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Abstract
Background: Acute promyelocytic leukemia (APL) and acute lymphoblastic leukaemia  (ALL) are often
presented with loss of H4K16 monoacetylation (ac) and H4K20 trimethylation (3Me) due to increased
activity of Class I HDAC’s. In the current study we explored the e�cacy and mechanistic basis of a novel
Class I HDAC inhibitor SBAK-GHA across different leukemic cell lines and characterised the distinct
acetylation pattern on histone H3 and H4.

Methods:  We initially performed general and class speci�c HDAC enzyme activity assays to establish the
effect of our lead molecule SBAK-GHA. Following, we have probed various acetylation sites to understand
a thorough acetylation pro�le of various leukemic cell lines by immunoblotting. Next, to understand the
effect of various Class 1 HDAC isoforms on acetylation levels of hallmark proteins in leukaemia; lentiviral
knockdown approach was carried out. In addition, cell cycle analysis was also done to distinguish the
pattern of cell cycle phase arrest, followed by Chip-qPCR studies of various cyclins and their relationship
with cell cycle arrest. Finally, an in vivo study was performed to con�rm the anti-leukemic activity of
SBAK-GHA by using speci�c leukaemia models.

Results: SBAK-GHA showed class I HDAC inhibitor activity speci�cally targeting HDAC 2. SBAK-GHA
treatment upregulates H4K16 ac and H4K20 me3 in variety of leukemic cell lines. Similar results were
found during knock down of HDAC2 in leukemic cell lines. Moreover, we also observed a coherence of
events like cell cycle arrest across different cell types of leukemias and modulation in the levels of
acetylation across different cyclin promoters. Further on, studies in various in vivo cancer models
demonstrated SBAK-GHA to be highly selective towards lymphocytic leukaemia.

Conclusion: Our data provided a basic overview of relationship between different class I HDAC isoforms
and their possible roles in regulation of histone acetylation in pathogenesis of leukaemia. Our study here
presented multiple evidences regarding SBAK-GHA as a novel HDAC2 inhibitor. SBAK-GHA resist
leukemogenesis mainly by inducing the repressed H4K16 ac and H4K20 me3. Further, the results in
present study had established a relationship between class I HDAC isoforms and their possible roles in
regulation of histone acetylation in pathogenesis of leukaemia.

Background
Histone post-translational modi�cations are important players in determining the role of normal versus
diseased state of the cell. The acetylation at lysine residues is one of the important posttranslational
modi�cations that regulates cellular function and is controlled by the action of acetylase and deacetylase
enzymes [1–3]. For decades, it has been appreciated that histone deacetylases (HDACs) play an
important role in the cancer development.

Acute promyelocytic leukemia (APL) is the �rst disease wherein the mechanistic involvement of HDACs
was established [4]. APL, a subtype of acute myeloid leukaemia (AML), is widely used as a model for
understanding the role of HDACs in carcinogenesis [5, 6]. It has been observed that AML as well as acute
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lymphoblastic leukaemia (ALL) pose increased challenges due to resistance to different chemotherapies
[7–9]. In the last decade, a lot has been revealed regarding HDAC inhibitors (HDACi) but mechanistic
pathways are still far from actual understanding. H4K16 monoacetylation (ac) and H4K20 trimethylation
(me3 3Me) has been established as hallmarks of tumours [10]. Loss of acetylation on speci�c lysine
residues of H3 and H4 is one of the key factors thought to be involved in the progression of
carcinogenesis. Moreover, the loss of H4K16 acetylation has been shown to in�uence the tumor
progression and sensitivity to chemotherapy [11, 12]. So, in order to combat these cancers it is important
to devise new strategies, one such way is by modulating acetylations levels of histones. During the last
decade four HDACi, SAHA, Romidepsin, Belinostat and Panobinostat have been approved by US FDA as
drugs against various cancers [5, 6]. Besides, many HDACi are at advanced stages of clinical trials
against a variety of solid and hematological cancers. However, in spite of clinical advantages like high
speci�city towards cancer cells and least drug resistance, HDACi are associated with undesirable effects
like fatigue, diarrhea, bone marrow toxicity and thrombocytopenia [13]. Importantly the toxicity
associated with HDACi in treatment regimen is mainly due to pan-HDAC inhibition activity and may be
addressed by designing the class and isoform speci�c HDAC inhibitors [5]. Based on our earlier results
[14], where we have reported the design, synthesis and biological evaluation of a library of natural
product based novel HDAC inhibitor molecules against a panel of cancer cell lines along with normal cell
line. Out of the library of possible HDAC inhibitors we found one lead molecule i.e. N1-hydroxy-N5-(3-α-
hydroxy-11-oxo-24-norurs-12-en-4-yl) glutaramide (SBAK-GHA) highly active against leukemic cells, with
class I isoform speci�city. This selective targeting of class I HDACs enabled us to understand the
changes in the chromatin acetylation induced by class I HDACs and their effect on the expression of
cancer associated genes. It has earlier been reported that knockdown of class I HDAC isoforms induces
growth arrest and cell death of APL cells [15]. Therefore, in this study, we comprehensively examined the
acetylation patterns of lysine residues on H3 and H4 histone proteins upon treatment with our novel class
I speci�c HDAC inhibitor i.e. SBAK-GHA in APL and ALL cells both in vitro and in vivo conditions.

Materials And Methods
Chemicals, antibodies and kits

Growth medium (RPMI-1640), Fetal Calf Serum (FCS), Trypsin, Penicillin, Streptomycin, DMSO, RNase,
Proteinase K, RIPA buffer, Acrylamide, Bisacrylamide, SDS, Ammonium persulfate (APS), N, N, N’, N’
Tetramethylethylenediamine (TEMED), 2-Mercaptoethanol, Tris base, Propidium iodide, Protease inhibitor
cocktail, Sodium Deoxycholate, EGTA, Salmon sperm DNA, Bovine Serum Albumin, Quanti-Pro BCA assay
kit, NaCl, EDTA, Hexadimethrine bromide and Lentiviral constructs were obtained from Sigma Aldrich Pvt.
Ltd. (St. Louis, MO, United States). Six well plates were obtained from Iwaki (Japan), Triton X-100,
H3K9ac, H3K14ac, H3K18ac, H3K27ac, H4K5 ac, H4K12ac, H4K16ac and H4K20 me3 antibodies were
purchased from Cell Signaling Technology (Danvers, MA, USA). Immobilon Western Chemiluminescent
HRP Substrate, Protein A Agarose beads, H3 and H4 antibodies were purchased from Millipore (Billerica,
MA, USA). Anti-HDAC 1, Anti-HDAC 2, Anti-HDAC3, and Anti-HDAC8 antibodies and HDAC isoform speci�c
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�uorometric drug screening kit were procured from Biovision (Milpitas, CA, USA). SAHA and NaB were
purchased from Selleck Chemicals Ltd (Houston, TX, USA).

Cell culture and growth conditions

Cell lines HL-60 and MOLT-4 were procured from European Collection of Authenticated Cell Cultures
(ECACC), UK. Chemoresistant cell line Doxo-K562 was a kind gift from Dr. Ajay’s Lab in CSIR-IIIM, India.
All cell lines were maintained in RPMI-1640 medium supplemented with 10% FCS and culture media was
supplemented with 1% Penicillin. Cells were cultured in humi�ed conditions at 37°C in CO2 incubator
(New Brunswick, Galaxy 170R, Eppondroff) with internal atmosphere conditions of 95% humidity and 5%
CO2.

Histone extraction and Western blot analysis

These experiments were performed as described previously [16] with certain modi�cations. HL-60, MOLT-
4 and DOXO-K562 cells were seeded, incubated and harvested at different time points (6-48 h).

Measurement of HDAC isoform speci�city

This assay was carried out as described previously [16] with certain modi�cations. SBAK-GHA and SAHA
were used in experimental setup.

DNA content and cell cycle analysis

Cell Cycle analysis was performed as described previously [16] with certain modi�cations. HL-60, MOLT-4
and DOXO-K562 cells were seeded, incubated and harvested at different time points (6-72 h for HL-60)
and (24-48 h for MOLT-4 and DOXO-K562).

Lentiviral Transduction

For stable and transient transduction protocol, procedure of Sigma-Aldrich was followed with certain
modi�cations. 1.6 x 104 HL-60 cells were added in fresh media to corresponding number of wells for
construct in a 96-well plate. Triplicate wells for each lentiviral construct and control were used. 4-6 h of
incubation at 37°C in a humidi�ed incubator in an atmosphere of 5-7% CO2 was carried. The number of
cells plated was accommodated to a con�uency of 70% upon transduction. Hexadimethrine bromide
(�nal concentration 8 mg/ml) to each well was added just before lentiviral addition. Multiplicity of
infection (MOI) of different isoforms of Class 1 HDACS i.e. HDAC 1, HDAC 2, HDAC 3, HDAC 8, Non target
control (NTC) and Luciferase positive control were standardized and then used singly or in combination
for stable and transient transduction. The cells were incubated for 48-72 h before adding Puromycin for
selection (kill curve for Puromycin was drawn and 5µg/ml was used) in case of stable cell line formation,
Puromycin addition continued every 3-4 alternative days for one month. Knockdown of the selected target
gene by stable transduction could not be validated by immunoblotting and microscopy due to the death
of cells (data not shown). However, incubation period of 48-72 h for transient transduction was carried
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out without Puromycin addition. Cells were harvested and knockdown of the target genes were validated
by immunoblotting and microscopic based expression studies.

Chromatin Immunoprecipitation (ChIP) assay

Approximately 10x106 HL-60 and MOLT-4 cells were seeded in 100 mm dishes and cultured with different
concentrations of SAHA and SBAK-GHA for 48 h. Brie�y, cells were cross linked with 1% formaldehyde for
10 minutes at room temperature and cross linking reaction was stopped by adding glycine (125 mM).
After centrifugation at 1000 rpm for 5 minutes, the cells were incubated in RIPA buffer in presence of
protease inhibitors and sonicated to shear DNA to lengths between 200 and 800 base pairs. After
sonication, centrifugation was done at 14,000 g for 20 minutes at 4°C. The supernatant was 10-fold
diluted with ChIP dilution buffer (16.7 mM Tris-HCl pH 8.1, 167 mM NaCl, 1.2 mM EDTA, 0.01% SDS, 1.1%
Triton X-100). A 10% aliquot of the total chromatin preparation was set aside and designated as the input
fraction. Protein A agarose beads were blocked with salmon sperm DNA and 1 mg/ml BSA for 4 h at 4°C
under constant agitation. The samples were pre-cleared by incubating with 50 μl of protein A agarose
beads. Following centrifugation (1,000 rpm, 1 min, 4°C), sample supernatants were added with prescribed
concentration of antibodies overnight at 4°C under constant agitation followed by addition of pre-cleared
beads for 6 hours. After this step immuno-precipitates were collected. Washing was done and complexes
were eluted with 200-300 μl elution buffer (0.1 M NaHCO3, 1% SDS and 10 mM DTT). After addition of
0.2 M NaCl, all samples, including input, were incubated at 65°C for 4 h to revert cross-linking. Following
treatment with 100 μg/ml Proteinase-K, DNA was extracted by phenol-chloroform-isoamyl alcohol
method. The immunoprecipitated DNA was quanti�ed by Nano drop and results were analyzed by qPCR
method.

Quantitative real-time PCR

Immunoprecipitated DNA was analyzed for cyclins by Real-Time PCR as per Khanday et al., (2013) with
some modi�cations. Primers were designed using the online Primer-BLAST tool
(http://www.ncbi.nlm.nih.gov/tools/primerblast/) and cross-checked for primer self-dimerization and
potential hairpin formation using Oligonucleotide Properties Calculator. Details of primers are given in
(Table S1).

The quanti�ed DNA was analyzed using Applied Biosystems Step One plus TM Real-Time PCR System
under the conditions of 1 cycle of 95oC for 10 min, 40 cycles of 95oC for 15s, primer-speci�c annealing
temperature for 1 min and followed by a melt curve of 95oC for 10s, 60oC for 1 min and 95oC for 15s. The
PCR mixture contained 10 µL of SYBR Green master mix (Applied Biosystems, CA, USA), 500 nM of each
primer and 1.5 mM of MgCl2 and 1 µl (5-20 ng) of DNA template for 20µl reaction.

The comparative Ct method (ΔΔCT) (Livak et al., 2001) was used for quanti�cation of DNA
immunoprecipitated with different speci�c Abs and IgG. Measurement of ΔCt was performed in
triplicates.
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In vivo anticancer activity

SBAK-GHA was evaluated for its in vivo anti-cancer activity against P388 lymphocytic leukemia and
L1210 lymphoid leukemia murine models. CD2F1 mice (18-23 g) from an in-house colony were used for
this study. The animals were housed under standard husbandry conditions as per guide for the care and
use of laboratory animals and fed with standard pellet diet and autoclaved water was given ad libitum.
Approval of the Institutional Animal Ethics Committee, Indian Institute of Integrative Medicine, Jammu
was sought for the study and number of animals used in all the experiments. P388 and L1210 were
obtained from the peritoneal cavity of DBA/2 mice harboring 6-10 days old ascitic tumor. 2.5×106 cells
were injected in the peritoneal cavity of each mouse on day 0. Intraperitoneally injected animals were
randomized on the next day and assigned to different groups containing six animals in each group. Test
group �rst was treated with SBAK-GHA at a dose of 25mg/kg i.p. test group second was treated with
SAHA at a dose of 50mg/kg i.p. test group third was treated with 5-FU at a dose of 20mg/kg i.p. which
served as positive control. Tumor bearing control group was administered normal saline (0.2 ml, i.p.).
Treatment lasted for nine consecutive days and Median Survival Time was taken as the Parameter of
Effect. Median Survival Time can be calculated by the following formula.

Median Survival Time= ∑S + 6S5 – 19N ÷ S5 – NT

Where, S5 = No. of survivors on Day 5, ∑S= Sum of daily survivors from day 6 to day 18, NT = no. of no
takes (survivors beyond day 18)

Acceptable Control Median Survival Time: 9-13 days

Minimum criteria of activity: T/C < 86% Toxicity

T/C ³ 130% Moderate Activity

T/C ³ 175% Signi�cant Activity

Statistical evaluation

The results of experiments were expressed as the Mean ± S.D. Statistical evaluation was performed using
students’ unpaired t-test ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05 for each analysis.

Results
SBAK-GHA induces differential acetylation of H3 and H4 at multiple Lysine residues in a time dependent
manner

Acetylation on different lysine residues of H3 and H4 has been found to be deregulated in cancer cells
and this property has been harnessed for therapeutic window of epidrugs like various HDAC inhibitors
(HDACi).Here a time dependent study was conducted to examine the effect on acetylation of different
lysine residues on H3 and H4 upon treatment with different HDACi like SAHA, Sodium Butyrate (NaB),
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SBAK-GHA and parent compound of SBAK-GHA i.e. SBAK-NH2 in two different leukemic cell lines HL-60
and MOLT-4. Untreated HL-60 cells (Negative control) showed minimal H3 and H4 acetylation on different
H3 residues-K9, K14, K27 and H4 residues-K5, K12 and K16. In comparison to untreated HL-60 cells,
SAHA(1 μM ) treated cells showed increase in acetylation at H3; K14, K27 and H4K16 by 82, 60 and 52%
by 6 h and 60, 82 and 43 by 24 h, though acetylation levels were retained till 48 h but the levels declined
to 15, 18 and 33% respectively(Fig 1A). Cells treated with NaB (0.9 mM) and SBAK-NH2 (6 μM) showed
decrease in acetylation by (2-8%) lower than the control at 6 h but by 24 h increase in acetylation (2-50%)
on most lysine residues of H3 was found. At 48 h acetylation was retained in the range of 14-25% on all
H3 residues except for H3K14, where 10% decrease in acetylation was found in SBAK-NH2 treated cells
(Fig 1A). Similarly NaB and SBAK-NH2 treatment over the period of time from 6- 48 h induced acetylation
in the range of 11-30% in most of the H4 lysine residues except for H4K12, where decrease of acetylation
in the range of 3-10% was found. In comparison to untreated cells, SBAK- GHA treated cells at 1.5 and 6
µM concentrations showed increase in induction of acetylation by 5- 80% on most of the H3 and H4
lysine residues from 6-48 h( Fig 1A and B). The effect of SBAK-GHA on overall modulation of acetylation
was more rapid and profound on most of the lysine residues as compared to cells treated with other
HDACi (Figure 1 and densitometry analysis shown in Supplementary Figure S1). The change in
acetylation at various H3 and H4 lysine residues is given in Supplementary Table S2. Similarly, in MOLT-4
cell line, in comparison to untreated cells (Negative control), increase in acetylation level of cells treated
with SBAK-GHA (12 μM) was again found to be more rapid and profound than SAHA (Figure 1 C and D
and densitometry analysis shown in Figure S1). The change in acetylation at various H3 and H4 lysine
residues is given in Table S3.

In comparison to untreated cells SAHA in combination with SBAK-GHA (1.5 µM) at 24 h showed increase
in acetylation in range of 2-61% at H3; K9, K27 and H4; K12, K16 and decrease of acetylation in the range
of 13-24% at H3; K14, K18. Similarly at 48 h increase in acetylation in the range of 5-46% at H3; K9, K14,
K18 and H4; K12, K16 and decrease in acetylation by 13% at H3K27 was observed. However in
comparison to untreated cells, SAHA in combination with SBAK-GHA (6 µM) at 24h showed increase in
acetylation in the range of 6-67% at H3; K9, K27 and H4; K12, K16 and decrease in acetylation by 16 and
6% at H3; K14, K18. At 48 h increase in acetylation in the range of 35-73% at H3; K9, K14, K27 and
decrease in acetylation by 8% at H3K18 was observed respectively (Figure 2 A and B and densitometry
analysis shown in Figure S2 and detailed change in acetylation given in Table S4).

In order to substantiate our results, we further tested our molecule of interest SBAK-GHA singly and in
combination with SAHA in chemoresistant leukemic cell line DOXO-K562. In comparison to untreated
cells, SBAK-GHA treated cells showed increase in acetylation by 42 and 47% at 24 h and 48 and 12 % at
48 h in comparison to 22 and 22% at 24 h and 22 and 28% at 48 h of SAHA treated cells at H4; K5 and
K16 respectively. In comparison to untreated cells, SBAK-GHA in combination with SAHA treated cells
showed increase in acetylation by 42 and 20% at 24 h and 52 and 13 % at 48 h at H4; K5 and K16
respectively. It was found that SBAK-GHA increased and retained the level of acetylation at H4; K5 and
K16 better than SAHA. Moreover when used in combination it was seen to potentiate SAHA in retaining
H4K5 and H4K16 acetylation levels for as long as 48 h (Figure 2 C and densitometry analysis shown in
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Figure S2 and detailed change in acetylation given in Table S5). Hence taken together these results
indicate therapeutic potential and e�cacy of SBAK-GHA.

SBAK-GHA is a Class 1 HDAC isoform inhibitor

We have previously reported the HDAC inhibitory properties of SBAK-GHA 14, but the differences in the
pattern of acetylation of different lysine residues of H3 and H4 led us to perform HDAC isoform
enzymatic assay. SBAK-GHA was evaluated against different HDAC isoforms with SAHA used as a
positive control. The results are shown in Table 1. Interestingly SBAK-GHA exhibited HDAC isoform
speci�city and was found to be most effective against HDAC isoforms 2, 8, 1 and 3 with IC50 values 200,
230, 250 and 300 nM respectively. It is worth noting SBAK-GHA showed more potent inhibition of HDAC 2
and 8 as compared to commonly used HDACi SAHA. Moreover, SBAK-GHA exhibited more than 10-30 fold
inhibitory activity towards Class I HDAC isoforms in comparison to Class II HDAC isoforms. These results
indicate that SBAK-GHA is more selective towards class I HDAC isoforms as compared to other classes of
HDACs.

Knockdown of HDAC2 up regulates H4K20 (3Me) and H4K16 acetylation in HL-60 cells.

To further verify that SBAK-GHA is speci�c to Class I HDAC and the effects seen are due to inhibition of
Class I HDACs and not due to off target effects. We decided to silence Class I HDAC isoforms such as
HDAC 1, HDAC 2, HDAC 3 and HDAC 8 by shRNA. HL-60 cell lysates were prepared and tested for
potential expression of these HDAC Class I isoforms before silencing. Both untreated and treated cells
with SBAK-GHA, SAHA and SBAK-NH2 showed the expression of class I HDAC isoforms (Figure 3A).

To knock down HDAC isoforms, HL-60 cells were transduced by lentiviral particles against various
isoforms of Class 1 HDAC isoforms was carried, unfortunately it did not result in stable clones of any of
the Class I HDAC isoforms, possibly due to their non-redundant nature. In order to overcome this problem
transient silencing was carried out for 48-72 h, which successfully led to knockdown of all Class 1 HDAC
isoforms in HL-60 cells. Lentiviral constructs containing Turbo Green �uorescent protein (Turbo GFP) was
used as a control to con�rm transient infection. After incubation for 48-72 h, transduced cells expressed
green �uorescence under �uorescent microscope (Figure 3 B), con�rming the transduction of cells. The
knock down of all Class 1 HDAC isoforms was con�rmed by immunoblotting using antibodies against
Class 1 HDAC isoforms (1, 2, 3 and 8). We observed that most of the Class 1 HDAC isoforms were
knocked down at 48-72 h (Figure 3 C). After the con�rmation of transient transduction, the amount of
protein lysates obtained was too low to perform detailed studies, therefore two of the epigenetic
hallmarks of cancer viz. H4K16 acetylation and H4K20 (3Me) were assayed by using speci�c antibodies
against them by performing immunoblotting. It was observed that knockdown of HDAC1 and HDAC8
genes upregulated H4K20 (3Me) trimethylation but not H4K16 acetylation. On the contrary, knockdown of
HDAC2 upregulated both H4K20 (3Me) and H4K16 acetylation. However, no change was observed upon
knockdown of HDAC3 (Figure 3 D). It is worth mentioning that SBAK-GHA was most effective against
HDAC2 in in vitro results. Thus corroborating our results that inhibitor is very speci�c.
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Modulation of cell cycle arrest by SBAK-GHA

HL-60 cells were incubated with different concentrations of SBAK-GHA for different time points from 6 to
72 h. 1 µM SAHA and 0.9 mM NaB were used as a positive controls. The distribution of cells in different
phases of cell cycle was analyzed by �ow cytometry. We observed that the inhibition by SBAK-GHA
modulated the relative proportion of cells in different phases of cell cycle (Figure 4 A- 4 B). At 6 h apart
from NaB treated HL-60 cells which showed 83% G1 arrest there was not signi�cant change with other
molecules. However at 12 h we observed that cells treated with SAHA showed prominent G1 arrest with
93%, NaB 80%, SBAK-NH2 77% and so did SBAK-GHA at 6 µM with 77%. However SBAK-GHA at 1.5 µM
did not showed any prominent G1 arrest though cells at same concentration shifted towards S phase
arrest with 49%. As time progressed we observed that SAHA treated cells were still showing G1 arrest but
number of cells dropped from 93% to 62%, while as cells treated with NaB were still exhibiting 84% G1

arrest. Interestingly cells treated SBAK-NH2 showed decrease in G1 arrest from 77% to 47% and cells
shifted towards S phase with 53%. However SBAK-GHA at both 1.5 µM and 6 µM showed prominent G1

arrest with 76% and 93% G1 arrest respectively. Similarly SAHA at 48 h showed 65.3% G1 arrest and
SBAK-GHA at both 1.5 µM and 6 µM showed prominent G1 arrest with 74.5% and 92% G1 arrest
respectively. With increase of time period as long as 72 h cells treated with NaB and SBAK-NH2 cells
shifted from G1 to G2 phase with 91% and 86% G2 arrest respectively. But cells treated with SAHA at 72 h
were still showing G1 arrest of 56%. Interestingly SBAK-GHA at both 1.5 µM and 6 µM was still showing
prominent G1 arrest with 78% and 77% respectively (detailed % inhibition are given in Table S6). Shift in
growth arrest of cells from G1 to other phases like G2 and S phase over the period of time could be due to
increase in apoptotic population. 

Likewise MOLT-4 cells treated with SAHA, NaB and SBAK-GHA showed prominent G1 arrest (Figure S3 and
Table S7) with slight increase in cell number in S phase at late hours.

However, G2 arrest was found to be prominent in DOXO-K562 cells treated with SAHA and SBAK-GHA
singly as well as in combination (Figure S4 and detailed % inhibition of cells in different phases are given
in Table S8). Here it is worth to note the change in pattern of cell shift from G1 to G2 phase unlike other
cell lines like MOLT-4 and HL-60, where G1 arrest was prominent.

SBAK-GHA modulates acetylation levels at the chromatin associated with cyclins A1, D1 and E gene
promoters

Since cell cycle is regulated by the interaction between cyclins and cyclin dependent kinases (cdks),
hence the promoter acetylation of cyclins was examined. HL-60 cells were incubated with 6µM SBAK-
GHA and 1µM SAHA for 48 hours and subjected to chromatin immunoprecipitation. Chromatin fragments
were immunoprecipitated by H3K9, H3K14, H3K27, H4K5 and H4K16 acetylation antibodies. DNA was
isolated from immunoprecipitated fragments and promoter regions of cyclin A1, D1 and E were ampli�ed
using qPCR. We found that in comparison to negative control (IgG), SBAK-GHA treated cells showed 4, 7
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and 3 fold enrichment of H3K9, H3K14 and H3K27 acetylation respectively in the promoter region of
cyclin A1 using H3K9, H3K14 and H3K27 acetylation antibodies respectively. 10 and 2 fold decrease in
enrichment of H3K9 and H3K27 ac at the promoter sequence of cyclin D1 using anti H3K9 and H3K27
antibodies. However, 7 fold increase in enrichment of H3K14ac at the promoter sequence of cyclin using
anti H3K14 ab was found (Figure 5 A and B). For cyclin E, in comparison to negative control (IgG), SBAK-
GHA treated cells showed 14, 6 and 9 fold increase in the enrichment of promoter sequences in
association with acetylation at H3K9, H3K14 and H3K27 lysine residues. Moreover, in SAHA treated cells
for cyclins A1, D1and E in comparison to IgG, 12, 13 and 25 fold increase in the enrichment of promoter
sequences in association with acetylation at H3K9 lysine residue was observed. Further, cells treated with
SAHA, 5 fold decrease, 2 and 3 fold increase in enrichment of promoter sequence of cyclins A1, D1 and E
promoters respectively in association with acetylation at H4K5 were observed. However in cells treated
with SBAK-GHA 3 and 5 fold decrease in enrichment of promoter sequence of cyclins A1, D1 and
approximately no change in cyclin E was observed. Moreover 2 fold increase in cyclins A1 and E and 2
fold decrease for cyclin D1 enrichment at promoter sequence of H4K16 was found.

The enrichment of promoter region of different cyclins like A1, D1 and E in association with H3K9, H3K27,
H4K5 and H4K16 lysine residues of H3 and H4 histones in MOLT-4 cells was also examined (Figure 5(C)).
Interestingly, in comparison to untreated cells (negative control), in SBAK-GHA treated cells 15, 20 and 90
fold increase in promoter enrichment of cyclins A1, D1 and E in association with acetylation at H3K9
lysine residues were observed, while 2, 3 and 2 fold decrease in enrichment of promoter region of cyclins
A1, D1 and E were observed due told acetylation at H3K27 lysine residue. Also 2 fold decrease and
approximately 2 fold increase in enrichment of promoter sequence of cyclin A1 was observed due to
acetylation at H4K5 and H4K16 lysine residues. Likewise, 2 fold increase and 10 fold decrease in
enrichment of promoter sequence of cyclin D1 were observed due to acetylation at H4K5 and H4K16
lysine residues. More importantly cyclin E was found to be upregulated by 3 and 4 fold at the promoter
sequence of H4K5 and H4K16 lysine residues.

Taken together, these results indicated that SBAK-GHA modulated the expression of cyclins at
transcriptional level perhaps explaining the cell cycle arrest in different phases, observed earlier.

Evaluation of SBAK–GHA for its in vivo anti-cancer activity

SBAK-GHA showed very signi�cant activity against lymphocytic leukaemia P388 model and showed
median survival time of 18 days with 184.61% tumor control at 25mg/kg i.p and SAHA showed same
median survival time of 19 days with 190.5% tumor control at 50mg/kg i.p. Moreover 5-FU showed
median survival time of 19 days with 197.9% tumor control at 20mg/kg i.p. However parent compound
SBAK-NH2 exhibited cytotoxicity and no mice survived beyond day 8 and mice treated with normal saline
also died on day 9 (Table 2A). Importantly in comparison to P388 model, SBAK-GHA showed moderate
activity in lymphoid leukemia model (L1210), where median survival time of 18 days with 104.0% tumor
control in comparison of median survival time of 19 days with 231.7% tumor control for 5-Fu was
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observed (Table 2 B). These results were very promising, indicating potential therapeutic e�cacy of
SBAK-GHA.

Discussion
It has been reported that knock down of class I HDACs in APL cells induced growth arrest and apoptosis
[7, 12]. Deregulation of histone acetylation has been found in many neoplasms, particularly in leukemia
[17]. A possible novel therapeutic approach to restore the deregulated histone acetylation was achieved to
a great extent by the introduction of HDAC inhibitors (HDACi). But mechanism of action of these HDACi is
still a debatable topic. Acetylation on various lysine residues of histone H3 and H4 has been shown to
play an important role in de�ning the transcriptional state of a cell e.g. H3K9 acetylation is associated
with active transcription [18]. It has been observed that induction of acetylation and its maintenance with
passage of time varies with different HDACi. In order to understand the potential of different HDACi like
SAHA, NaB and our novel Class I HDAC inhibitor SBAK-GHA, we carried out time dependent study to
observe the acetylation pattern of the different residues of histone H3 and H4 viz H3K9, H3K14, H3K27
and H4K5, H4K12 and H4K16 across a range of leukemic cell lines viz HL-60, MOLT-4 and chemoresistant
DOXO-K562 using immunoblotting. In HL-60 cells, gain in acetylation at most of the residues of H3 and
H4 was found to be most profound and prominent due to SBAK-GHA treatment. Similarly in MOLT-4
SBAK-GHA was able to induce early acetylation and retained the acetylation levels till 48 h as was found
in HL-60. Combination of SAHA and SBAK-GHA showed synergistic action in HL-60 cells with respect to
modulation of acetylation levels of different H3 and H4 lysine residues, especially of H4K16. SBAK-GHA
potentiated the activity of SAHA in combination as acetylation was retained till 48 h. Taken together our
results indicated that SBAK-GHA modulated the acetylation levels of speci�c lysine residues on H3 and
H4 and had the potential to remodel the heterochromatin to euchromatin which can enhance the
expression of the otherwise silenced genes like p53, p21, RB family members and many such genes
responsible for cancer progression as shown by others like Ropero et al., 2007, Singh et al.,  2010 and
Mrakovcic et al.,  2017 [19–21].

It has been well established that loss of monoacetylation at H4K16 and trimethylation at H4K20 are
hallmarks of cancer [10]. H4K16ac is considered to be the main contributor of total H4 acetylation and its
association with DNA damage, repair and cell senescence [22–25] apart from disruption of higher order
chromatin structures is well known [26]. In recent past it came into fore that loss of H4K16 acetylation is
responsible for the tumor progression and sensitivity to chemotherapy [8]. In order to evaluate the effect
of SAHA and SBAK-GHA on chemo-sensitivity, DOXO-K562 cells were treated with these molecules singly
and in combination. It was found that SBAK-GHA modulated acetylation singly and in combination better
than SAHA. Retention in acetylation of SAHA treated cells was enhanced in combination with SBAK-GHA
for as long as 48 h. These results indicated that loss of sensitivity to chemotherapy due to loss of
acetylation at H4K16 could be overcome by use of SBAK-GHA. The outcome of this result further
supported the therapeutic potential of SBAK-GHA. SBAK-GHA was more active and selective towards
class I HDAC isoforms as compared to other classes of HDACs with maximum activity against HDAC
isoforms 2, 8, 1 and 3 respectively. Class 1 isoform speci�c nature of SBAK-GHA may be the reason
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behind its e�cient regulation of acetylation of different H3 and H4 residues, where speci�c HDAC
isoforms of a given class may be playing a primary role.

Presence of many HDAC isoforms in eukaryotic cells raises a larger question of their redundancy.
Deletion of each isoform of class I HDACs in mice led to lethality with defects like improper heart muscle
formation, degenerated brain formation and other such defected organ formations, which control vital
physiological roles, hence in turn demonstrated the unique roles of these Class 1 HDAC isoforms [27].
Since SBAK-GHA was found to be class I HDAC inhibitor, it became imperative to validate the role of
different class I HDAC isoforms on acetylation of different lysine residues of H3 and H4 during
carcinogenesis. We successfully knocked down all HDAC class I isoforms in HL-60 cells, and chose to
study two hallmark histone modi�cations in cancer i.e. H4K16 acetylation and H4K20 (3Me). We have
already discussed the importance of H4K16ac but H4K20 me3 is another important histone modi�cation
associated with cancers and is infact the only lysine in the tail of H4 that is methylated. Trimethylation of
H4K20 is a marker of constitutive heterochromatin, gene silencing [28, 29] and aging [30]. Defects in the
DNA methylation may be related to the generation of genomic aberrations [31, 32], however the
imbalanced and defective pattern of histone modi�cations still could be reversed. Our results indicate the
importance of different Class I HDACs in regulation of H4K16 acetylation and tri methylation at H4K20.
For the �rst time in this paper we are reporting that H4K16 acetylation was affected by knock down of
HDAC2 only. It is worth noting that the possible involvement of HDAC2 in regulation of H4K16ac could
lead to new drug target in cancer therapeutics.

Numerous transcription factors, including regulators of cell cycle, differentiation and development have
been shown to associate directly with HDAC1 and HDAC2 or with HDAC1/HDAC2 complexes, thereby
mediating the repression of speci�c target genes [14–16]. Therefore, both HDAC1- and HDAC1/HDAC2-
mediated chromatin modi�cations seemed to be important for cell cycle control and development. These
modi�cations if dysregulated may induce cell cycle arrest either at G1 or G2/M and apoptosis, killing
tumor cells [33–35]. Usually G1 phase growth arrest induced by HDAC inhibition is attributed to
acetylation dependent increase in expression of cyclin dependent kinase inhibitor p21waf1, while as G2

phase growth arrest is usually attributed to reactivation of checkpoint kinase 1 (Chk1) [36, 9]. The
pathway leading to tumor cell death is still unknown, but it is very unlikely that a single molecular
pathway is involved in different cell types for all HDAC inhibitors. It has been reported that HDAC1 null
cells can arrest either at the G1 phase of the cell cycle or at the G2/M transition, resulting in the loss of
mitotic cells, cell growth inhibition and an increase in the percentage of apoptotic cells [35]. We
investigated the effect of inhibition of class I HDACs by SBAK-GHA on growth of leukemic cells in time
dependent manner. Like gene knock down of class I HDAC isoforms, SBAK-GHA also induced growth
arrest in HL-60 cells. We observed a prominent G1 arrest in HL-60 cells treated with HDACi with slight shift
towards G2 phase at 72 h. Likewise in MOLT-4, a prominent G1 arrest was observed in SBAK-GHA treated
cells with slight shift in cells from G1 to S phase at later time points. However DOXO-K562 cells prominent
G2 arrest was observed with increase in time. The role of class I HDACs has already been appreciated in
cell cycle arrest, as class1 HDAC inhibitor Romidepsin leads to G1 or G2/M arrest and our data is in
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agreement with others [37–39], further strengthening our observation that SBAK-GHA acts by inhibiting
class I HDACs.

It is well known that cell cycle is regulated by cyclin-cyclin-dependent kinase (CDK) interactions and cyclin
A1, D1 and E are some of main players involved in cell cycle control. However, the direct role of direct
histone acetylation in the modulation of expression of cyclins is unknown [40]. In HL-60 and MOLT-4 cells
ChIP- qPCR results showed that the expression of cyclins was indeed controlled by acetylation induced of
H3 and H4 in promoter regions of different cyclins on treatment with SBAK-GHA. Prominent G1 arrest in
HL-60 and MOLT-4 cells could be due to decrease in expression of cyclin D1. HL-60 cells treated with
SBAK-GHA and immunoprecipitated with H3K9, H4K5 and H4K16 associated with promoter sequence of
cyclin D1 showed its decreased expression. Similar results were observed in MOLT-4 cells, where cells
treated with SBAK-GHA and immunoprecipitated with H4K16 associated with promoter sequence of
cyclin D1 also showed its decreased expression.

Our results that decreased enrichment of cyclin D promoter sequence when immunoprecipitated with
various antibodies of active mark especially H4K16 ac, perhaps explaining G1 arrest. Previous studies
have shown that histone deacetylation occurred at promoters of p21CIP1, p27KIP1, pRb genes in cells
undergoing terminal growth arrest and senescence phenotype [41, 42]. Moreover, a well-known HDAC
inhibitor butyrate has also been reported to mediate histone deacetylation and repression of various
genes like TRAIL, DR5, Fas, Fas-L and TNFα that promote cell growth [43]. Our results for the �rst time
have shown direct relation between histone acetylation and modulation of expression of cyclins
important for cell growth.

Generally HDAC inhibitors derived from natural sources have limited retention time and are unstable
under in vivo conditions [36]. The clinical use of FDA approved HDAC inhibitors SAHA, Romidepsin,
Belinostat and Panobinostat is limited by their toxicity [3]. Moreover, HDAC inhibitors like TSA, Trapoxin
and Depudecin from natural sources have shown toxic effects under in vivo conditions [44], which may
be mainly attributed to their pan HDAC inhibition. Two of the most well characterized murine models to
study leukemia are the P388 lymphocytic leukemia and the L1210 lymphoid leukemia models [37]. Earlier
it has been reported that proportion of G1 and G2 cells increased at the expense of a reduced S phase
fraction in the P388 Leukemia, whereas only small changes in cell cycle distribution were seen with time
after inoculation of L1210 cells [45]. So we evaluated activity of SBAK-GHA in these model systems and it
showed very signi�cant and comparable activity to SAHA and 5-FU against lymphocytic leukemia P388
model, whereas moderate activity in lymphoid model L1210 was observed. However, the correlation
between different HDAC inhibitors on cell cycle arrest in different phases with their possible dependency
on acetylation of cyclin promoter, under in vivo models remains a challenge. Interestingly low toxicity in
SBAK-GHA treated animals indicated that speci�c inhibition of class I HDAC isoforms may alleviate
toxicity associated with most of the natural or synthetic Pan HDACi reported earlier.

Conclusions
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Taken together, our �ndings conclusively demonstrate that SBAK-GHA, class1 HDAC inhibitor could be
used as possible therapeutic agent against lymphocytic leukemia or could be used in a combinatorial
approach with SAHA to yield better results. Moreover, further insights are needed to fully establish the
mechanistic paradigm of SBAK-GHA for future pre-clinical development.
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Figure 1

Effect of HDAC inhibition on Post translational modi�cation of acetylation on different Lysine residues of
H3 and H4 histones upon treatment of SBAK-GHA, NaB, SAHA and SBAK-NH2 in HL-60 and MOLT-4 cell
lines. Cells were treated with different HDACi, lysed and harvested at different time points i.e. 6h, 24h and
48 h. Molecular weight of all H3 lysine residues are 18kDa and H4 residues are 11kDa (A-B)
Immunoblotting of Lysine residues of H3 and H4 in HL-60 cells over the spectrum of time period of 6-48 h
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(C-D) Immunoblotting of Lysine residues of H3 and H4 in MOLT-4 cells over the spectrum of time period
of 24-48 h.

Figure 2

Combinatorial effect of HDACi SBAK-GHA and SAHA in HL-60 and DOXO-K562 cells (A-B) Evaluation of
Combinatorial effect of SBAK-GHA+ SAHA on Post translational modi�cation of acetylation on lysine
residues of H3 and H4 histones using immunoblotting. Acetylation was found be up regulated and
retained with increase in time. Molecular weight of all H3 lysine residues are 18kDa and H4 residues are
11kDa (C) Combinatorial and singular effect on Post translational modi�cation of acetylation on
different Lysine residues of H4 histones upon treatment of SBAK-GHA + SAHA in Chemoresistant Doxo-
K562 cells were studied by immunoblotting. SBAK-GHA was found to upregulate the acetylation status of
lysine residues of H4, when used singly and in combination with SAHA.
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Figure 3

Transient silencing by lentivirus encoding shRNA against class I HDAC isoforms in HL-60 cell line (A)
Expression of different class I HDAC isoforms upon treatment with different HDAC inhibitors before
silencing (B-C) knock down of class I HDAC isoforms using lentiviral transient transduction was
con�rmed by (B) Assessment of Turbo GFP property of lentiviral constructs in successful transient
transduced cells by using �uorescence microscopy (C) Immunoblotting with different antibodies against
Class I HDAC isoforms after transient transduction (D) Tri methylation at H4K20 (3Me) and
monoacetylation at H4K16 were evaluated after successful knock down of different isoforms of Class I
HDACs. It was found that knock down of HDAC 2 up regulated both H4K20(3Me) and H4K16(ac) while as
knock down of HDAC 1 and HDAC 8 up regulated H4K20(3Me) only and knock down of HDAC3 had no
effect on either proteins. Moreover the numerical numbering in panel indicates individual isoforms of the
respective knock down genes of Class I HDACs
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Figure 4

Evaluation of modulation of different phases of cell cycle upon the treatment of SBAK-GHA, SBAK-NH2,
SAHA and NaB in HL-60 cell line. Cells were treated and incubated with said molecules for different time
points (6-72 h) and cell lysates were collected at their respective time points and cell cycle analysis were
performed accordingly. (A) Different phases of cell cycle arrest from (6-12 h) are depicted here and G1
arrest was found to be prominent throughout. (B) Graphs in this panel depict different phases of cell
cycle arrest at (24, 72 h), G1 arrest remained prominent, though with increase in time apoptotic
population increased and in NaB treated cells there was a huge shift from G1 to G2 arrest at 72 h.
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Figure 5

SBAK-GHA modulated the acetylation level of histones at the chromatin associated with promoter regions
of cyclins. (A-B) Histograms represent the relative quanti�cation of immunoprecipitated DNA of Cyclin
promoters of different Lysine residues of H3 and H4 histones recovered upon treatment with SBAK-GHA
and SAHA in HL-60 cells. (C) Histograms represent the relative quanti�cation of immunoprecipitated DNA
of Cyclin promoters of different Lysine residues of H3 and H4 histones recovered upon treatment with
SBAK-GHA in MOLT-4 cells. Data are representative of three similar experiments.
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