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Abstract

H3.3 variant is a versatile histone important for development and disease. We report a DNA
methylation dependent decrease of histone H3 variant H3.3 in hepatocellular carcinoma (HCC)
development and an increase in the level of the H3.2 variant. The loss of H3.3 correlates with a
decrease in the histone PTMs associated with active transcription. The overexpression of H3.3 and
H3.2 did not affect global PTMs and cell physiology, probably owing to the deregulation of specific
histone chaperones CAF-1 (for H3.2) and HIRA (for H3.3) that we observed in HCC. Notably, upon
P150 (CAF-1 subunit) knockdown in HCC cell lines, a cell cycle arrest in S-phase was observed,
possibly due to the decrease in the histone levels necessary for DNA packaging. Furthermore, H3.3
knockdown in a preneoplastic liver cell line led to an increase in cell proliferation and a decreased
transcription of tumor suppressor genes, recapitulating the tumor cell phenotype. Importantly, our data
suggest that the use of DNA Methyl Transferase (DNMT) and Histone Deacetylase (HDAC)
inhibitors to restore the expression of H3.3 and the altered chromatin state for the better clinical

management of the disease.
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1. Introduction

Chromatin assumes distinct conformations that regulate the activity or repression of given genes. The
cellular states and responses can be distorted by various genetic, metabolic, and environmental signals
that disrupt the chromatin, thereby predisposing individuals to a variety of common diseases.
Although cancer is usually considered a genetic disease, chromatin and epigenetic irregularities play

crucial roles in tumor initiation as well as its progression [1].

Changes in the conformation of the chromatin states are either achieved by DNA methylation, post
translational modification (PTM) of histones, or by changing the biochemical composition of the
nucleosomes by the replacement of major histone types with specific histone variants via definite
histone chaperones [2]. Expression of certain histone variants have been correlated with tumor
malignancies. macroH2A, an H2A histone variant, suppresses cancer progression and acts as a direct
transcriptional repressor of CDKS8, a cancer driver gene [3]. H2A.Z variant promotes cancer

progression via transcriptional regulation in prostate and breast cancers [4,5].

Histone H3.3 is one of the very well-studied variants in the context of development, differentiation
and disease [6]. H3.3 deficient mice embryos display reduced levels of open chromatin marks like
H4K16Ac, leading to the compaction of the chromatin [7]. Further, H3.3 knockout mice have reduced
viability, and the surviving adults are infertile [8]. The deposition of H3.3 by its chaperone HIRA has
been shown to affect the nucleosome dynamics and thus gene expression, to govern the cell fate
transition process [9]. Together, these findings indicate that H3.3 is involved in establishing a finely
balanced equilibrium between the open and condensed chromatin states during various cellular

processes.

One-way by which the histone variants and their various specific PTMs can influence the various
pathways is by affecting the nucleosome dynamics and thus the chromatin organization. Unlike its
canonical counterparts H3.1/H3.2, H3.3 incorporation into the chromatin is cell-cycle independent or

replication-independent, and it can be deposited at replication sites when the canonical H3.1/H3.2
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deposition is impaired [10]. H3.3 has also been consistently associated with an active state of
chromatin. Additionally, cancer specific mutations in H3 variants or broadly on the histones itself,

which mainly results in changing the PTM profile, thus influencing the underlying gene expression

[6].

Given their fundamental role in shaping the chromatin structure, the histone variants (and their
chaperones) likely constitute important biomarkers for diagnosis or prognosis and may even represent
therapeutic targets in cancer patients. To date, studies have demonstrated the potential prognostic
utility of the histone variants in multiple cancers including those of the lung and the breast [13,14].
Furthermore, the cellular levels of histone variants and also PTMs can also foresee responses to
certain chemotherapeutic agents, serving as predictive biomarkers that could impact decisions
concerning courses of therapy [15]. However, the main challenge currently is to mechanistically

understand how histone variant deregulation can contribute to cancer development and progression.

To understand the role of histone variants in cancer, we have used an NDEA-induced hepatocellular
carcinoma (HCC) model system in the Sprague-Dawley rats. On screening for histone pattern changes
between the control and tumor tissues, we identified that there is DNA methylation mediated
downregulation of the transcription of histone H3 variant H3.3 in HCC and a concomitant increase of
H3.2 expression. Impairing the deposition of H3.2 by P150 knockdown not only leads to the arrest of
the cells in S-phase of the cell cycle but also increases H3.3 protein levels. Further, we also show that
H3.3 occupies promoters of tumor suppressor genes and influences their expression. Our report
suggests that there is a co-operative interplay between histone variants, histone chaperones, and their
transcriptional regulatory machinery resulting in the stable maintenance of the highly dynamic histone

marks required in the deregulated epigenetic landscape found in cancer cells.
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2. Materials and methods

2.1.  Animal Handling and Experiments

All the experiments were performed using male Sprague- Dawley rats (spp. Rattus norvegicus) after
the approval of the Institute Animal Ethics Committee (IAEC# 04/2014), Advanced Centre for
Treatment Research and Education in Cancer and the Committee for Control and Supervision on
Animals, India standards. The protocol to induce liver carcinogenesis is as described previously [16].
Tissue samples were fixed in formalin and prepared as paraffin-embedded blocks according to
standard protocols. The H&E-stained sections were then microscopically evaluated for

histopathological alterations to validate normal and HCC samples.

2.2. Isolation of histones from liver tissue

Histones were extracted and purified as described earlier [17]. Briefly, liver tissues (1gm) were
homogenized in 10 ml lysis buffer (15mM Tris-Cl pH7.5, 60mM KCI, 15mM NaCl, 2mM EDTA,
0.5mM EGTA, 0.34M sucrose, 0.15mM [B-mercaptoethanol, 0.15mM spermine and 0.5mM
spermidine) with 1X protease inhibitor cocktail and phosphatase inhibitor cocktail. Nuclei were then
isolated by sucrose gradient centrifugation. The three volumes of homogenate were layered on top of
one volume of 1.8M sucrose. Nuclei pellet obtained by centrifugation at 26,000rpm for 90 min at 4°C
was resuspended in 0.2M H>SO; and incubated for >2 hrs at 4°C with intermittent vortexing. After
centrifugation at 16,000rpm for 20 min at 4°C, the histones were precipitated at —20°C for overnight
with the addition of four volumes of acetone to the supernatant. Post centrifugations at 16,000rpm for
20 mins at 4°C, pelleted histones were air-dried and suspended in 0.1% B-mercaptoethanol in H,O and

stored at -20°C.

2.3. Resolution and analysis of histones

The purified histones from serum and tissue were resolved on 18% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was either stained by silver staining method or

transferred to PVDF membrane, probed with site-specific modified histones antibodies, against
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H4K16Ac (Millipore#07-329), H4K20Me3 (Abcam#9053), yH2AX (Millipore#05-636), H3S10P
(Millipore#06-570), H3K27Me3 (Millipore#07-449), H3K9Me3 (Abcam#8898), H3K9Ac
(Millipore#07-352), H3K27Ac (Abcam#4729), H3K14Ac (Abcam#52946), H3Ac (Upstate#06-599),
H3K4Me3 (Abcam#1012), H3 (Upstate#06-755), H4 (Millipore#07-108) and signals were detected
by ECL plus detection kit (Millipore #WBKLS0500). Gel loading equivalence was done by the Silver

Staining method.

24, RP-HPLC

The reversed-phase separation was carried out on a C18 column (1.0x250mm, 5 mm, 300A°
Phenomenex). Mobile phases A and B consisted of water and acetonitrile with 0.05% trifluoroacetic
acid, respectively. The flow rate was 0.42 ml/min, and the gradient started at 20% B, increased
linearly to 30% B in 2 min, to 35% B in 33 min, 55% B in 120 min and 95% B in 5 min. After
washing at 95% B for 10 min, the column was equilibrated at 20% B for 30 min, and a blank was run

between each sample injection.

2.5. Cell line maintenance and synchronization

The cell lines were maintained in DMEM media (Invitrogen) at 37°C with 5% CO, supplemented
with 10% FBS, 100U/ml penicillin, 100mg/ml streptomycin and 2mM L-glutamine (Sigma). Cells
were enriched in early G1-phase by serum starvation (0.1% FBS) for 24 hrs. Media supplemented

with 10% FBS was used to release the cells from the G1-arrest.

2.6. shRNA knockdown and selection

shRNA sequences targeting P150 and H3.3 was cloned into pLKO.puro vector using Agel and EcoRl
enzymes. All the primers and shRNA sequences used in the study are tabulated in Table 1. Post
transfection by turbofect (Fermentas), stable clones were selected with 1ug/mL Puromycin (Sigma)

for 1 week, the clones obtained were then checked for their expression.
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2.7.  Total RNA isolation and gPCR

Total RNA was extracted from 25 mg of the frozen tumor and control tissues as per manufacturers
protocol (Thermo scientific-0731). For cell lines, TRizol method of RNA isolation was employed.
Total RNA (1 pg) was used for cDNA synthesis (Fermentas-K1632) using random hexamers. gqPCR
with SYBR green was done using specific primers tabulated in Table 2. For the histone variants a

common primer designed to detect all sequence variations was used.
2.8. Cell cycle analysis

Ethanol fixed cells were washed twice with PBS and suspended in 500ul of PBS with 0.1% Triton X-
100 and 100ug/ml of RNaseA followed by incubation at 37°C for 30mins. After incubation,
propidium iodide (25pug/ml) was added followed with incubation at 37°C for 30mins. DNA content
analysis was carried out in a FACS Calibur flow cytometer (BD Biosciences, USA). Cell cycle

analysis was performed using the ModFit software from Verity house.

For Azacytidine and Trichostatin A (TSA) treatment, the cells were cultured in the medium as
described above along with 5uM Azacytidine and 10nM TSA for 16hr and 72hr respectively. Post
incubation cells were harvested, and RNA was isolated using Trizol reagent. cDNA was synthesized

using a random hexamer and gene-specific primers were used for real-time PCR
2.9. Methylated DNA immunoprecipitation

Genomic DNA was purified using the sigma gDNA Miniprep kit (G1N350), according to the
manufacturer’s instructions. Purified genomic DNA was diluted into a total of 300ml TE buffer and
sonicated with a Bioruptor (10 cycles at low power, of 30sec ‘on’ and 30sec ‘off’) to an average size
of 300-500bp. An aliquot of sonicated DNA was run on 1% agarose gel to confirm fragment size
during each methylated DNA immunoprecipitation (MedIP) procedure. Sonicated DNA (4ug) was
denatured by incubation at 95°C for 10min and was then immediately transferred to the ice for 10min.
Immunoprecipitation buffer containing 10mM sodium phosphate, 140mM NacCl, and 0.05% Triton X-

100 was added to a final volume of 500 pl. For each IP reaction, 2ug of antibody (Methyl cytosine:
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Diagenode MADb-006-100, Hydroxy methylcytosine: Abcam ab106918) was added and incubated
overnight at 4°C with shaking. Five percent of DNA was kept as input. After incubation, 30ul of Dyna
Protein G beads (Invitrogen: 10004D) were added and further incubated for 1hr at 4 °C with shaking.
Beads were washed thrice with 500 ul of IP buffer. Elution buffer (150ul) containing 50mM Tris-HCI
pH 8.0, 10mM EDTA, 1%SDS, 50mM NaHCO; and 20ug proteinase K was added and incubated at
55°C for 3hr. Tubes were applied to a magnetic rack and eluted DNA and input DNA were purified
with the Qiaquick PCR purification kit (Qiagen) followed by SYBR Green real-time quantitative PCR
to identify methylated regions. PCR measurements were performed in duplicate. The primers
designed for H3.2 and H3.3 are part of the CpG sites and CpG island respectively (Table 1). The
average cycle thresholds for the technical replicates were calculated to yield one value per primer set
for each biological replicate and normalized to input using the formula 2(Ctnpuy-{Ctimmunoprecipitation))
Averages and standard deviations of the normalized biological replicate values were plotted in the

Figs and used in t-test calculations. The primers used are tabulated in Table 3.
2.10.  Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was carried out as described in the Acetyl-Histone H3
Immunoprecipitation Assay Kit by Millipore. DNA recovered from chromatin immunoprecipitation
was analyzed by real-time PCR. The reaction mixture (25 pL) contained 1 pL of the appropriately
diluted DNA sample, 0.2 umol/L primers, and 12.5 pL of 1Q SYBR Green Supermix (Bio-Rad). The
reaction was subjected to a hot start for 3 min at 95°C and 50 cycles of 95°C, 10 s; 55°C to 65°C, 30 s;
and 72°C, 30 s. Melt curve analysis was done to verify a single product species. Percent enrichment in

each pulldown was calculated relative to input DNA. The primers used are tabulated in Table 3.
2.11.  Statistical analysis

All numerical data were expressed as the average of values obtained * standard deviation (SD).
Statistical significance was determined by conducting a unpaired students’ t-test or a paired students

test where ever applicable.
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3. Results

3.1 Development of HCC is accompanied by a decrease in the level of the histone variant H3.3

and simultaneous increase of H3.2 in chromatin

Sprague-Dawley rats were induced for HCC by administrating the chemical carcinogen NDEA as
described earlier [16]. The tissues were collected after sacrificing the rats and the stage of the cancer
was confirmed by histopathology. Histones isolated from the control and the tumor liver tissues were
resolved using AUT-PAGE which separates proteins based on mass and hydrophobicity [18]. Along
with the significant change in the pattern of H2A isoforms H2A.1 and H2A.2, as reported earlier [16],
major alterations in the H3 region were also found (Fig 1A). The upper and the lower band were
identified as H3.2 and H3.3 respectively by mass spectrometry (Fig 1B). The details of the peptides
differentiating the H3 variants have been tabulated in Supplementary Fig 1. Reverse-phase- high-
performance liquid chromatography (RP-HPLC) done to quantitatively measure the differences in H3
variant profile in control and tumor histones confirmed that H3.2 level was increased and H3.3 was
decreased in the tumor tissue (Fig 1C(i)(ii)). Measurement of these transcripts in the tissues revealed a
significant upregulation of H3.2 and downregulation of H3.3 in tumor compared to control (Fig
1D(i)). Similar changes were observed in pre-neoplastic CL44 and neoplastic CL38 cells (Fig 1D(ii)).
These cell lines were derived from the liver of Sprague Dawley rats post administration of NDEA

[19].

The transcription of replication-dependent, canonical histones like H3.2 and H3.1 markedly increase
upon the entry of cells into S-phase aiding the nucleosome formation on newly synthesized DNA
[20]. H3.3 variant, on the other hand, is a replication-independent histone variant and is expressed
throughout the cell cycle. As expected, the tumor tissue and the CL38 cells were more in S and G2/M
phase compared to normal and CL44 cells respectively (Fig S 2A). We next asked whether only the
H3.2 variant is upregulated or the H3.1 variant, which is another replication dependent H3 histone is

also upregulated in transformed cells. Strikingly, the expression level of H3.1 was unaltered at the
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transcript level in both the tissues and cell lines (Fig S 2B). A similar observation was also seen at the

protein level (Fig 1C(i)), suggesting that H3.2 is specifically upregulated in HCC.

To understand if these changes in the H3 variant profile is a consequence of increased cell
proliferation or is it due to the carcinogenesis phenomenon, a highly proliferating system-
regenerating liver post partial hepatectomy (PH) was used. Markers like AFP, Ki67 and Sox 9 were
used for validating the regenerating tissue (S3A). Unlike the changes seen in the tumor tissue, PH
liver showed elevated levels of all the three H3 variant levels, both at the protein and transcript levels
(Fig S3 B, C). This, suggests that the decrease in H3.3 is a cell transformation associated phenomenon
and is merely not reflective of the increased cell proliferation observed in cancer. H19 was used as a
control, expression of which is known to change in different pathophysiological states of the liver
[21]. Intriguingly, even though tumor cells are residing more in S-phase only H3.2 is increased and
not the other replication-dependent histone H3.1, indicating that maybe these cells are tuned in such a

way to express only H3.2 probably to affect the downstream pathways.

To understand whether these changes in the expression profile of H3 variants, observed in the rat
HCC model system is true in human cells also, profiling for H3 variants at the transcript level in 3
different types of cancer cell lines alongside their immortalized or non-transformed counterparts was
done. Decreased expression of H3.3 was seen in all the cancer cell lines, HepG2 (liver), MCF7
(breast), and A431 (skin) compared to HHL5 (liver), MCF10A (breast) and HACAT (skin) (Fig 2A (i,

cancer.

3.2. DNA methylation regulates the expression changes of H3 variants

To understand the reason behind the transcription pattern of H3.2 and H3.3 their promoters were
analyzed for any unique sequences. Intriguingly, the H3.3 promoter consisted of a CpG (-CCGG-)
island whereas the H3.2 promoter has CpG sites at its predicted transcriptional start site (Fig 2C).
DNA methylation and histone modifications are two major epigenetic modulators that are known to

regulate gene expression. Increased methylation of CpG islands or sites at the 5° end of a gene is


https://doi.org/10.1101/2020.05.23.112516

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.23.112516; this version posted May 26, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

associated with gene repression. This occurs probably due to inhibition of transcription factor binding
directly or by the recruitment of transcription repressors like HDAC’s by methylcytosine binding
proteins. We hypothesized that DNA methylation might regulate H3 variant expression changes, to
this end, we monitored expression status of H3 variants after treatment of CL38, a neoplastic cell line
with small molecule inhibitors of DNMT and HDAC, 5’-Azacytidine (Aza-C) and Trichostatin A
(TSA) respectively. Indeed, treatment with both the inhibitors led to the increase in H3.3 with no
significant change in H3.2 expression (Fig 2C(i) and (ii)). Tslc-1 was used as a positive control for the

inhibitor treatments, as its expression is controlled by DNA methylation [22].

To further understand if indeed DNA methylation directly regulates the H3 variant expression, Methyl
DNA immunoprecipitation (MeDIP) following gPCR was performed with control, tumor and PH
tissues. This technique employs antibodies against 5-methyl cytosine (5-mC) and hence can be used
quantitatively to measure DNA methylations levels on the desired gene. Interestingly, 5-mC, which is
a transcriptional inactive mark was found to be higher in tumor tissue in comparison to control on the
H3.3 promoter and less on H3.2 promoter. DNA hypomethylation of the H3.2 promoter was also seen
in PH tissue (Fig 2D). Methyl cytosine is known to be actively demethylated to produce a series of
intermediary products like 5-hydroxymethylcytosine (5-hmC). This is a stable epigenetic mark that
has been associated with active gene transcription. Hence, using hydroxyl methyl cytosine antibodies
to perform 5-hydroxyl methyl cytosine immunoprecipitation (MeHdIP) analysis is a good estimate for
actively expressing genes. MeHdIP analysis of H3 promoters corroborated with the expression status
of the variants, high 5-hmC was seen on genes actively expressed - H3.2 in tumor tissue and H3.3 in
control tissue (Fig 2E). H19 promoter analysis was used as a positive control for MeDIP, as its gene

expression is known to be governed by DNA methylation [23].

Thus, indeed DNA methylation is a dynamic player governing the expression pattern changes of H3.2
and H3.3 in HCC. Interestingly, the changes in the methylation profile on H3 promoters correlates
with the hallmark of cancer that is CpG island hypermethylation and global hypomethylation [24].

Further, these changes seem to be a cancer specific phenomenon and not a general aspect associated
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with cell proliferation, as these are not observed in highly proliferating liver cells after partial

hepatectomy.

3.3. Specific histone H3 variant levels correlate with the H3 PTM modifications

Histone H3.3 is generally associated with the transcriptionally active chromatin [25]. The
downregulation of H3.3 in HCC prompted us to investigate the levels of histone PTMs that are
associated with eu- or hetero-chromatin. There was a decrease in the pan H3 acetyl mark in tumor and
CL38 cells in comparison to the normal liver tissue and CL44 (Fig 3A). Interestingly, all the histone
acetylation marks associated with gene activation like H3K27Ac, H3K14Ac and H3K9Ac were also
found to be lower along with H3K4Me3. Further, there was also an enrichment of repressive marks
like H3K9Me3 and H3K27Me3 in the tumor cells (Fig 3A). A slight decrease in H4AK16Ac, well-

established histone PTM hallmark of cancer was also observed.

To know whether the loss of activation marks and gain of repressive marks is due to the changes in
H3.3 and H3.2 profile, respectively in tumor tissues and cell lines, two approaches were used. Firstly,
ectopically expressed MY C-tagged H3 variants were immunoprecipitated from CL44 cells and probed
for H3K27Me3 (inactive mark) and H3K27Ac (active mark). The result suggests that indeed H3.3 is
enriched with active mark and H3.2 with inactive mark (Fig 3B). In the second approach, with the
help of RP-HPLC, H3.2, H3.3 and H3.1 fraction were separately collected from both control and
tumor tissue and probed with active and inactive PTM marks. The loss of the active marks was
predominantly seen from H3.3 and the gain of repressive marks on H3.2 (Fig 3C). However, H3.1
also showed a marginal decrease in the active and increase in inactive marks. Nonetheless, the

changes in the PTM profile can be majorly attributed to the changes in the variant profile.

3.4. Histone H3 chaperone levels are altered in HCC

We showed that DNA methylation mediates a balance of expression of H3 variants, H3.2 and H3.3 in
cancer. Next, we postulated that any perturbation in this balance in normal cells may lead to similar

changes observed in cancer. To assess this, MYC-tagged H3.2 and H3.3 variants were overexpressed,
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in CL44 cells. However, this did not lead to any effect on proliferation of cells or any changes in the
global histone PTM profile even though these variants are incorporated into chromatin. (Fig S4). This
led us to conclude that although the ectopically expressed H3 variants are incorporated into

chromatin, it is only exchanged with the respective H3 variant with no overall enrichment.

This is quite possible as H3.2 and H3.3 variants have their dedicated histone chaperones CAF1 and
HIRA, respectively [26]. These chaperones are responsible for the recruitment and incorporation of
these two variants into their specific genomic loci. The expression levels of the H3 chaperones in
control and tumor tissues as well as cell lines was investigated and indeed, a significant upregulation
of both the subunits of CAF1 - p60 and p150 and downregulation of HIRA (Fig 4A(i) and (ii)), was
observed, very similar to the changes seen for their respective H3 variants. To further understand their
correlation, the histone variants and their respective chaperones were profiled in various rat normal
tissues. Indeed, as hypothesized in most of the tissues their expression pattern was correlated,
wherever, elevated levels of H3.3 was observed, its chaperone HIRA was also found to be increased
(Fig S5). This suggests that the simultaneous upregulation of the corresponding chaperone is
important for the proper incorporation of the variant. An earlier report has shown that in the absence
of its specific chaperone, the centromere-specific histone variant CENP-A is mis-incorporated into

other genomic loci leading to chromosomal instability [27].

We next sought to understand the effect of the inducible knockdown of P150, a subunit of CAF-1,
which is the histone chaperone of H3.2 and H3.1. The P150 levels were massively depleted at both
the transcript and the protein levels post 48 hours of induction (Fig 4B and S6). The levels of histone
transcripts post 48 hrs of doxycycline induction P150 knockdown was also measured (Fig 4B).
Probing for various histone marks in control and P150 knockdown cell lines revealed an increase in
the activation and a decrease in the repressive marks (Fig 4C). Further, MTT and clonogenic assay
revealed a significant decrease in cell proliferation potential of the cells (Fig 4D and E), which also is
reflected in the level of H3S10P, a mark correlated with the mitotic status of cells (Fig 4C). To

understand the role of P150 depletion on cell proliferation, cell cycle status of the knockdown cells
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was assessed at various time points of knockdown. A gradual increase in the number of cells in the S-
phase with the downregulation of p150, with 100% cells in the S-phase just after 72 hrs of
doxycycline treatment (Fig 4F) was observed. This suggests that the changes observed upon P150
knockdown are probably due to the arrest of cells in S-phase and may not be attributed to the increase

in the H3.3 levels.

3.5. H3.3 suppression recapitulates the tumor phenotype

To validate that the observed changes in cancer cells are indeed due to the loss of H3.3, an ShRNA
approach was employed for achieving H3.3 knockdown in the pre-neoplastic CL44 cells. The
knockdown of H3.3 was validated at both the transcript (Fig 5A) and the protein level (Fig 5B).
Interestingly, elevated expression of H3.2 and H3.1 was also seen upon the decrease in H3.3
expression. A significant increase in cell proliferation was observed post H3.3 loss as seen in MTT
and clonogenic assays (Fig 5C, D). Western blotting with a panel of activation and repressive histone
PTM marks revealed an increase in the repressive marks upon H3.3 loss (Fig 5E). H3.3 knockdown in
hepatocytes led to an elevated expression of H3.2 and H3.1, probably for the maintenance of total H3
levels. The changes in the PTM marks could be attributed to both, H3.3 decrease and H3.2 increase.
Intriguingly, an increased H3S10P and a drop in H4K16Ac- a hallmark of cancer accompany H3.3
knockdown, thus recapitulating the tumor specific changes. This allows us to conclude that the DNA
methylation mediated loss of H3.3 leads to elevated cell proliferation and contributes to the
carcinogenesis phenomenon. Of note, the observation in the drop of H4K16Ac upon knockdown of
H3.3 incites that may be one of the mechanisms, the hallmark of cancer- loss of H4K16Ac is brought

about might be via H3.3 loss along with hMOF dysregulation.

3.6. H3.3/ H3.2 levels regulate the expression of tumor suppressor genes

To understand the function of H3.3 in tumor cell proliferation, chromatin immunoprecipitation of
MY C tagged H3.3 and H3.2 was performed in the CL44 cell line to check their relative enrichment on
the various tumor suppressor genes. H3.3 seems to be associated with some tumor suppressors, unlike

H3.2, suggesting that the deposition of H3.3 on these genes may govern their expression (Fig 6A).
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Further, the knockdown of H3.3 led to its loss on tumor suppressor genes and the simultaneous gain

of H3.2 (Fig 6B).

To further validate that H3.3 levels indeed might be correlated to the expression status of these genes,
their expression was monitored in tumor tissue, CL38 and H3.3 knockdown CL44 cells. In
comparison to control, the tumor tissue and CL38 showed a tumor suppressor gene repression (Fig
6C). H3.3 knockdown led to a decrease in the gene expression of the monitored tumor suppressor
genes, thus, providing a proof of principle that H3.3 loss aids in tumor cell phenotype acquirement.
However, we cannot undermine the fact that an increase in H3.2 on these genes might also be
responsible for their loss of expression. Interestingly, not all tumor suppressor genes are affected upon
H3.3 knockdown, suggesting that probably there might be only a specific subset of genes that are
under the control of H3.3 directly. Possibly, the elevated cell proliferation upon H3.3 loss may be due

to loss of expression of APC, a negative regulator of the WNT signaling pathway.

4. Discussion

The epigenetic regulatory network has become a matter of intense investigation over the years from
the perspective of disease pathology because unlike the genetic changes they are more amenable to
reversal and are believed to be better targets for therapeutic intervention. In the present study, we have
looked at the changes specifically in the histone H3 variants and their PTM profile in the HCC rat
model system. We report a decreased expression of H3.3, along with an increase in H3.2 in HCC. In
the past we had shown how DNA methylation is intimately linked to histone gene expression for H2A
variants [28]. Here we demonstrate similar transcriptional regulation of H3 variants. Treatment with
small molecule inhibitors, 5-Aza-C (DNMTi) and TSA (HDACI) led to the reversal of these changes
(Fig 6D). Though previous studies have investigated independently the histone modification profile or
the histone variant changes in cancer, however, to the best of our knowledge, our study for the first
time shows that both the histone variant and the modification profile might be intimately linked.

Association of H3.3 with transcriptional activation is a well-established fact, though, whether it is due
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to the PTMs it undergoes or due to its nature of forming inherently unstable nucleosome is not yet

established.

Histone H3 mutations in cancer are well appreciated and know to effect global chromatin organization
and thus gene expression. Not only the mutations but dysregulation of H3.3 expression in cancer has
also been documented previously. H3.3 overexpression has been reported to promote lung cancer
progression by regulating the expression of a key gene ‘GPR87’ involved in metastasis [11]. The
MLL5 mediated loss of H3.3 in adult glioma has been attributed to be a trademark of cells undergoing
differentiation [12]. Previous studies although have reported the alteration in histone variant profile,
changes in their chaperones have not been investigated. Interestingly, the p150 subunit of the CAF1
chaperone is upregulated in many cancers and its elevated expression level was significantly
correlated with poor clinicopathological features in patients with HCC and as an independent
prognostic factor for predicting both the overall and disease-free 5-year survival [29]. p150
knockdown has been linked to a decrease in cell proliferation [30], and our results indicate that this
can be due to the arrest of cells in S-phase probably owing to the decrease in the deposition of H3
variants needed for DNA compaction post their synthesis. The CAF-1 complex is also known to be
important to safeguard somatic cell identity, as CAF-1 suppression led to a more accessible chromatin
structure at enhancer elements early during reprogramming [31]. Though it is not yet understood if it
is due to its capacity to deposit H3.2/H3.1 or not. Recently a study also highlighted the importance of
the ERK signaling mediated, CAF1 suppression, and increased H3.3 deposition in governing the
levels of pro aggressive markers during metastasis in breast cancer [31]. However, unlike this report,
our study suggests that in our HCC model system there is a HIRA mediated decrease in H3.3, on
tumor suppressor genes facilitates an increased cell proliferation and thus promoting cancer
progression. This suggests a bimodal function of H3.3 in a context-dependent manner, probably
during tumor initiation and progression as it regulates tumor suppressor gene expression and during
metastasis, it governs expression of EMT markers. Such a kind of role has been already established
for H3.3 during cell reprogramming. It plays an essential role in maintaining fibroblast identity during

the initial phase of reprogramming, but its role is reversed at the later stages where it mediates the
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acquirement of pluripotency [31]. However, further detailed study during various stages of cancers is

essential to establish such a context-dependent function of H3.3.

In summary, large scale chromatin structure changes occur as cells transition from normal to cancer
state. These are brought about possibly by DNA methylation mediated downregulation of the histone
variant H3.3 and upregulation of H3.2. These changes favor gene repression of various tumor
suppressor genes, probably contributing to an elevated cell proliferation. Observations from our study
prompt us to speculate that probably the reversal of such changes can be bought about using DNMT
and HDAC inhibitors. Although there is much more to learn about how DNA methylation mediated
changes in various histone variants and their modifications are initiated during carcinogenesis, these
chromatin-mediated changes seen in our study provide clues to events initiating at the very earliest
stages of neoplasia. Therefore, we conclude that the dysregulation of H3 variants acts as the central
node of this reversible epigenetic process seen in cancer and therefore can have potential therapeutic

implications.
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Table 1: Primers Used for Cloning

Primer Name Sequence

H3.2 in pCDNA MYCF | GTCGATATCATGGCCCGTACTAAGCAGAC

H3.2 in pCDNA MYCR | GTCGCGGCCGCTTAGGCCCGCTCCCCGCGGAT
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H3.3in pCDNA MYCF | GTCGATATCATGGCCCGAACCAAGC

H3.3 in pPCDNA MYCR | GTCGCGGCCGCTTAAGCTCTCTCTCCCCGTATC

H3.3shRNAF CCGGGACTTGTTGGGTAGCTATTAACTGCAGTTAATAGCTACCCAACAAGTCTTTTTG
H3.3 shRNAR AATTCAAAAAGACTTGTTGGGTAGCTATTAACTGCAGTTAATAGCTACCCAACAAGTC
P150 shRNA F CCGGGGATGGTGTGCCTGAAAGGAACTGCAGTTCCTTTCAGGCACACCATCCTTTITG
P150 shRNA R AATTCAAAAGGATGGTGTGCCTGAAAGGAACTGCAGTTCCTTTCAGGCACACCATCC

Table 2: Primers Used for Real time PCR

Primer Name | Sequence

H3.2F ATGGCCCGTACAAAGCAG
H3.2R AGGTTGGTGTCCTCGAACAG
H3.3F TACCCTTCCAGAGGTTGGTG
H3.3R GGGCATGATGGTGACTCTCT
H3.1F GGCTTTTCATCTTTTTCTTCCTACCATG
H3.1R ACCGGTGGCCGGGGCACTTTTA
Tslc1F TTATCCTCTGCAAGGCCTAAC
Tslc1R TGTTGAGGCATTTCGTCATC
GAPDHF GGATTTGGTCGTATTGGGCG
GAPDHR ATCGCCCCACTTGATTTTGG
P150F CAGTGAACTAAGTCCTGACAC
P150R CTTAGGACAGCTCTGTACTG
P6OF CTGAACAAGGAGAACTGGAC
P6OR GCACGTAACTTTTATGCTCG
HIRAF CTCAAGCTGATGATCGAAGT
HIRAR TCATGGCATGAGCAGATACCA
MLL5 F AGCCTCCTTCACAGCACCTA
MLL5 R CCTGAGGGTGTCTGGGTAAA
INK4 F GGGAGGGCTTCCTAGACACT
INK4 R CCCAGCGGAGGAGAGTAGAT
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MEN1 F TCTGGGCTTCGTAGAGCATT
MEN1R TTTCTTCAGGGCAGCCGATT
TP53 F AGATAGTACTCGGCCCCCTC
TP53R TAGGTGCCAGGTCCAACAAC
CHD1F TCGGCCTGAAGTGACTCGTA
CHD1R AATCATAAGGCGGGGCTGTG
ATM F CTAAGTCGCTGGCCATTGGT
ATMR TCTGGAGGAAGAAGCAACGC

H3.2_human_F | TCTGGTGCGAGAAATTGCT

H3.2_human_R | TAGTGGATTCTTAAGCACGTTC

H3.3_human_F | GGTGGGGCTGTTCGAAG

H3.3_human_R | CCGCCACTTCTTAAGCC

H3.1_human_F | TGCTCGGAAGTCTACTGGTG

H3.1_human_R | GTGGACTTCTGATAACGGCG

Table 3: Primers Used for MeDIP and ChIP gPCR

Primer Name | Sequence

H3.2MeDIPF ATTCCGACGGAAGTCTGAGT

H3.2MeDIPR CGGCAGAGAAAAATTCCGGT

H3.3MeDIPF CGGCGCAGCCTGAGTCATTA

H3.3MeDIPR TCACTTGGCTCCCGCTGCCA

H19MeDIPF GAGCTAGGGTTGGAGAGGAAC

H19MeDIPR GGTCGAACCCTTCCCAGCA

MLL5 ChIP F TCGCCGCCATTTTCCCAG

MLLS5 ChIP R GCTGCTCAGAGTGTCTAT

INK4 ChIP F CCTGGCCAGTCTGTCTGC

INK4 ChIP R AAGGAAGGAGGGACCCACT

MEN1 ChIP F GCGGTGCCTTGTGTGGGA

MEN1 ChIP R TCCCTGCAATCTCTACCTA
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TP53 ChIP F TCTGAAGCTCCAGTTCAT

TP53 ChIP R GGAGCGTGACACCCTGCT

CHD1ChIPF CTGGTGTGGGAGCCGCGG

CHD1 ChIP R ACTGAGCTCGGGTGCGGT

ATM ChIP F TCCTGTCACCTTAAGG

ATM ChIP R AAACCTGTAGCTTAAATA

rDNA ChIP F CGGGAGCTGGACTTCTGA

rDNA ChIP R GGTAGATAGCCTGAACAC

Fig and Legends

Fig 1: Dysregulation of H3 variants correlates with tumor tissue. (a) Silver stained AUT-PAGE
analysis revealed changes in the expression profile of H2A.1, H2A.2 and H3 region. Remaining
histones are also marked. (b) Mass spectrometry analysis of the H3 region identified the upper band as
H3.2 and lower protein band to be H3.3 respectively. The differential amino acids in the tryptic
digested peptides are highlighted in red. (c)(i) Overlay of H3 variant RP-HPLC profile of control and
tumor tissues showing upregulation of H3.2 and downregulation of H3.3 in tumor tissue. (ii) The
guantitative graph plotted for showing the area under the peak for H3.2 and H3.3. (d) Real-time PCR,

done to assess the changes in the transcript levels of H3.2 and H3.3 in (i) tissues and (ii) cell lines.

Fig 2: DNA methylation governs expression changes in the H3 variant profile in tumor. (a)
Quantitative real-time PCR data showing the relative expression levels of H3.2, H3.3, and H3.1 in
Liver (i), Breast (ii), and Skin (iii) cell lines. (b) In silico (by Methyl DB) analysis of the promoter
elements of H3 variants. +1, Transcriptional Start Site (TSS) has been marked. Arrows indicate the
primers used for Methyl Immunoprecipitation analysis. (c) Measurement of relative transcript levels
of H3.2 and H3.3 upon treatment with Azacytidine (5 Aza-C) (i) and TSA (ii). Relative enrichment of
5-Methyl Cytosine (e) and 5- hydroxyl-methyl cytosine (f) on promoters of respective histone variants

in control tumor and PH tissues.
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Fig 3: H3.3 is enriched with active histone PTM’s. (a) Western blotting of histones isolated from
tumor and control tissues and cell lines with site-specific histone modifications. H3 and H4 probing
were used as a loading control. Active and repressive marks are denoted. (b)(i) Mononucleosomal
Immunoprecipitation of H3.2 and H3.3 with MYC followed by western blotting with H3K27Me3
(Repressive mark) and H3K27Ac (Active mark) (b)(ii) Monomeric histones of H3 variants separated
by HPLC were probed for respective active and repressive histone PTMs for both control and tumor.

Western for H3 was used as a loading control.

Fig 4: CAF1 suppression affects cell proliferation by cell cycle arrest in S-phase. (a) Quantitative
real-time PCR data showing the relative expression levels of histone chaperones CAF-1 (P150 and
P60) and HIRA in tissues (i) and cell lines (ii). (b) Relative transcript levels pf P150 and histone H3
variants — H3.1, H3.2 and H3.3 in knockdown and control cell lines. (¢) Global histone PTM profiling
for active and repressive marks by western blotting. Measurement of cell proliferation by (d) MTT assay
and (e) Clonogenic assay. (f) Flow cytometry analysis at various time points of doxycycline induced

P150 knockdown in comparison to control cells.

Fig 5: H3.3 Knockdown increases cell proliferation. (a) Quantitative real-time PCR data showing the
relative expression levels of histone variants H3.3, H3.2 and H3.1 upon knockdown of H3.3 (b) RP-HPLC
peak profile depicting the effect of H3.3 knock on H3 variant levels. Measurement of cell proliferation by
(c) MTT assay and (d) Clonogenic assay. (e) Global histone PTM profiling for active and repressive marks

by western blotting.

Fig 6: H3.3 governs tumor suppressor gene expression. (a) Measurement of relative enrichment of
H3.2 and H3.3 on various tumor suppressor genes by ChIP-gPCR. rDNA locus was used as a control.
IgG as an Isotype control. (b) ChIP-qPCR data showing relative levels of H3.3 and H3.2 on tumor
suppressor genes upon H3.3 knockdown. rDNA locus was used as a positive control for the
experiment, as it is mostly transcriptionally active (c) Relative transcript levels of tumor suppressors

in tumor tissue, CL38 and H3.3 knockdown cell line normalized to GAPDH. (d) Dynamic changes in
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histone H3 variant profile along with their specific PTM’s influence tumor suppressor gene

expression, which can be reversed by using DNMTi and HDACI.
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Figure 3
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