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Short title: HDACS inhibits erythroid lineage genes

Key points:

e HDACS6 upregulated during MK differentiation is involved in sustainable production of
ROS via the circuit - HDAC6-NOX4-ROS-HDACS.

¢ HDACS inhibits erythroid lineage gene, GY PA, by forming a repressor complex over the
promoter region.
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Abstract

The human erythroleukemia (K562) cells are considered as bipotent megakaryocyte-erythroid
progenitor cells and the differentiation of these cells to megakaryocytes (MK) in the presence of
phorbol 12-myristate 13-acetate (PMA) mimics in vivo differentiation of MEP (megakaryocyte-
erythroid progenitor) cells in the bone marrow. Histone deacetylases (HDACS) are involved in
gene suppression and their roles during the MK differentiation remains largely undefined. In the
present study, we have studied the expression levels of class | and class II HDACs during
phorbol 12-myristate 13-acetate (PMA)-induced differentiation of K562 cells to MK. Class Ilb
HDACs (HDAC6 & HDAC10) were significantly up regulated time dependently upto 4 days of
PMA-induced MK differentiation along with decreased acetylation levels of H3K9 and H3K56.
Pharmacological inhibition and knockdown studies of HDACG6 using tubastatin A (TubA) and
shRNA-HDACG6 respectively, during MK differentiation resulted in down regulation of MK
lineage marker CD61 and up regulation of erythroid lineage gene glycophorin A (GYPA).
HDACG6 over expression in K562 cells showed significant up regulation of CD61, MK
transcription factors (FOG1 and GATA2) and down regulation of GYPA. ChIP-PCR studies
showed enrichment of HDAC6 protein on GYPA promoter during differentiation indicating
GYPA gene repression by HDACSG. Further studies on elucidating the role of HDAC6 in MK
differentiation clearly indicated that HDACS is required for the production of sustainable levels
of reactive oxygen species (ROS), an important regulator of MK differentiation, via NOX4.-
ROS-HDACEG circuit. In this study, we provide the first evidence that during PMA-induced
megakaryocyte differentiation of K562 cells, HDACG6 represses erythroid lineage marker gene,
GYPA, and promotes the sustainable levels of ROS via NOX4 required for MK differentiation.

Key words: PMA-induced MK differentiation of K562 cells, HDACS, erythroid lineage gene
repression, sustainable ROS, NOX4.
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I ntroduction

Survival, self-renewal and differentiation of hematopoietic stem cells in to blood cdllsis
tightly regulated by expression of transcription factors, cytokines and mMiRNAS">.
Megakaryocytes and erythrocytes are derived from a common megakaryocyte-erythroid
progenitor (MEP) cells ®. Megakaryocytes (MK) produce enucleated platelets that are involved
in blood clotting, hemostasis and in immune response . Thrombocytopenia, reduced platelets
count, is a clinical problem in many disease conditions such as cancer therapy, trauma, sepsis
and viral infections such as dengue, etc ® and requires platelet transfusion. The two reasons for
thrombocytopenia are reduced production from MK cells or increased destruction of platelets’.
Better understanding of molecular mechanisms regulating MK differentiation and platelet
production are required to identify the safe sources of platelets for therapeutic purposes and to

cure the platelet diseases.

K562 cells are chronic myeloid leukemia cdlls, well studied model system to find out the
molecular mechanisms regulating the erythroid and megakaryocyte lineages in the presence of
different chemical inducers . PMA (Phorbal 12-myristate 13-acetate) induces the differentiation
of K562 cells towards megakaryocyte lineage whereas hemin, hydroxyurea and Ara-C
(Arabinosyl cytosine) induce erythroid differentiation of these cells **2. The differentiation of
K562 cels to megakaryocytes is monitored by cell growth arrest, changes in morphology,
endomitosis and adhesive properties due to expression of integrins CD61 and CD41 (MK
markers)*® and reduced expression of erythroid genes Glycophorin A (GY PA). PMA induces the
activation of PKC leading to further ERK1/2, c-JUN, c-FOS and NF-xB transcription factor
activation ***’. PMA also induces ROS production in K562 cells and ROS is an important factor
driving MK cell differentiation 2,

The two epigenetic marks that play an important role in gene regulation are methylation and
acetylation. Acetylation and deacetylation of histone proteins is controlled by histone acetyl
transferases (HATS) and histone deacetylases (HDACS) respectively. Deacetylation of histone
proteins by HDACs leads to the formation of compact chromatin which prevents the binding of

transcriptional machinery and thus gene suppression *°. HDACs play important role in various
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physiological and pathological processes by regulating the activity of non-histone proteins by
deacetylation *°. Total of 18 HDACs have been identified in humans and divided into four
classes based on their homology to yeast orthologs. Class | (HDACL,2,3,4,8), Class Il
(HDACA4,5,7,9 & 6,10) and class IV (HDAC11) are classical zinc dependent enzymes whereas
class I1l HDACs are named as sirtuins from SIRT1-7 which requires NAD+ as cofactor for their
activity %%, Recent studies indicate that the epigenetic gene regulation governs the stem cell
differentiation and the role of HDAC inhibitors (HDACI) in reprogramming of somatic cells to
pluripotency is well established ?.

The commitment of the bipotent progenitor cells to a particular lineage requires
suppression of the opposite lineage genes. Since HDACSs are involved in gene repression via
compact chromatin formation, we hypothesize that one or few of the HDACs might be involved
in lineage commitment of progenitor cells. Although the involvement of HDACs in
hematopoiesis is known, the role of HDACs and the underlying molecular mechanisms of
lineage commitment remain elusive. Recently, Messaoudi et al have shown that, HDACG6 plays
an important role in proplatelet release from MKs by deacetylating cortactin, an important
cytoskeletal protein®. We therefore, in the present study, aimed at identifying the role of
HDACsin MK lineage commitment of K562 cells.

M ethods
Cell culture

K562 cells were obtained from the National Centre for Cell Science (NCCS) cell repository,
India. The cells were cultured in RPMI 1640 medium supplemented with 10% FBS (Fetal
Bovine Serum) and 1% penicillin and streptomycin and grown at 37 °C, 5% CO,. The
exponentially growing K562 cells were seeded at a density of 2.5 x10° cells/ ml and treated with
20 nM PMA for 24 h and 48 h. In combination treatments, the cells were treated with 5 uM
tubastatin A or 100 uM quercetin, 1 h prior to PMA addition and the control cells received
DM SO aone.
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RNA isolation and RT-PCR

Total RNA was isolated by TRI reagent (Ambion) according to the manufacture’s protocol and
guantification and purity of RNA were determined by Nanodrop. The integrity of RNA was
examined by agarose gel eectrophoresis. 2 pg of RNA was reverse transcribed with
Oligo(dT)15, 50 mM Tris-HCI pH 8.3, 75 mM KCI, 3 mM MgCl2, 10 mM dithicthreitol, 200
uM each deoxynucleotide triphosphate [dNTP]) using 200 U M-MLV Reverse Transcriptase
(Invitrogen) in 20 ul of a reaction mixture. Following denaturation at 65°C for 5 min, the
reaction mixture was incubated at 42 °C for 1 h. Target genes were quantified by using SYBR
green chemistry, gene specific primers with appropriate dilutions of cDNA. The expression

levels were calculated using 224¢T

method and normalized with control cells. The primers
(Tablel) were designed using UCSC Genome browser software. GAPDH was used as reference

gene to calculate the changes in target gene expression levels.

Western blotting

Following different treatments for the times indicated in figures, the cells were lysed in RIPA
buffer [20 mM TrigHCI (pH 7.5), 150 mM NaCl, 1 mM sodium EDTA, 1 mM EGTA,
1%Triton, 25 mM sodium pyrophosphate, 1 mM 2-glycerophosphate, 1 mM sodium
orthovanadate, 1 xg/ml leupeptin and 1 mM PMSF) on ice for 30 min. The cell lysates were then
centrifuged at 13000 g for 30 min at 4 °C. The supernatant containing protein was quantified by
BCA (bicinchoninic acid) assay (Santacruz). Equal amounts protein was separated on 10% SDS-
PAGE and transferred on to nitrocelulose membrane. The membrane was blocked with 3%
nonfat skimmed milk powder for 45 min. Specific proteins were probed with primary antibodies-
HDAC6, HDAC10, H3, acetyl tubulin, tubulin, Ac-H3K9, Ac-H3K56 and GAPDH (Cedll
signaling). After washing the membrane with TBST for 3 times, each wash for 10 min;
secondary antibody conjugated with horseradisn peroxidase was added and incubated for an
hour. After two washes with TBS-T for 10 min each, detection was performed by enhanced
chemiluminiscence reagent (ECL, Amersham) and captured using BioRad imaging system.

| solation of Histone proteins

Histone proteins were isolated from treated and control cells as described in Nature protocol s™.
In brief, the cells were washed with ice cold PBS and resuspended in 5-10 volumes of hypotonic
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solution (10 mM Tris pH 8,10 mM KCI, 1.5 mM MgCl; and 1 mM DTT) and incubated on ice
for 1 h. Intact nuclei were pelleted at 10000 g, 4 °C for 10 min and then resuspended in acidic
solution (0.4 N H2SO,4, 10 mM HEPES, 1.5 mM MgCl,, 10 mM KCI, 0.5 mM DTT, 1.5 mM
PMSF, and protease inhibitor cocktail) with mixing on rotospin for 30 min. The supernatant
containing histone proteins collected at 16000 g at 4 °C for 10 min and precipitated by adding
132 pl of 100% TCA (Tri cholroacetic acid). After 30 min incubation on ice, the histone proteins
were pelleted and washed with acetone twice to remove the acid. Finally the protein was air
dried and dissolved in water. Immunaoblotting technique was used to analyze the different

acetylation levels of lysine residues of histone protein (H3) as mentioned above.
Transfection

K562 cells (1 x10°%) were transfected with plasmid pcDNA-HDAC6-FLAG using PEI reagent as
per the manufacture’s protocol. Briefly, the plasmid DNA was mixed with PEI reagent in the
ratio of 1:1 in serum free media and incubated for 15 min before adding to the cells. After 3 h
incubation, complete medium was added and allowed to grow for different time points. Real-
time PCR, Immunoblot and HDAC activity assay were used to confirm the overexpression.
pcDNA-HDACG6-FLAG was a gift from Dr.Tso-Pang Y ao (Addgene plasmid # 30482).

Nuclear and cytoplasmic extractions

Briefly, the cells were lysed in cytosolic extraction buffer (30 mM Tris-HCI, [pH 7.5], 150 mM
NaCl, 10 mM MgCl,, 1% Nonidet P-40, 1 mM PM SF and protease inhibitor cocktail), incubated
on ice for 3 min and centrifuged at 10000 g for 3 min. The pelleted nuclei were washed with
cytosolic extraction buffer and spun at 16000 g for 5 min. The nuclel were lysed in nuclear
extraction buffer (10 mM HEPES [pH 7.9], 420 mM NaCl, 10 mM MgCl,, 1 mM EDTA, 25%
glycerol, 1 mM PMSF and protease inhibitor cocktail) for 30 min on ice with intermittent

vortexing. The nuclear extract was collected at 16000 g for 30 min at 4°C.
I mmuno Fluor escence

The control and PMA treated cells were fixed in 4% formaldehyde, permeabilized with 0.25%
Triton X-100 and blocked with 3% bovine serum albumin in phosphate-buffered saline. The cells
were incubated with primary HDAC6 antibody for 1 h, followed by washes with 1%BSA in
PBST and then the cells were incubated with fluorophore-conjugated secondary antibody
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(Alexa 647) at room temperature and 4, 6-diamidino-2-phenylindole was used to for nuclear
staining. Mounted samples were viewed under a Carl Zeiss, NLO 710 laser scanning confocal

microscope and images were captured with ZEN 2010 acquisition software.
M easur ement of ROS by Flow cytometry

2', 7'-dichlorodihydrofluorescein diacetate (H,H2DCF-DA) is an oxidation sensitive dye and was
used to measure the ROS production in cells treated with PMA or / and tubastatin A. The cells
were washed with PBS and then incubated with 5 uM H;H2DCF-DA in PBS for 30 min at 37
°C. The cells were collected and analyzed using BD LSR Fortessa flow cytometry system.

Chromatin Immuno precipitation (ChlP)

Cells (2.5 x 10°) were fixed in 1% formaldehyde solution in 5 ml of serum free media for 10 min
at room temperature followed by quenching with 0.125 M glycine for 5 min. Then the cells were
washed twice with PBS and resuspended in cell lysis buffer for 10 min. Nuclear pellet was
resuspended in nuclear lysis buffer and IPDB (immune precipitation dilution buffer) and
subjected to sonication at an amplitude of 36%, 25-30 cycles, each cycle with 20 sec on and 40
sec off for shearing the DNA into fragments of 300-1000 bp. Cell debris is removed by
centrifugation at 14000 rpm for 5 min at 4°C. The chromatin was diluted with NLB: IPDB in 1:4
ratio and precleared with rabbit IgG. Then 100 pl of chromatin sample was used as input and the
remaining was incubated with HDAC6 antibody (Abcam ab47181), for overnight at 4°C.
Dynabeads® Protein G (Invitrogen 10004D) were used to collect the immune precipitated
protein-DNA complexes. The DNA from input and IP samples was purified by phenol
chloroform method and quantified using Nanodrop. PCR was performed to amplify GYPA
promoter with the following primers sets. Setl FP-5 CTT GAG CAC AAT TCC TGC AA 3,
RP5 CTG AGC AGC AGG ACA AGA A 3, Set2 FP5' ATT GAG CTT CCT CGC ATT TT
3, RP5 CGC AGC TAT GAA ACC AGT GA 3 set3 FP5 GGC TCC ACA ACA GCT ACC
TC 3 RP5' TCT TGG GGC TAT GAA AGT GG 3, set4 FP 5 AAA TGC CTC CCC TGC
CTA T 3 RP5 CCT GAG ATC ATG AGC TGG TTC 3'satb FP 5 CAA GGG AGC CCA
GTA TTT ATG 3 RP5 GCC ATT TGG CAG AAA TAG GA 3 GAPDH primers FP 5" TAC
TAGCGGTTT TACGGG CG3,RP5 TCGAAC AGG AGG AGC AGA GAGCGA 3.
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Knockdown of HDACG6 expression using sShRNA

The shRNA oligos were designed, cloned in pLKO.1 puro vector and confirmed as per the
protocol from addgene (Addgene Plasmid 10878. Protocol Version 1.0. December 2006.)
shRNA sequences GGAGGACAATGTAGAGGAGAG,
AGGTCTACTGTGGTCGTTACATCAATGGC, targeting different regions of HDACG6, were
chosen from Block it design tool and Origene company and ordered from Integrated DNA
Technologies. pLKO.1 puro control shRNA was a generous gift from Dr. Kishore Parsa from

DRILS, Hyderabad. Transfection was done as mentioned above.
HDAC activity assay

HDAC activity was determined using fluorescent substrate FLUOR DE LY S® (ALX-260-137-
MO005) purchased from Enzo Life Sciences as per the manufacturer's protocol. The HDAC6
protein was immunoprecipitated from total protein lysates (0.25 mg) of cells treated with
different compounds using protein A agarose beads (Sigma). The HDACG6 protein bound beads
were used as enzyme source and was incubated with the HDAC assay buffer (50 mM Tris pH
8.0, 137 mM NaCl,2.7 mM KCI, 1 mM MgCI2 and 1 mg/ml BSA) and fluorescent substrate (60
uM final) to afinal volume of 50 ul at 37 °C for 15 min. Reaction was stopped with the addition
of 50 ul developer solution (Enzo Life Sciences) followed by incubation at 37 °C for 30 min. The
Arbitrary Fuorescent Units (AFU) was recorded at Excitation wavelength of 360 nm and

Emission wavelength of 460 nm.
Statistical analyses

Results were expressed as the means of +standard deviation (SD) of at least three independent
experiments. Statistical analysis was carried out by oneway ANOVA, two-way ANOVA,
followed by Tukey's multiple comparison tests using Graphpad Prism 6.01. The statistical

significance is represented as *p-value < 0.05; **p-value < 0.01 and ***p-value < 0.001.
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Results

Differential expression of classlIb HDACs with decreased acetylation levels of H3K9 and
H3K56 during MK differentiation of K562 cells

PMA-induced MK differentiation of K562 cells was confirmed by change in morphology of cells
(Fig 1A), upregulation of MK markers such as CD41 and CD61 and downregulation of an
erythroid marker glycophorin A (GYPA) (Fig 1B). Once the model system was validated, we
next did HDAC expression profiling (MRNA and protein expression). The expression levels of
class| (HDAC1], 2 and 8) and class IlaHDACs (HDAC4) did not change significantly in control
and PMA-treated cdlls (Fig 1C & D). However, RNA and protein levels of class IIb HDACs,
HDACG6 and 10, were significantly upregulated during MK differentiation (Fig 1C & D). Further,
time-course MRNA expression analysis indicated upregulation of HDAC6 along with MK
markers till 4 days of PMA treatment and gradual downregulation of GY PA significantly (Fig.
1E). Since histones are the primary substrates for HDACs, we have anayzed the global
acetylation levels of lysine residues of histone H3. We have observed a significant decrease in
acetyl levels of H3K9 and H3K56 during PMA-induced differentiation of K562 cells (Fig 1F),
suggesting these might be the targets of upregulated class Ilb HDACs. The acetylation levels of
H3K 18, H3K14 and H3K 27 did not alter in control and PMA treated cells (Fig 1F).

HDACG6 upregulation is specific to K562 cdl differentiation to MK célls.

PMA is known to activate several signaling pathways including PKC and PI3K. So we asked the
guestion whether HDACG6 upregulation is due to PMA signaling or is MK lineage specific. To
address this, we assessed the expression levels of HDAC6 in PMA-induced HL-60 cells that
differentiate into monocytes. The results showed no change in HDAC6 expression levels in
PMA-induced HL-60 cells indicating that HDAC6 upregulation is MK lineage specific (Fig.
2A). To better understand the role of HDAC6 in MK differentiation as a repressor of gene or asa
protein activity regulator, we first investigated HDAC6 localization by confocal microscopy. As
shown in Fig. 2B, HDACEG is predominantly localized to the nucleus during MK differentiation
when compared to pan-cellular distribution in control cells. Immunoblot analysis of the
cytoplasmic and nuclear fractions also indicated similar results (Supplementary Fig. S1). To get
an insght into the nuclear function of HDACG6, we analyzed the acetylation levels of the two
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histone H3 lysine residues, H3K9 and H3K56, that were actually downregulated during MK
differentiation (Fig. 1F) in presence of HDACG6-specific inhibitor, Tubastatin A (Tub A). The
specificity of Tub A towards HDAC6 was confirmed by analyzing the Ac-tubulin levels dose-
dependently (Supplementary Fig. S2) and also its inhibitory effect on other HDACs by
Immunoblot (Supplementary Fig. S3). The Ac- H3K9 and Ac-H3K56 immunoblot showed a
significant increase in the acetylation levels of H3K9 and H3K56 (Fig. 2C) suggesting that
HDACG6 might be playing an important role as a transcriptional regulator during PMA-induced
differentiation of K562 cells to MK cells. We next investigated the mechanism by which
HDACE6 is upregulated during MK differentiation of K562 cells. We analyzed the PKC pathway
activated by PMA in K562 cels during MK differentiation. We determined the levels of
phospho-ERK and Ac-NF-xB in control and PMA-treated K562 cells. In the immunablots, we
found increased p-ERK levels and increased Ac-NF-xB (K310) along with increased HDAC6
during PMA treatment (Fig 2D). Further, we found reduced HDAC6 expression when ERK1/2
activation was inhibited with apigenin (Fig 2E) during PMA induced differentiation of K562
cells suggesting that HDACG6 upregulation during MK differentiation is via PKC-p-ERK-NF-xB

axis.
HDACSG6 isrequired for the expression of MK markersand inhibition of erythroid marker

To further delineate the role of HDCAG6 during MK differentiation, we have treated the cells with
Tub A, and analyzed the expression levels of MK lineage genes. The qPCR results clearly
indicated that MK markers were downregulated when HDACEG is inhibited in PMA treated cells
along with significant upregulation of erythroid marker (Fig 3A). We also measured the protein
levels of CD61 by flow cytometry and the results are in agreement with gPCR data (Fig 3B (i) &
(ii)). Next we performed HDAC6 knockdown during MK differentiation with shRNA (pLKO.1
HDACG6) and studied the MK linage commitment. The expression analysis of MK marker
(CD61) and erythroid marker (GYPA) showed significant reduced levels of CD61 with
significant induction of GYPA during MK differentiation (Fig 3C), mimicking effects obtained
with Tub A. To further probe the effect of HDAC6 during MK differentiation, we have
overexpressed HDAC6 in K562 cells and studied the MK lineage marker expression.
Overexpression of HDACG6 in K562 cells was confirmed at the RNA level by gPCR (Fig 3D (i)),
protein level by immunoblot (Fig 3D (ii)) and activity by HDAC assay (Fig 3D (iii)).

10
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Overexpression of HDACG6 resulted in significant upregulation of CD61, but not CD41 and
downregulation of erythroid lineage gene, GYPA (Fig 3E). These results suggest that HDAC6
might be negatively regulating erythroid lineage gene, GYPA expression and positively
regulating the MK lineage gene, CD61 expression. We then sought to determine how HDACG6 is
positively regulating the expression of MK marker (CD61). To explore this, we have analysed
the expression levels of MK transcription factors GATA2, FOG-1 and GATA1 in HDACG6
inhibited cells treated with PMA. We observed reduced expression of GATA2 and FOG-1 in
Tub A treated cells alone but not in HDACSG inhibited cells treated with PMA (Fig 3F). On the
contrary, we observed upregulation of GATA2 and FOG-1 in HDAC6 overexpressed cells
without PMA treatment (Fig 3G). These results suggest that HDAC6 might be regulating the
expression of GATA2 and FOG-1 indirectly that in turn regulate CD61 expression.

HDACSG6 represses GYPA promoter

When HDACG6 was inhibited with tubastatin A, we have observed upregulation of GYPA not
only in PMA-treated K562 cells, but also in K562 cells treated with Tub A alone (Fig 4A). But
we did not observe significant effect on other erythroid lineage genes like yglobin and EKLF
(Fig 4B). This prompted us to look into the role of HDAC6 in GY PA transcriptional repression.
We therefore designed 5 sets of primers from first intron to the 1400 bp upstream to the
transcription start site (TSS) of GYPA promoter (Fig. 4C) and did ChIP-PCR with HDACG6
antibody. We observed a 2-fold enrichment of HDAC6 over the GY PA promoter at 4 out of 5
sites studied in control cells (Fig 4D). However, there was a significant enrichment at site 1 (-
1363 bp to 1183 bp) in PMA-treated cells. The HDACS6 binding decreased significantly at site 1
when treated with Tub A (Fig 4D) in control cells. These results clearly indicated that HDAC6

plays an important role in repressing erythroid-specific lineage gene, GY PA.

Crosstalk between PM A signalling, ROS and HDACG6 during MK differentiation

The strong nuclear localization of HDACG in the present study correlated, partly, with the GY PA
gene repressing function of HDAC6. However, the immunofluorescence and immunoblot data
indicated cytoplasmic presence of HDAC6. So we also focused on other probable functions
HDAC6 might be having during MK differentiation. Since the role of HDAC6 in ROS

production and the role of ROS in MK biology is well known, we tried to find a link between

11
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ROS and HDACSG6 in MK differentiation. We measured ROS levels using H2DCF-DA by flow
cytometry and observed increased ROS levels in PMA treated cells that were reduced upon
HDACSG inhibition (Fig 5A). Since NADPH oxidases are involved in ROS production, we next
examined the effect of Tub A on NOX2 and NOX4 expression and found that NOX4 was
upregulated during MK differentiation and significantly downregulated in the presence of
HDACSG inhibitor with no change in NOX2 expression (Fig 5B) suggesting for the first time that
PMA-induced ROS production in MK differentiation of K562 cellsisvia NOX4. In addition, we
have observed downregulation of NOX4 in HDAC6 knockdown cells (Fig 5C). To further
understand the relation between HDAC6 and NOX4, we analyzed the effect of an antioxidant,
guercetin, on the expression of HDAC6, NOX2, NOX4 and MK markers during PMA-induced
differentiation of K562 cels. During MK differentiation in the presence of antioxidant,
significant reduction in the expression levels of HDAC6 and NOX4 along with MK markers was
observed (Fig 5D). This result implicated a clear crosstalk between HDAC6, NOX4 and ROS
during MK differentiation. Next, we confirmed the role of HDAC6 in ROS production via
NOX4 in MK biology, by analysing the mRNA levels of survivin gene, a chromosome passenger
protein involved in cell division. During MK differentiation, survivin is downregulated so as to
promote polyploidy in MK cell. We observed that survivin is upregulated when HDACSG is
inhibited (Fig 5E) suggesting that ROS produced by NOX4 is important for polyploidy of MK
cell and that HDACS is involved in ROS production. Taken together, these results confirm the
interplay between ROS, NOX4 and HDAC6 during PMA induced differentiation of K562 cells.

Discussion

HDACs are involved in the regulation of gene expression and also control various biological

processes by deacetylation of non-histone proteins 2.

Hematopoiesis is a process of
differentiation of blood cells from the hematopoietic stem cells that are regulated by various
transcription factors, cytokines and miRNAs 2 Earlier studies have shown that sustained
expression of HDAC1 by GATAL transcription factor allows the differentiation of myeloid
progenitor’s cells to erythrocyte and megakaryocytic lineages 2. Treatment of human primary
CD34+ cells with sub-optimal concentration of panobinostat, a pan-HDAC inhibitor, does not

affect the MK proliferation or commitment but inhibited maturation and platelet formation®.
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But the molecular mechanisms and specific roles of HDACs during the MK differentiation
remain unclear. In this study we have shown the upregulation of Class IIb HDACs (HDAC6 and
HDAC10) with decreased acetylation levels of H3K9 and H3K56 during PMA induced
differentiation of K562 cells to megakaryocytes. HDACG6 is upregulated time dependently
peaking at 4" day of PMA treatment, and is required for the expression of MK markers CD61
and CDA41, inhibition of erythroid lineage gene, GY PA and is involved in sustainable production
of ROS.

HDACE is a class I1b cytoplasmic deacetylase with two homologous catalytic domains
making it unique among all other HDACs *. HDACS is involved in regulating the function
stability, protein-protein or protein-DNA interaction, localization and signaling of cytoplasmic
proteins by deacetylation, an important posttranslational modification. HDAC6 also possesses a
zinc finger motif (ZnF-UBP) that enables it to bind with ubiquitin and thus plays a role in
clearing the misfolded protein aggregates™. The well-studied cytoplasmic substrates of HDAC6
include tubulin, HSP9O, cortactin and peroxiredoxins . In the nucleus, HDAC6 regulates
expression of genes by interacting with nuclear proteins such as HDAC11, sumoylated p300,
transcriptional repressors such as LCoR, ETO-2 *® and transcription factors RUNX2 and NF-
kappaB ¥ *. Studies have shown the role of HDACS in variety of biological processes including

metastasis, cell migration, autophagy, and viral infection®** .,

Our resultsin PMA induced K562 cdll differentiation to MKs are in line with the recent
studies by Messaoudi et a using CD34+ cells where the results have shown that HDACEG is
indispensable for proplatelet release from MKs by regulating the acetylation of cytoskeletal
protein, cortactin %. The study also demonstrated a significant decrease in MK cell number and
Colony forming units (CFU) when CD34+ cells were treated with HDACG6 inhibitor (5uM
Tubastatin A)®. Similarly our results demonstrate reduced MK marker expression in HDAC6
inhibited PMA-treated K562 cells. Therefore our results in the K562 cell line are biologically
meaningful and hold significance as in CD34+ cells. Furthermore, Sardina JL et al. have
demonstrated that the results obtained using K562 cells as megakaryocyte progenitor cells and
the results obtained using CD34+ cells were same and reproduci ble suggesting the robustness of
the PMA-induced MK differentiation of K562 cell line model system®.
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Recent studies have shown that the nuclear HDAC6 promotes epithelial-mesenchymal transition
(EMT) by suppressing the genesinvolved in formation of tight junctions *®. In our study also, we
have observed the localization of HDACS in the nucleus predominantly, indicating that HDAC6
might be involved in suppression of erythroid lineage genes or regulating the activity or function
of transcription factors. To further probe the role of nuclear HDAC6, we did ChIP-PCR for
GYPA promoter. ChlIP-PCR studies confirmed the binding sites of HDAC6 at GY PA promoter
and the enrichment was increased in PMA-treated cells, significantly reduced in the presence of
HDACEG inhibitor. Interestingly we have observed the enrichment of HDACG6 to GY PA promoter
in control cells (progenitor cells) also suggesting biasedness of MEP cells towards MK lineage
due to the short half life of MK cells (5-7 days) compared to longevity of erythrocytes (120
days). However, further studies are needed to get a deeper insight into the ME-MK  biasedness.
HDACs are recruited to the target promoter regions by transcription factors and repressor
proteins, as they do not contain DNA binding domain **. Further studies are required to find out
the interacting partner of HDACG in repressing GYPA. Thus in progenitor cells, GYPA is
expressed at basal level due to the repressors bound to its promoter and repressed completely in
the presence of lineage-specific cytokines or overexpression of lineage specific transcription

factors.

At the molecular level, we have shown upregulation of HDACG6 via ERK1/2 signaling pathway
and the down regulation of MK marker, CD61 when HDACEG is inhibited or knockdown during
MK differentiation. We have also observed increased expression of CD61 when HDACEG is
overexpressed in K562 cells giving us a clue that CD61 might be indirectly regulated by
HDACS. It is established that HDACG6 plays a role in ubiquitination and studies by Chonghuali,
et al, have shown that SnoN, an inhibitor of Smad Pathway, is a repressor of CD61 and
undergoes ubiquitination during PMA signaling of MK differentiation®. Furthermore our results
are in line with ChonghualLi, et al study showing upregulation of MK transcription factors
GATAZ2 and FOG1. These results indicate presumably that HDAC6 might be the repressor of
repressor (SnoN) of MK-specific transcription factors. Further studies are needed to confirm

these presumptions.

Most of the studies have shown that ROS is required for MK cell commitment, maturation and
for the release of platelets “**°. ROS is the upstream regulator in activating the cascade of
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signaling proteins and finally leads to the activation of c-JUN, c-FOS, NF-xB transcription
factors, which further regulate the expression of lineage specific genes. Studies have shown that
treatment of cells with antioxidants (Trolox, NAC) inhibited the acquisition of MK
morphological features and reduction in MK marker expression *. p22phox-dependent NADPH
oxidase is the primary source of ROS production ** and the inhibition of ROS by antioxidants
hinders MK differentiation from progenitor cells. But it is not clear, out of the four NOX
homologues (NOX1-4), which NOX is responsible for the production of ROS. First time, our
studies have shown that NOX4 is involved in PMA-induced ROS production. Youn GS et al,
have shown that HDAC6 overexpression induces the ROS production by upregulating NADPH
Oxidase in macrophages *’. In our study, we have observed downregulation of NOX4 when
HDACSEG is inhibited during MK differentiation suggesting that HDAC6 plays important role in
ROS production by regulating NOX4 expression. In astrocytes, crosstalk between HDAC6 and
NOX2 regul ates the expression of pro-inflammatory mediators during HIV-1 infection . In line
with these results we found downregulation of HDAC6 and NOX4 when ROS is inhibited with
an antioxidant, quercetin during MK differentiation indicating the positive feedback loop
between HDAC6, NOX4 and ROS production. Zhang Y et al found that Aurora-B/AIM-1 and
survivin, the 2 critical mitotic regulators were mislocalized or absent during endomitosis of
mouse MKs*. This was further supported by finding by McCrann et a, who have shown that
NOX4 is required for polyploidazation of vascular smooth muscle cells (VSMC) by down
regulating survivin®. Our results have also shown, upregulation of survivin in the presence of
HDACS6 inhibitor, where NOX4 expression was reduced.

In conclusion, our findings provide a new insight into the molecular mechanisms by which
HDACG induces sustainable levels of ROS during MK differentiation by upregulating the NOX4
expression, positively regulating the expression of MK lineage transcription factors, GATAZ2 and

FOG1, MK lineage marker CD61 and repressing erythroid lineage gene GY PA (Fig. 6).
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Table1: List of Primers

SNo | Gene Primer | Sequence Length | Tm | Amplicon
Name size

1 HDAC1 FP TTCTTGCGCTCCATCCGT CCAG 22 61 142
RP CAGCACTTGCCA CAGAACCACC 22 61

2 HDAC2 FP GAT GCT TGG AGG AGG TGGCTAC 22 59.7 | 157
RP TGG CAA CTCATT GGG AAT CTCAC 23 57.5

3 HDAC3 FP CAT TAACTGGGCTGGTGGTCT GC 23 60.3 | 110
RP GAG GGT GGT ACT TGA GCA GCT C 22 59.5

4 HDAC4 FP ATGAGCTCCCAAAGCCATCC 20 60 351
RP CTCCTGTTGTTGCTTGATGTGC 21 58

5 HDAC5 FP AAC TCA CACCTCACT GCCTCC 21 59.2 | 127
RP AGC CAGGAA TAGAGGATGTGCTC 23 58.5

6 HDAC6 FP TGT CTCTGG AGG GTG GCT ACA AC 23 60.5 | 137
RP GGA AACTGA AGCCTGGGCACTC 22 60.5

7 HDACS8 FP GGC TAGGTT ATGACT GCCCAGC 22 599 | 141
RP CAT GAT GCC ACCCTC CAG ACC 21 61.9

8 HDAC10 | FP GTC ATC CAA CAG GAA GCGTCA GC 23 60.3 | 159
RP GGC TGC TAT ACCACT GTT CACCTG 24 59.4

9 GAPDH FP GAG AAG GCT GGG GCT CATTTGC 22 60.9 | 145
RP TGGTGC AGGAGGCATTGCTGA TG 22 61.1

10 CDh61 FP GGA GACACGGTGAGCTTCAG 20 62.4 | 196
RP ACT CAA AGG TCC CAT TGC CA 20 62.5

11 ITGA2B | FP AAC GCC CAG ATA GGA ATC GC 20 60.5 | 186
RP GGC TGG AAA GGA GTT CCCTC 20 60.5

12 GYPA FP ATA CGC ACA AAC GGG ACA CA 20 584 | 171
RP ATA ACA CCA GCCATCACCCC 20 60.5

13 NOX2 FP ATT GCA ATA ACG CCA CCA AT 20 60 116
RP CATCTGGCT CTCCAGCAGTT 20 60

14 NOX4 FP CTGGCTCTCCATGAATGTCC 20 60 123
RP ACCCCAAATGTTGCTTTGGT 20 61

15 BIRC5 FP TGGACAGAGAAAGAGCCAAGAA 22 61 89
RP CTTCCAGTCCCTCCCTGAAT 20 60

16 RUNX1 FP TCCTTCGTACCCACAGTGCT 20 60.7 | 124
RP GCGGTAGCATTTCTCAGCTC 20 60.1

17 GATA1 FP TGGAGACTTTGAAGACAGAGCGGCTGAG 28 63 146
RP GAAGCTTGGGAGAGGAATAGGCTGCTGA 28 64

18 GATA2 FP ACGACAACCACCACCTTATG 20 62 157
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RP TCTTGGACTTGTTGGACATCTT 22 62

19 FLI-1 FP CAGAACATGGATGGCAAGGA 20 62 148
RP CGGTGTGGGAGGTTGTATTATAG 23 62

20 FOG-1 FP CCTTCGTGTGCCTGATCT 18 61 146
RP CAAGTGGCTGTAGAGGATGT 20 61

21 EKLF-1 FP CAGGATGACTTCCTCAAGTGG 21 62 178
RP AGAAGTTGGTGAGGAGGAGA 20 62

List of ShRNA primers

Primer Sequence 5’-----3’

ShRNA- CCGGT GGAGGACAATGTAGAGGAGAG ACTCGAGA CTCTCCTCTACATTGTCCTCC TTTTTT
pLKOLFP G

ShRNA- AATTC AAAAAA GGAGGACAATGTAGAGGAGAG ACTCGAGA CTCTCCTCTACATTGTCCTCC
pLKO1 RP A

ShRNA- CCGGT AGGTCTACTGTGGTCGTTACATCAATGGC ACTCGAGA

pLKO2 FP GCCATTGATGTAACGACCACAGTAGACCTTTTITITG

ShRNA- AATTC AAAAAA AGGTCTACTGTGGTCGTTACATCAATGGC ACTCGAGA

pLKO2 RP GCCATTGATGTAACGACCACAGTAGACCT A
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Figure L egends

Fig 1: Differential expresson of classl b HDACs with decreased acetylation levels of H3K9
and H3K 56 during MK differentiation of K562 cells

Phase contrast microscopy of K562 cells treated with PMA (A), RNA expression levels of MK
lineage markers CD61 and CD41 and erythroid gene(GYPA) in PMA treated cells at different
time points (B), RNA expression levels of class | and Il HDACs (C), protein expression of
HDAC1], 2, 8, 4, 6 and 10 during MK differentiation and densitometry by Image J software (D),
RNA expression of HDACG6, 10 and MK markers and GY PA in PMA treated cells for 5 days (E),
Western blotting of acetylation levels of different lysine residues of H3 protein in control and
PMA treated cells and densitometry by Image J software (F).

Fig 2: HDACSG6 upregulation is specific to K562 cell differentiation to MK cédlls.

HDACG6 expression in HL-60, K562 cells treated with 20 nM PMA for 48 h(A), localization of
HDACSG in control and PMA treated cells by confocal microscopy (B). acetylation levels of
H3K9 and H3K56 in the presence of HDACSG inhibitor and densitometry by Image J software
(C), Western blotting of HDACS6, ac-NF-kB, p-ERK in control and PMA treated cells and
densitometry by Image J software (D), RNA expression analysis of HDAC6, MK markers,
GYPA in ERKL1/2 inhibitor (Apigenin) treated cells duing MK differentiation (E).

Fig 3: HDACG isrequired for the expresson of MK markers and inhibition of erythroid

mar ker

RNA expression levels of MK markers(CD61, CD41), HDAC6 and GY PA in cells treated with
PMA and or tubastatin A for 24 h (A), CD61 protein expression by flow cytometry in cells
treated with PMA and or tubastatin A for 48 h (B(i)) and overlay of histograms (B(ii)), RNA
expression analysis of HDAC6, CD61 and GY PA in HDAC6 knockdown cells for 24 h and 48 h
in the presence or absence of PMA (C), RNA expression analysis of CD61, CD41 and GYPA in
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HDACEG transfected cells(D(i)), HDAC activity assay (D(ii)), transcription factor expression in
HDACEG inhibited (E), and overexpressed cdlls (F).

Fig 4: HDACG6 represses GYPA promoter

RNA expression levels of GYPA in PMA and / or TubA treated cells (A), RNA expression levels
of globin and EKLF in PMA and / or TubA treated cells (B), 5 sets of primers designed from first
intron to the 1400 bp upstream to the transcription start site (TSS) of GY PA promoter (C), ChiP-
PCR with HDACES6 for different sites of GYPA promoter using specific primers in PMA or
tubastatinA treated cells (D).

Fig 5: Crosstalk between PM A signalling, ROS and HDACG6 during MK differentiation

ROS measurement by FACS in PMA and / or Tubastatin A treated cells for 24 h and 48 h
expressed as MFI (A) and overlay of histogram (A(i)), RNA expression analysis of NOX2,
NOX4 during MK differentiation under HDACS6 inhibition (B), NOX4 expression in HDAC6
knockdown cells during MK differentiation (C), RNA expression anaysis of HDAC6, MK
markers, NOX2 and NOX4 in the presence of quercetin and or PMA (D), and RNA expression
analysis of survivinin PMA and/ or Tubastatin A treated cells for 24 h (E).

Fig 6: Schematic representation of observations from the study.

Supplementary Infor mation

Fig. S1: Immunoblot showing the HDACG protein levelsin cytoplasmic (CE) and Nuclear
extracts (NE) of control and PMA-treated K562 cells. HDACG levelsin Total protein (TP)
lysatesis also included.

Fig. S2: Immunoblot showing the acetyl-tubulin levels of K562 cells treated with different
concentrations of tubastatin A to determine the optimum concentration of Tubastatin A
demonstrating HDACSG inhibitory effect.

Fig. S3: Graphs showing the effect of tubastatin A on the expression (MRNA) of class|
HDACs.
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