of MK differentiation is associated with
reduction of protein levels of the transcription factor GATA-1, but not tubulin hyper-
acetylation. Finally, we report that panHDACISs trigger a rapid loss of GATA-1 protein
via a proteasome-dependent pathway. Our data support the notion that specifically tar-
geting class II HDACs in cancer treatment is a potential strategy that would offer a
safer alternative than current panHDACIs. © 2019 ISEH - Society for Hematology and
Stem Cells. Published by Elsevier Inc. All rights reserved.

The first generation of histone deacetylase inhibitors
(HDACIs) has shown significant efficacy in the inhibi-
tion of cancer cell proliferation both in in vitro and in
xenograft in vivo models. These inhibitors are gener-
ally broad acting (pan), inhibiting a number of histone
deacetylases (HDACSs) with increasing class preference
depending on the concentration. Currently, four pan-
HDACIs—suberoyl anilide hydroxamic acid (SAHA),
panobinostat, romidepsin, and belinostat—have been
approved by the Food and Drug Administration as epi-
genetic therapies, mainly for the treatment of T-cell
lymphomas and multiple myelomas. However, clinical
panHDACIs are limited by serious adverse effects,
most notably thrombocytopenia, which is often dose
limiting [1,2]. Limiting dosing restricts the effective-
ness and broader use of panHDACIs as anticancer
agents. Identifying specific members of HDACs as can-
cer therapeutic targets would allow for the develop-
ment of a new generation of HDACIs to minimize the
risk of thrombocytopenia.

Offprint requests to: Dr. Nianli Sang, Biology, Pathology and Lab
Medicine, 3245 Chestnut St, PISB 417, Drexel University, Philadel-
phia, PA 19104;; E-mail: nianli.sang @drexel.edu

Several reports suggest that the impairment of mega-
karyocyte (MK) maturation is the cause of panHDACI-
induced thrombocytopenia. Preclinical models show that
panHDACIs cause no change in serum thrombopoietin
level or platelet and bone marrow toxicity, but lead to ele-
vated immature MKs in spleen and bone marrow [3]. The
panHDACT-induced impairment of megakaryopoiesis has
been correlated with tubulin hyperacetylation and loss of
GATA-1 function [3—5]. However, the underlying molec-
ular mechanisms remain unclear.

Using in vitro HSC cell differentiation to MKs as a
model of megakaryopoiesis, we compared the effects of
current panHDACIs versus specific inhibitors targeting
HDAC4, HDACS, and HDAC6 on hematopoietic stem
cells (HSCs; CD34%). In addition, using both primary and
cell line models, we further explored the role of GATA-1
loss in MK cell maturation, as well as the underlying
mechanisms. We provide convincing data to demonstrate
that LMK235, an HDACS (half-maximal inhibitory con-
centration [ICso] =4 nmol/L) and HDAC4 (ICs5o=12
nmol/L) inhibitor, does not affect MK maturation or pro-
tein levels of GATA-1 at biologically relevant concentra-
tions. We also show that tubacin, an established HDAC6-
specific inhibitor (ICsp=4 nmol/L) that causes profound
tubulin hyperacetylation, had no effect on GATA-1 levels
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or MK maturation. These data support the notion that spe-
cifically targeting members of class II HDACs such as
HDAC4, HDACS, and HDAC6 as cancer therapy may
potentially avoid the thrombocytopenia caused by pan-
HDACTs.

Methods

Cell culture, differentiation, and proliferation assays

Human CD34" HSCs (mixed donor) were purchased from Stem Cell
Technologies (catalog #70008, Vancouver, Canada) and expanded in
StemSpan SFEM II medium (catalog #09605) supplemented with
StemSpan MK expansion supplement (catalog #02696; both from
Stem Cell Technologies) to induce differentiation. To differentiate
MKs, 3,000 CD34" cells were plated in 100 L per well of a 96-well
dish of the complete culture medium (StemSpan SFEMII medium sup-
plemented with StemSpan CC220). Cells were incubated in humidified
5% CO,/95% air atmosphere at 37°C for 7 days. After 7 days of cul-
ture, each well was filled with 100 L of fresh complete culture
medium. At day 14, cells were processed for flow cytometry analysis.
Imaging was conducted using a Zeiss Axiovert 25 and Axiocam 503
mono camera. CD34" cells were imaged in 96-well plates using a
40 x objective. Total cells were counted using a hemocytometer.

Meg-01 cells were purchased from the American Type
Culture Collection (Manassas, VA) and grown in RPMI 1640
medium containing 2 mmol/L glutamine, 10 mmol/L HEPES,
1 mmol/L sodium pyruvate, and 4500 mg/L sodium bicarbon-
ate supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. All cell culture reagents were pur-
chased from Sigma-Aldrich (St. Louis, MO) unless stated
otherwise.

The human ovarian carcinoma cell line A2780 was pur-
chased from Sigma-Aldrich and grown in Eagle’s minimum
essential medium containing 2 mmol/L glutamine, 1 mmol/L
sodium pyruvate, and 1500 mg/L sodium bicarbonate supple-
mented with 10% FBS and 1% penicillin/streptomycin. Pro-
liferation was assessed using a CyQUANT cell proliferation
kit (Thermo Fisher Scientific, Waltham, MA).

Special compounds, agents, and cell treatment

LMK?235 (catalog #4830), SAHA (catalog #4652), and tuba-
cin (catalog #3402) were from Tocris Bioscience (Minneapo-
lis, MN). Panobinostat (catalog #A8178) was from ApexBio
(Houston, TX). MG132 (catalog #101760-492) was from
Selleck Chemicals (Houston, TX). All cell dimethylsulfoxide
(DMSO) control treatments contained <0.1% DMSO.

Western blotting assays

Western blotting reagents were purchased from Thermo
Fisher Scientific unless stated otherwise. Cells were lysed in
M-Per mammalian protein extraction reagent (catalog
#78501) supplemented with the Halt protease and phospha-
tase inhibitor cocktail following the manufacturer’s instruc-
tions. Quantification of total protein was achieved with a
bicinchoninic acid assay. For each sample, 20—40 ug of pro-
tein was separated by electrophoresis using 12% Tris-glycine
gels. Protein transfers were performed using the iBlot2 sys-
tem (20V for 1 min, 23V for 3 min, and 25V for 2 min). Pol-
yvinylidene fluoride membranes were blocked in 4% milk-

Tris buffered saline with Tween 20 buffer for 1 hour and
incubated in primary antibody overnight, followed by the
horseradish peroxidase (HRP) secondary antibody for 1 hour.

The primary antibodies used were: GATA-1 (Abcam; cat-
alog #89505, mouse monoclonal), acetylated tubulin (Santa
Cruz Biotechnology, Dallas, TX; catalog #sc-23950, mouse
monoclonal), alpha tubulin (Abcam; catalog #4074, rabbit
polyclonal), histone 3 (H3; ProSci, Poway, CA; catalog #31-
007), and acetylated H3 (Thermo Fisher Scientific; Lys6, cat-
alog #MAS5-11195 and Lys36, catalog #MA-24672). Second-
ary HRP-labeled, anti-mouse (catalog #6728) and antirabbit
(catalog #6721) antibodies were from Abcam. Membranes
were incubated for 1 min in enhanced chemiluminescence
reagent and captured using ChemiDoc MP (Bio-Rad, Hercu-
les, CA).

Flow cytometry

Differentiated MKs were centrifuged (five wells of a 96-well
dish were pooled) for 10 min at 800 g and washed twice in
phosphate-buffered saline. The cells were then resuspended
in 100 pL of staining buffer (catalog #420201; BioLegend,
San Diego, CA) to which 5 uL of 7-amino-actinomycin D
(7-AAD; Thermo Fisher Scientific), 20 uL of fluorescein iso-
thiocyanate-conjugated anti-CD41 (Becton-Dickinson, Moun-
tain View, CA), and 20 uL of phycoerythrin (PE)-conjugated
anti-CD42b (GP1BA) antibodies (Becton-Dickinson) were
added and incubated for 20 min at room temperature. The
fraction of 7-AAD-positive cells (nonviable cells) was
excluded from the analysis. Anti-CD41 and anti-CD42b were
used to label total differentiating MK and mature MKs,
respectively. Scatter plots and MK maturity dot plots repre-
sent data generated from the same well and sample. Ploidy
was generated from the adjacent duplicate wells to avoid pro-
pidium iodide (PI) and PE (anti-CD42b) interference. Ploidy
evaluation studies were modified from previously published
protocols [6,7]. Briefly, cells were fixed overnight at 4°C in
100% ethanol, followed by the DNA staining with
0.05 mg/mL PI for 20 min in the dark. Data were acquired
using an LSR Fortessa flow cytometer and analyzed using
FACSDiva software (Becton-Dickinson) and FlowJo software
(Ashland, OR). All experiments were repeated at least three
times.

Quantitative reverse transcriptase polymerase chain reaction
For quantitative reverse transcriptase polymerase chain reac-
tion (QRT-PCR), total RNA was isolated using the RNeasy
kit (Qiagen, Germantown, MD). The RT reaction was per-
formed using SuperScript VILO master mix (Thermo Fisher
Scientific) to generate cDNA. PCR was performed using Taq-
Man Universal PCR master mixture with a ViiA 7 real-time
PCR system (Thermo Fisher Scientific). All primers and
probes were from Thermo Fisher Scientific.

Data analysis

Graphs and statistical analyses were generated using Graph-
Pad Prism software version 7 (La Jolla, CA). Mean values
were considered statistically significant at p < 0.05.
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Results

Targeted inhibition of HDAC4 and HDACS5 does not
impair MK differentiation

To determine whether specifically inhibiting HDAC4
and HDACS5 has an effect on MK maturation, we
induced human HSCs (CD34" primary cells) to differ-
entiate to mature MKs by following established proce-
dures in the presence or absence of pharmacologically
equivalent concentrations of LMK?235, SAHA, and pan-
obinostat [5,8]. Relevant testing concentrations of pan-
HDACIs (SAHA and panobinostat), were established
using respective maximum clinical serum concentration
(Cmax) values as a reference. LMK235 was tested at
concentrations sufficient to increase «-tubulin acetyla-
tion, a known HDACS substrate [9]. In addition, the
concentrations tested were 25—40 times that of enzy-
matic ICsg. After 14 days of directional induction, we
characterized and quantitated the cell population using
fluorescence-activated cell sorting analyses and light
microscopy. Treating HSC cells with LMK235 (at
<200 nmol/L) had no apparent negative effects on MK
differentiation and maturation, as noted by the cell
morphology dot plots and numbers of mature MKs
(Figure 1A, top and middle rows, respectively). Two
distinct populations (P1 and P2) of high-scatter cells
were identified and P2 was further characterized as
mature MK (CD42b*/CD41%), whereas P1 was mainly
CD42b'"/CD41'°%, thus representing undifferentiated
cells. In contrast, panobinostat had a significant impact
on MK maturation, with most of the HSC cells remain-
ing undifferentiated (CD42b'°¥/CD41'°%). Consistent
with previous reports, panobinostat as low as 5 nmol/L
significantly decreased the numbers of mature MKs
(CD42b*/CD41%) from 44% (control) to 12%
(Figure 1B). Treatment with SAHA at 500 nmol/L also
caused a reduction in MK maturation (from 44% to
20%). When tested at or slightly below their clinical
Chmax concentrations, both SAHA and panobinostat
resulted in a >50% reduction in mature MKs, consis-
tent with the high frequency of thrombocytopenias
reported in clinical cancer treatment [10,11]. Interest-
ingly, despite the low number of MK mature cells,
panobinostat and SAHA treatments still resulted in a
robust population of high-scatter cells. Further charac-
terization 1identified two high-scatter populations,
labeled P1 and P2, with P2 having slightly higher for-
ward scatter (Figure 1A, top row). Control or cells
treated with LMK235 contained predominantly a P2
population, whereas panobinostat and SAHA treatments
resulted in mostly P1 high-scatter cells. In parallel, we
show that the P1 high-scatter population lacked MK
mature markers, whereas P2 cells represented mature
MKs (Figure 1A, middle row). These data indicate that
inhibition of HDAC4 and HDACS does not impair MK

differentiation in vitro, suggesting that specifically tar-
geting HDAC4 and HDACS5 may decrease the likeli-
hood of clinical thrombocytopenia.

Megakaryopoiesis is hyperplastic, hallmarked by an
increase in cell size, shape, and DNA content (ploidy).
Increasing MK ploidy coincides with an eventual
increase in platelet number, with higher-ploidy MKs
(normal concentration: 16 N, 32 N, and 64 N) making
most of the platelets in humans [6]. We analyzed MK
polyploidization following panobinostat, SAHA, and
LMK?235 treatments (Figure 1A, bottom row). Follow-
ing differentiation, higher-ploidy MKs are clearly pres-
ent in the vehicle control and LMK235-treated
samples. Coinciding with the lack of mature MKs, both
panobinostat and SAHA treatments significantly
reduced cell ploidy, with higher-ploidy MKs (>8 N)
low or not present at all with either panHDACIs
(Figure 1C). These observations further substantiate
that both SAHA and panobinostat impair MK differen-
tiation.

Specific inhibition of HDAC4 and HDACS does not
inhibit CD34" cell expansion

Next, we investigated whether HDACIs affect CD34"
cell expansion and morphology during the directed dif-
ferentiation processes. To address this question, we
cultured CD34" cells in the presence of HDACI (500
pumol/L of SAHA, 5 nmol/L of panobinostat, or
75 nmol/L, 200 nmol/L, and 400 nmol/L of LMK235)
for 8 days (which represents the middle point of the
directed differentiation process) and captured images
under bright-field microscopy (Figure 2A). In addition,
cell numbers we quantitated by hematocytometer
(Figure 2B). Initially, 30,000 cells/mL were plated and
7 hours following plating, cells were imaged as
“day 0.” After 8 days of directed differentiation, con-
trol cells expanded to approximately 271,000 cells/mL.
SAHA significantly reduced the number of expanded
cells to approximately 145,000 cells/mL. Furthermore,
using 5 nmol/L panobinostat, a concentration shown to
be inhibitory but not cytotoxic [4,5], dramatically
reduced cell numbers to approximately 68,000 cells/mL.
The reduction in cell number expansion following
SAHA or panobinostat treatments coincided with an
enrichment of cells with smaller sizes. Importantly,
LMK?235 up to 400 nmol/L (100 x of enzymatic ICsg)
had no significant effect on cell numbers. These data
suggest that specifically inhibiting HDAC4 and
HDACS5 does not disrupt HSC expansion during the
MK differentiation process.

Inhibition HDAC6 by tubacin has no effect on MK cell
maturation

HDACE®6 is a class II HDAC that specifically deacety-
lates acetylated tubulin. Inhibition of HDAC6 by
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Figure 1. Specifically targeting HDAC4 and HDAC5 by LMK235 avoids impairing MK differentiation. CD34" HSC cells were cultured and
induced to differentiate to MKs in the presence of 0.1% DMSO only (control), LMK235 (75 and 200 nmol/L), panobinostat (5 nmol/L), or
SAHA (500 nmol/L) for 14 days, followed by fluorescence-activated cell sorting analyses. (A) Top row: Dot plot of forward scatter (FSC) versus
side scatter (SSC) outlining MK cell size and shape, respectively. Two distinct populations (P1 and P2) of high-scatter cells were identified and
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tubacin increases tubulin acetylation [12,13]. To deter-
mine whether hyperacetylation of a-tubulin (by inhibit-
ing HDAC6 with tubacin) impairs MK maturation, we
treated differentiating CD34" cells for 14 days with
tubacin. Tubacin at 300 nmol/L showed no adverse
effect on MK maturation (Figure 3A). The percentage
of mature MKs was 47% and 48% in control and tuba-
cin-treated cultures, respectively. In addition, the Pl
high-scatter population, shown in Figure 1A to repre-
sent the majority of mature MKs, was present in the
tubacin-treated cells as well. The experiment was
repeated at least three times and confirmed no statisti-
cally significant difference in mature MKs following
tubacin treatment. In addition, there was no difference
in cell ploidy (Figure 3B), confirming that tubacin also
does not affect megakaryopoiesis.

LMK?235 attenuates proliferation of ovarian cancer
cells

Chemotherapy is an important component of the man-
agement of ovarian cancers. To evaluate the effects of
LMK?235 at given doses on cancer proliferation, we
treated an ovarian cancer cell line A2780 for 72 hours
with LMK235, tubacin, or panHDACIs (panobinostat
and SAHA) and compared their effects on cancer cell
proliferation (Figure 4). After 72 hours, all tested
HDACIs inhibited cancer cell proliferation rates, with
potency of 200 nmol/L LMK235, >500 nmol/L SAHA,
>5 nmol/L panobinostat, >75 nmol/L LMK235, and >
300 nmol/L tubacin. These data suggest that the con-
centrations of LMK235 used to evaluate MK matura-
tion were biologically relevant.

GATA-1 loss, but not hyperacetylation, of a-tubulin is
correlated to panHDACI-mediated impairment of MK
differentiation

The mechanisms underlying clinical thrombocytopenia
induced by panHDACIs remains unclear. A reduction
in MK maturation caused by impairment of the GATA-
1 transcriptional function [3] has been proposed, but
the underlying mechanism has not been clearly delin-
eated. To explore how inhibition of class II HDACs
avoids MK differentiation impairment associated with

panHDACIs, we treated Meg-01 cells for 48 hours
with LMK235, panobinostat, or SAHA and investigated
the effects on the acetylation status of «-tubulin and
H3 and on GATA-1 protein and mRNA levels (Figures
5A and B). We observed that both panobinostat and
SAHA resulted in a significant increase in acetylated
a-tubulin and a profound loss of GATA-1 protein
(Figure 5A). LMK235 increased «-tubulin acetylation,
but did not lead to loss of GATA-1 protein levels. Sim-
ilarly, tubacin strongly induced «-tubulin acetylation
without a detectable decrease in GATA-1 levels. We
also noted that all HDACIs tested had no significant
effects on GATA-1 mRNA levels (Figure 5B), which
is consistent with previously reported findings [5,11].
Both panHDACIs (SAHA and panobinostat) signifi-
cantly induced H3 acetylation (Figure 5C). Although
HDAC4, HDACS, and HDAC6 mainly affect acetyla-
tion of nonhistone proteins, a slight increase in H3
acetylation has been reported [14]. Consistent with
published data, a slight increase in H3 acetylation
caused by LMK235 and tubacin was also observed.

To further investigate the mechanism of GATA-1
protein loss, we investigated whether the proteasome
system is required for this degradation. We tested
whether the proteasome inhibitor MG132 would pre-
vent the loss of GATA-1 caused by panHDACIs
(Figure 5D). We treated cells with panobinostat or
SAHA for 6 hours and observed reduced levels of
GATA-1 proteins; however, when cells were cotreated
with MG132, GATA-1 levels remained the same or
slightly increased. These data establish for the first
time that GATA-1 loss caused by panHDACIs is medi-
ated by a proteasome-dependent degradation.

Discussion

Our findings show that specifically targeting HDAC4,
HDACS, and HDAC6 may potentially avoid thrombo-
cytopenia, a detrimental adverse effect often caused by
panHDACIs. We further show that the panHDACIs
panobinostat and SAHA at concentrations relevant to
their clinical Cp,,x impaired MK cell maturation, as
noted by the reduced number of mature MKs paralleled
by reduced cell ploidy. This effect appears to be in

P2 was further characterized as mature MKs, whereas P1 was mainly undifferentiated MKs. Middle row: To evaluate MK cell maturity, cells
were labeled with fluorescein isothiocyanate (FITC), an anti-CD41 marker present on all MKs, and PE-anti-CD42b, a mature MK cell marker.
The analytical gate was set to include only viable cells (7-AAD negative cells). Dot plot in the upper right quadrant (Q2) indicates mature, dif-
ferentiated MKs. Percentages of cells are given in charts. As part of the high-scatter population characterization, P1 cell population is labeled
red, the higher FSC population P2 is labeled blue, and the rest of the viable cells are labeled black. Bottom row: Cell ploidy was evaluated by
staining DNA with PI and quantifying PI ploidy classes in CD41* cells. The arrows indicate ploidy classes from 2 N to >32 N (n=3). (B) Fol-
lowing 14-day induced differentiation of CD34" cells, mature MKs were quantified in three independent experiments and presented as means
with error bars representing standard deviations. Control samples were set as 100% and HDACI-treated cells were compared with controls. ***p
< 0.005; NS=not significant; n=3. (C) Cell ploidy was quantified following three independent experiments and is presented as means with error
bars representing standard deviations. For each ploidy, treated samples were compared with the respective control samples. Ploidy was presented
as the absolute number of CD41% cells. Following 14-day maturation, high-ploidy MKs were evident in the control and LMK235-treated sam-
ples. Treatment with panobinstat at 5 nmol/L or SAHA 500 nmol/L significantly decreased cell ploidy. *p < 0.05; **p < 0.01; ***p < 0.005;

NS=not significant; n=3.
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Figure 2. Effects of different HDACIs on MK cell expansion during maturation. (A) HSC CD34" cells were plated at 30,000 cells/mL and
induced to differentiation for 8 days in the presence of 0.1% DMSO (control), LMK235, or SAHA and panobinostat as positive controls. Data
indicate that LMK235 at 75, 200, and 400 nmol/L resulted in the cell number and morphology of MKs being similar to those of DMSO-treated
control cells. Panobinostat treatment resulted in a significant reduction in cell number and morphologically smaller cells, indicating immature
cells. Similarly, SAHA at 500 nmol/L reduced the overall number of cells; however, some large MKs were evident. Images were captured using
a 40 x objective. (B) CD34" cells were quantified using a hemocytometer. Cells were quantified based on three independent experiments and are
presented as means with error bars representing standard deviations. ***p < 0.005.
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Figure 3. Tubacin does not impair MK differentiation. (A) Primary CD34" cells were induced to differentiate to MKs for 14 days in the pres-
ence of 0.1% DMSO (control) or tubacin at 300 nmol/L. Flow cytometric analysis was carried out subsequently. Top row: Dot plot of forward
scatter (FSC) versus side scatter (SSC) outlining MK cell size and shape, respectively. Two distinct populations (P1 and P2) of high-scatter cells
were identified and further characterized for MK cell maturity. Middle row: To evaluate MK cell maturity, cells were labeled with FITC anti-
CD41 (a marker present on all MKs) and PE-anti-CD42b (a mature MK cell marker). The analytical gate was set to include only viable cells
(7-AAD negative). Dot plot in the upper right quadrant (Q2) indicates mature, differentiated MKs. As part of the high-scatter population charac-
terization, the P1 cell population is labeled red, the higher FSC population P2 is labeled blue, and the rest of the viable cells are labeled black.
Bottom row: Cell ploidy was evaluated by staining DNA with PI and quantifying PI ploidy classes in CD41* cells. The arrows indicate ploidy
classes from 2 N to >32 N. All experiments were performed three times and representative results are shown. (B) Cell ploidy was quantified fol-
lowing three independent experiments and is presented as mean with error bars representing standard deviations. For each ploidy, tubacin-treated
samples were compared with the respective control samples. NS=not significant; n =3.
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Figure 4. HDACISs inhibit ovarian cancer cell proliferation. Ovarian
adenocarcinoma cells A2780 were treated for up to 72 hours with
LMK235 (75 and 200 nmol/L), tubacin (300 nmol/L), SAHA (500
nmol/L), or panobinostat (5 nmol/L). Cell proliferation was quanti-
fied using CyQUANT DNA dye and is presented as absolute cell
numbers based on the standard curve. Experiments were carried out

part mediated by the reduction in level of the GATA-1
transcription factor. We also show that GATA-1 loss,
but not tubulin hyperacetylation, is critically correlated
with the impairment of MK maturation. The HDACG6-
specific inhibitor tubacin, which causes «-tubulin
hyperacetylation but does not affect GATA-1 protein
levels, had no effect on MK maturation, further sup-
porting the notion that loss of GATA-1 protein is the
underlying mechanism of panHDACI-associated throm-
bocytopenia. Finally, we show for the first time that
the GATA-1 protein is rapidly degraded by a protea-
some-dependent pathway following panHDACI treat-
ment.

A previous study demonstrated that although pan-
HDACIs reduce platelet numbers, they also increase
bone marrow MKs in wild-type mice [4], suggesting
that panHDACIs did not affect MK differentiation.
However, the increase in bone marrow MKs following
panHDACI treatment is likely due to the accumulation
of immature MKs, cells that do not produce platelets.

with four biological repeats. *p < 0.05; **p < 0.01; ***p < 0.005. Follow-up studies using a more definitive CD34" matu-
ration assay showed a clear effect of panobinostat on

MK maturation [5], which is consistent with our
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Figure 5. panHDACIs trigger proteasome-dependent GATA-1 degradation. Meg-01 cells were treated with either 0.1% DMSO or HDACIs at
indicated concentrations for 48 hours and total cell lysates were prepared and examined by Western blotting analysis. (A) Panobinostat and
SAHA reduced GATA-1 levels and increased a-tubulin acetylation. LMK235 also increased a-tubulin acetylation, but did not decrease GATA-1
levels. Similarly, tubacin increased o-tubulin acetylation, but did not suppress GATA-1 levels. Total a-tubulin levels were detected as a loading
control. (B) Treatment with HDACIs resulted in no significant change in GATA-1 mRNA levels. Meg-01 cells were treated for 48 hours with
the indicated compounds and total RNAs were extracted. GATA-1 mRNA expression levels were evaluated by qRT-PCR. ACt was calculated by
normalized GATA-1 gene Ct values to 18S RN. (A) Bar graph representing the means of fold expression (compared with control) with error
bars as standard deviations from three qRT-PCR reactions. (C) Inhibition of HDACs induces H3 acetylation. SAHA and panobinostat signifi-
cantly induced histone acetylation. The HDAC class II inhibitors LMK235 and tubacin induced H3 acetylation, but at much lower intensity, con-
sistent with the roles of class II HDACs as nonhistone deacetylases. (D) PanHDACI-mediated GATA-1 protein degradation is proteasome
dependent. Meg-01 cells were treated for 6 hours with panobinostat (50 nmol/L) and SAHA (500 nmol/L) alone or in combination with protea-
some inhibitor MG132 (5 umol/L). Cell lysates were prepared and GATA-1 protein levels were determined by Western blot analysis.
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current findings. Importantly, we show that this matu-
ration disruption is correlated with the loss of the tran-
scription factor GATA-1, but not «-tubulin acetylation.
GATA-1 is a critical myeloid transcription factor regu-
lating the differentiation of the MK and erythroid cell
lineages. Mice and humans with GATA-1 mutations
accumulate immature MK and MK-erythroid progeni-
tors [15—17]. Earlier studies using panHDACIs noted
no change in GATA-1 mRNA levels with a coinciding
tubulin hyperacetylation [5], leading to the proposal
that GATA-1 expression was not affected by pan-
HDACI treatment. Our qRT-PCR-based gene expres-
sion analysis confirmed no change in mRNA levels of
GATA-1. However, the protein levels of GATA-1 rap-
idly decreased following panobinostat or SAHA treat-
ment, indicating that the reduction in GATA-1 levels is
more likely caused by posttranscriptional mechanisms.
The proteasome inhibitor MG132 blocks panHDACI-
mediated loss of GATA-1 protein, suggesting that pan-
HDACIs trigger a proteasome-dependent degradation
of GATA-1. Our finding that panHDACIs cause
GATA-1 degradation may explain another common
adverse effect of panHDACIs, namely anemia.

Interestingly, a previous study reported that CREB-
binding protein (CBP) catalyzed acetylation of GATA-
1 [18], which destabilizes GATA-1 [19]. Moreover, it
has been reported that panHDACIs can synergize CBP/
p300-catalyzed acetylation [20]. Whether the GATA-1
destabilization caused by panHDACIs is mediated by
an enhanced GATA-1 acetylation remains to be investi-
gated.

HDAC1 and HDAC2 knockout mice have shown
thrombocytopenia [21] and romidepsin, which predomi-
nantly inhibits class I HDACs, also causes thrombocytope-
nia [22,23], strongly indicating that the panHDACI-
associated thrombocytopenia is linked to the inhibition of
HDACI1 and HDAC2. In addition, an HDAC6 (class II)
inhibitor, ricolinostat, was previously shown to have no
effects on MK differentiation [24]

Although the class Ila members HDAC4 and
HDACS are not essential for normal function of most
somatic cells (based on mouse knockout data) [25],
HDACS has been implicated in regulating erythropoie-
sis and megakaryopoiesis; its function is thought to be
limited to maintaining an early progenitor pool as part
of the transcriptional inhibitory complex [26—28].
However, it was also shown that, during early erythro-
poiesis, HDACS represses key hematopoietic differenti-
ation transcription factors and keeps the cells in the
progenitor state. Although erythropoiesis and megakar-
yopoiesis share some similarities, they differ when it
comes to epigenetic transcriptional regulation. A recent
report showed that the erythroid transcriptional com-
plex NuRSERY, containing HDACS, is present in ery-
throid but not in megakaryocytic lineage cells [28].

However, it was also shown that inhibition of HDACS5
had no effect on apoptosis or survival of erythroid
cells, alluding to the safety of HDACS inhibition in
hemostasis [28]. Conversely, it was shown that a
reduction in HDACS activity was required for GATA-
1-mediated hematopoiesis, leading to the hypothesis
that targeting HDACS5 may actually improve hemato-
poiesis by stimulating differentiation of erythrocytes
and MKs [26].

It has been shown that HDACS5 plays a major role in
cancer stress response and survival [9,14,29,30]. Typi-
cally, HDACS is expressed in tissues requiring high
levels of ATP (heart, neurons, and placenta) and during
energy inadequate states (hypoxia, low glucose, and
amino acid deprivation) [31,32]. HDACS overexpres-
sion was observed in a number of different tumors,
suggesting a role in cancer. In tumors, cytosolic
HDACS5 may act to stabilize oncogenic proteins during
pervasive metabolic or chemotherapy stress [33]. We
show that LMK235, at concentrations sufficient to
inhibit cancer cell proliferation, resulted in no disrup-
tion of MK cell maturation. This strongly suggests that
targeting HDACS5 would avoid interference with
CD34* cell maturation, making HDACS5 an attractive
(and safe) target in sensitizing cancer cells to meta-
bolic stress and chemotherapy.

A recent clinical trial of the HDAC®6 class II inhibi-
tor ricolinostat, in combination with bortezomib and
dexamethasone, was shown to have no negative effects
on platelet formation [24]. Another study also reported
that HDACG6 inhibition-induced tubulin hyperacetyla-
tion has no effect on proplatelet formation. However,
the latter also reported that HDACG6 inhibition or
genetic knockdown led to a strong decrease in human
proplatelet formation [34]. It was proposed that the
decrease in proplatelet induced by HDAC6 inhibition
was attributed to cortactin hyperacetylation associated
with actin disorganization, hence inducing significant
changes in the distribution of MK organelles. That
report highlights that the effects of HDAC inhibition
on the final step of platelet formation also needs fur-
ther evaluation. It should be noted that, although
CD34"% cell differentiation assay is a well-established
approach for evaluating MK maturation in vitro, it
does not evaluate platelet release from mature MKs in
vivo. Nevertheless, our findings provide a rationale for
in vivo studies to further address the effects of HDA-
CIs on platelet release and clotting function.

Based on our findings and previously published
reports, we outline a mechanistic explanation of pan-
HDACI-related hematologic adverse effects and pro-
pose new strategies for cancer therapy based on
selective targeting of class II HDACs, particularly
HDAC4 and HDACS (Figure 6). We propose that
HDACI1 and HDAC?2 are required for MK maturation
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Figure 6. Effects and proposed mechanisms of cancer therapeutic
HDACIs on MK differentiation. Based on current and published lit-
erature, we conclude that panHDACIs cause impairment of megakar-
yopoiesis mainly through the inhibition of HDACI and HDAC2.
Because HDACI1 and HDAC?2 function is required for GATA-1 sta-
bilization, the inhibition of HDAC1 and HDAC2 leads to GATA-1
degradation, which may be mediated by GATA-1 acetylation. Com-
pounds specifically targeting class II HDACs such as HDAC4,
HDACS, and HDAC6 avoid disrupting HDACI1/HDAC2 function,
thus avoiding GATA-1 degradation and subsequent impairment of
differentiation of hematopoietic progenitor cells. Therefore, specifi-
cally targeting class II HDACs as part of cancer therapy may emerge
as a safer approach than nonselective HDAC inhibition.

and possibly erythropoiesis, whereas HDAC4, HDACS,
and HDACG6 are not critical for MK differentiation.
Therefore, specifically targeting HDAC4 and HDACS
as an antitumor strategy may provide clinical benefit
by avoiding thrombocytopenia, a common panHDACI
adverse event.
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