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Abstract
Ovarian cancer is a deadly gynecologic malignancy for which novel biomarkers and therapeutic targets are

imperative for improving survival. Previous studies have suggested the expression pattern of linker histone
variants as potential biomarkers for ovarian cancer. To investigate the role of histone H1 in ovarian cancer
cells, we characterize individual H1 variants and overexpress one of the major somatic H1 variants, H1.3, in
the OVCAR-3 epithelial ovarian cancer cell line. We find that overexpression of H1.3 decreases the growth rate
and colony formation of OVCAR-3 cells. We identify histone H1.3 as a specific repressor for the noncoding
oncogene H19. Overexpression of H1.3 suppresses H19 expression, and knockdown of H1.3 increases its
expression in multiple ovarian epithelial cancer cell lines. Furthermore, we demonstrate that histone H1.3
overexpression leads to increased occupancy of H1.3 at the H19 regulator region encompassing the
imprinting control region (ICR), concomitant with increased DNA methylation and reduced occupancy of
the insulator protein CTCF at the ICR. Finally, we demonstrate that H1.3 overexpression and H19 knockdown
synergistically decrease the growth rate of ovarian cancer cells. Our findings suggest that H1.3 dramatically
inhibits H19 expression, which contributes to the suppression of epithelial ovarian carcinogenesis. Cancer
Res; 74(22); 6463–73. �2014 AACR.

Introduction
Ovarian cancer has the highest mortality rate among gyne-

cologicmalignancies and is currently the fourthmost common
cancer in women. Each year, more than 22,000 women are
diagnosed with ovarian cancer in the United States and about
15,000 women die of the disease, primarily due to difficulties in
early diagnosis and poor prognosis (1, 2). The etiology of
ovarian cancers involves both genetic and epigenetic altera-
tions, although the underlyingmechanisms are notwell-under-
stood (refs. 3–5 and references therein). Recently, the expres-
sion of linker histone variants has been suggested as potential
biomarkers for ovarian cancers (6). However, the role of linker
histone variants in ovarian cancer cells has not been explored.

H1 linker histones interact with the nucleosomes at the
entry and exit sites of the nucleosomal DNA and facilitate
the folding of chromatin into higher order structures (7).
In mammals, there are eleven H1 variants identified, including
seven somatic H1 variants (H1.0 to H1.5 and H1.x) and four
tissue-specific H1s (testis-specific H1t, H1T2, HILS1, and
oocyte-specific H1oo; ref. 8). H1.1 to H1.5 are five major
somatic H1 variants in both dividing and nondividing cells,
whereas H1.0mainly accumulates in differentiated cells. H1x is
present in very low amount and found to have a higher
expression in neuroendocrine cells (8). The heterogeneity and
expression pattern ofH1s are conserved frommouse to human,
suggesting that the individual variants may have unique prop-
erties and functions.

Besides mediating higher order chromatin folding, linker
histone H1 has been shown to regulate gene expression in vivo
in a specific manner (9). However, it is not clear whether those
genes are directly regulated by a specific H1 variant. Here, we
report the identification of an important noncoding H19 gene
as a direct target specifically regulated by H1.3 in ovarian
cancer cells.

Aberrant expression of H19 occurs in ovarian cancer and
other types of cancers (10–12). H19 is often overexpressed in
ovarian cancer and has been suggested as a biomarker for
ovarian cancer (13). Ample studies show that H19 is essential
for tumor growth and H19 overexpression contributes to
tumorigenesis (reviewed in ref. 14), although its role in ovarian
cancer has not been well studied. H19 is an oncofetal gene
located on human chromosome 11 and is highly expressed in
fetal tissues but suppressed in most tissues after birth (15, 16).
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H19 belongs to an imprinted gene family controlled by the
imprinting control region (ICR), which is important for mam-
malian development (17, 18). Expressed from the maternal
allele, H19 encodes for a spliced, capped, and polyadenylated
noncoding RNA highly conserved in evolution (19). It is also a
precursor for a microRNA, miR-675, which targets genes
essential for growth, development, and carcinogenesis, such
as RB and Igf1r (20–22). The H19 locus was recently found to
produce antisense transcripts, including H19 opposite tumor
suppressor (HOTS) and a long intergenic transcript, 91H,
indicating the complexity of this region (23, 24). Moreover,
H19 expression has been shown to be regulated by chromatin
structure and epigenetic mechanisms, including DNA meth-
ylation, CTCF insulator, and enhancer activities (reviewed in
refs. 25, 26).

In this study, we use overexpression and shRNA knock-
down approaches to modulate the expression levels of H1s
and H19mRNA in OVCAR-3 cells. We find that linker histone
H1.3 directly represses the expression of the H19 gene in
ovarian epithelial cancer cells by preferential occupancy at
the ICR of H19 and regulating DNA methylation at this
region. We also show that H1.3 overexpression suppresses
the growth and clonogenicity in ovarian cancer cells and has
synergistic effects with H19 knockdown on growth inhibition
of epithelial ovarian cancer cells. These results suggest H1.3
as a potent epigenetic regulator for H19 and a novel mech-
anism by which H1.3 suppresses tumorigenesis in epithelial
ovarian cancer cells.

Materials and Methods
Cell culture

OVCAR-3 cells were cultured in RPMI-1640 (Fisher)
media supplemented with 20% fetal bovine serum (FBS;
Gemini), 100 U/mL penicillin, and 100 mg/mL streptomycin
(Life Technologies). OV-90 cells were cultured in a 1:1 mixture
of MCDB 105 medium (Sigma) and medium 199 (Sigma)
supplemented with 15% FBS, 1.85 g/L sodium bicarbonate,
100 U/mL penicillin, and 100 mg/mL streptomycin. SK-OV-3
cells were cultured in McCoy 5a modified medium (Sigma)
supplemented with 10% FBS, 2.2 g/L sodium bicarbonate, 100
U/mL penicillin, and 100 mg/mL streptomycin. All cells were
cultured in a humidified incubator with 5% CO2 at 37�C.

Vectors construction, cell transfection, and stable cell
lines generation

The coding sequences of human H1 variant genes were
cloned into a modified pcDNA3 vector with FLAG sequence
(50-GACTACAAAGACGATGACGACAAG-30) at the N-terminal
to the start codon and sequence verified. The vector containing
H19 gene was purchased from Genescript, and the H19 gene
was inserted into pcDNA3 vector and sequence verified.

OVCAR-3 cells were transfected with pcDNA-H1s or
pcDNA-H19 vectors by Lipofectamine 2000 (Life Technologies)
according to the manufacturer's manual. Two days posttrans-
fection, the cells were treated with 400 mg/mLG418 (Geneticin,
Life Technologies) for 4 to 5 weeks and resistant clones were
isolated and screened. OV-90 cells were transfected with H1.1
or H1.3 expression vectors by Nucleofector Kits (Lonza) fol-

lowing the manufacturer's protocol, and cells were harvested
2 days posttransfection and analyzed.

pTRIPz (inducible), pGIPz (stable) shRNA vectors, and
TransLenti Viral Packaging Systems were purchased from
Thermo Scientific. Viral particles containing vectors expres-
sing shRNA for H19 or H1.3 were produced according to the
manufacturer's manual and used to transduce OVCAR-3,
OV-3/H1.3(H), and SK-OV-3 cells. The cells were subsequently
sorted (BD FACS Aria III Cell Sorter, Beckman Coulter) by red
fluorescence protein or green fluorescence protein expression
to enrich the shRNA-expressing cells.

RNA isolation and real-time PCR
RNAs were extracted with TRIzol (Life Technologies)

according to the manufacturer's instructions and further
cleaned using RNeasy Mini Kit (Qiagen). Total RNA (2.5 mg)
was reverse transcribed using Superscript III kit (Life Tech-
nologies) according to themanufacturer's protocol, and cDNAs
were subsequently analyzed by quantitative real-time PCR
(qRT-PCR). H19 primers were as follows: F: 50-ACCACTGCAC-
TACCTGACTC-30 and R: 50-CCGCAGGGGGTGGCCATGAA-30.
GAPDH primers were published previously (6). The relative
expression of selected genes was quantified and analyzed by
real-time PCR using iQ SYBRGreen PCR Supermix kit (Bio-Rad
Laboratories) as previously described (27). All samples were
typically analyzed in triplicates in at least three independent
runs.

Western blotting
The cells were lysed in lysis buffer [30 mmol/L Tris, pH 8.0,

150 mmol/L NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 0.1%
NP-40, proteinase inhibitor tablet (Roche)] and total histones
were extracted as previously described (27). Western blotting
assays were performed according to the manufacturer's man-
ual (Bio-Rad). The primary antibodies used are against: FLAG-
tag (Sigma, F1804), H1.2 (Abcam, ab4086), H1.3 (Abcam,
ab24174), phospho-H1.4 (Sigma, H7664), H1.5 (Abcam,
ab24175), H1.0 (Santa Cruz, sc-56695), and b-actin (Sigma,
A5441). The secondary antibodies are IRDye680 goat anti-
rabbit (Li-COR, 926-32221), IRDye800 goat anti-rabbit (Rock-
land, 611-0132-122), or goat anti-mouse (Molecular Probes,
A21058). Signals were visualized using Odyssey Infrared Imag-
ing System (LI-COR Biosciences).

Growth curves, MTT and clonogenic assays
For growth curves andMTT cell proliferation assays, 3� 104

cells per well of a 12-well plate and 1,500 cells per well of a 96-
well plate were seeded in triplicates, respectively. Cell numbers
were counted with Multisizer Coulter Counter (Beckman
Coulter), and MTT assay was performed every 2 days for
indicated days. Values are expressed as mean � SD and
statistical analyses were performed using GraphPad Prism
statistical software. For MTT assay, 2 hours after incubation
with MTT compound (Sigma), mitochondrial succinate dehy-
drogenase in metabolically active cells formed insoluble for-
mazan crystals, which were resolubilized with stop solution
(10% SDS, 0.1% HCl). The amount of formazan crystals pro-
duced by the cells was proportional to metabolic activity,
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which was measured by spectrometer at 570 nm wavelength.
For colony-forming assay, 100, 300, and 1,000 cells were
seeded on 3.5-cm dishes in triplicates and were cultured in
a humidified incubator with 5% CO2 for 4 weeks as previ-
ously described with modifications (28). Medium was chan-
ged every 3 days. After incubation, the cell colonies were
fixed with PBS:methanol (1:1 ratio) for 2 minutes and then
incubated in methanol for 10 minutes and air dried. The
colonies were stained by adding 3 mL 1% crystal violet for 10
minutes and counted.

Microarray and data analysis
Total RNAs were isolated with TRIzol reagent (Life Tech-

nologies), purified, labeled, and used for microarray hybrid-
ization to human Affymetrix ST1.0 array at Einstein Genomic
Facility. Data were analyzed using RMA normalization in
Expression Console (Affymetrix). Selected gene changes were
confirmed using qRT-PCR. The results were normalized over
the housekeeping gene GAPDH and compared with the con-
trols. Cluster analysis was performed to group genes with
altered expression more than 2-fold into subgroups according
to their expression patterns (Cluster 3.0). Differentially
expressed genes were analyzed with Ingenuity Pathway Anal-
ysis (IPA) Software (Qiagen) to determine the pathways or
functional groups of genes involved. Gene ontology analysis
was performed using DAVID (29) to obtain enriched biologic
processes categories of statistical significance. Microarray
data are available at the NCBI Gene Expression Omnibus
(GEO) database under accession number GSE61692.

High-performance liquid chromatography
Histone proteins were extracted using 0.2 N sulfuric acid as

previously described (27). Hundred micrograms of total his-
tone preparations was injected into a C18 reverse phase
column (Vydac) on an AKTA UPC10 system (GE Healthcare).
Fractions corresponding to the H1.2/H1.3/H1.4 peak from
HPLC analysis were collected and subjected to mass spectro-
metric (MS) analysis on a Qstar XL MS/MS system (Applied
Biosystems) with electrospray ionization (ESI) as the ioniza-
tion method. Analyst QS software (Applied Biosystems) was
used for data acquirement and analysis.

Chromatin immunoprecipitation, qChIP, and ChIP-seq
Chromatin immunoprecipitation (ChIP) assays were per-

formed as previously described (30) with modifications. The
following antibodies were used: anti-FLAG (Sigma, F1804),
anti-CTCF (Santa Cruz, Sc15914), and anti-IgG (Millipore,
12-370). Purified ChIP-DNA was quantified using Qubit Fluo-
rometer (Life Technologies). For qChIP, the amount of each
specificDNA fragment in immunoprecipitates was determined
by RT-PCR. PCR reactions were prepared with the iQ SYBR
Green Supermix (Bio-Rad) and were analyzed in a MyIQ Real-
Time PCR Detection System (Bio-Rad). All samples were
typically analyzed in triplicates in three independent experi-
ments. For ChIP-seq, the libraries formassive parallel sequenc-
ing were prepared with the ChIP-seq Sample Preparation Kit
(Illumina) according to the manufacturer's instructions.
Sequencing was performed with Illumina HiSeq 2000 systems.

Sequence reads processing, alignment, and metagene analysis
were performed as previously described (31).

Bisulfite sequencing analysis
Genomic DNA was isolated from cells with QIAamp DNA

kit (Qiagen). One microgram of DNA was treated with the
CpGenome DNA Modification Kit (Millipore) according to the
manufacturer's manual. Treated DNA was dissolved in 25 mL
H2O, and 1 mL of treated DNA was used in each PCR reaction
as previously described (9). The following primers were used:
H19 region 1: forward, 50-TTGTAAGTGTGGATTTAAAAGT-30,
reverse, 50-ACAATTATCAATTCAAA AAAAA-30; H19 region 2:
50-TTTTGGAGGTTTTTTTTTTA-30, 50-AAACCCTACAA CAC-
CTAACT-30; H19 region 3: 50-GGTGGTAGGAAGGGGTTTTT-
30, 50-CCCAACACCCA TCCTAAAAT-30. The PCR products
were subsequently cloned using the TOPO TA cloning kit (Life
Technologies), and clones containing the converted DNA
inserts were selected for sequencing. DNA sequences were
analyzed with BiQ analyzer.

Results
Analysis of individual H1 variants in OVCAR-3 cells

OVCAR-3 cell line is a well-characterized epithelial ovarian
cancer cell line frequently used to study molecular mechan-
isms of ovarian cancer malignancies. This cell line was derived
from a patient with epithelial ovarian adenocarcinomas, which
represent about 90% of all ovarian cancer malignancies. We
first characterized the expression of individual histone H1
variants by high-performance liquid chromatography (HPLC),
MS, and Western blotting. Total histones were isolated from
OVCAR-3 cells by sulfuric acid extraction and subjected to
reverse-phase HPLC (RP-HPLC; Fig. 1A). Three fractions of
putative H1 variants were collected, lyophilized, and analyzed
by MS and Western blotting. Fraction 3 was identified as a
mixture of histones H1.2, H1.3, and H1.4 (Fig. 1A and B), three
major somatic H1 variants abundantly expressed in adult
tissues and cells. However, we noted that H1.3 protein level
was much lower than H1.2 and H1.4 in OVCAR-3 cells, which is
unusual given that histone H1.3 is ubiquitously expressed
among different cell types and that H1.3 mRNA transcripts
were present at high levels in OVCAR-3 cells (data not shown).
To verify the identity of individual peaks of the HPLC fractions,
we generated 6 stable cell lines with each overexpressing 1 of
the 6 somatic histoneH1 variants (H1.0-H1.5) in OVCAR-3 cells
(designated as OV-3/H1 lines; Fig. 1C). All six overexpressed
somatic H1 variants were tagged by FLAG at the N-terminus,
which was expected to maintain biochemical properties and
functions of the respective H1 variants (31). The total histones
were extracted and analyzed by HPLC, and the eluted fractions
were collected and verified byWestern blotting (Fig. 1C). These
results demonstrate the peak identity and the relative amount
of each linker histone variant in HPLC profile from OVCAR-3/
H1 cell lines.

Overexpression of histone H1.3 inhibits cell growth and
colony formation

Histone H1.3 is one of the major somatic H1 variants
abundantly present in both dividing and nondividing cells.

Histone H1.3 Inhibits H19 and Ovarian Cancer Cell Growth
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The very low expression of endogenous H1.3 in OVCAR-3 cells
provides a good experimental system for us to investigate the
role of H1.3 in ovarian cancer cells using an overexpression
approach. We generated multiple OV-3/H1.3 stable clones by
overexpressing FLAG-H1.3 in OVCAR-3 cells and screened 48
clones by Western blotting using an anti-FLAG antibody
(Supplementary Fig. S1A). HPLC/MS analysis of the histone
extracts from the clone with the highest FLAG-H1.3 level
[designated as OV-3/H1.3(H)] as well as Western blotting
assays using anti-H1 variant antibodies demonstrated that
FLAG-H1.3 co-eluted in the same fraction as the endogenous
H1.3, suggesting similar biochemical properties of FLAG-H1.3
as the endogenous H1.3 (Fig. 1A, B, and D). Western blotting

and calculation of the individual H1 to nucleosome ratio from
HPLC analysis indicated that the protein level of FLAG-H1.3 in
OVCAR-3/H1.3(H) cells was significant, reaching about 16% of
the total H1s in these cells (Fig. 1D and E).

To characterize the phenotypic changes caused by H1.3
overexpression, we compared the growth rate, metabolic
activity, and colony-forming abilities of OVCAR-3 and OV-3/
H1.3(H). OV-3/H1.3(H) cells displayed reduced growth rate by
growth curve andMTT assays (Fig. 2A). Knocking downH1.3 in
OV-3/H1.3(H) cells by shRNA (Supplementary Fig. S1B)
reverted this effect (Fig. 2A). These results indicated that
overexpression of H1.3 variant reduces cell proliferation and
affects the metabolic activity in OVCAR-3. In addition, the

Figure 1. Generation and characterization of OVCAR-3/H1 cells. A, RP-HPLC and MS analysis of linker histone H1 variants in OVCAR-3 and OV-3/
H1.3(H) cells. Insets, electrospray ionization-time of flight (ESI-TOF) MS profiles of fraction 3 eluted from HPLC. B, H1 variants in fractions 1, 2, and
3 eluted from HPLC (A), determined by Western blotting. FLAG-H1.3 co-elutes in the same fraction 3 as the endogenous H1.3 protein. H1.1 and
H1.5 were not detected by Western blotting. C, characterization of peaks eluted from HPLC of histones extracted from OVCAR-3/H1 clones. Histone
extracts from stable clones with overexpressed H1 variants were analyzed by HPLC (left). Individual peaks were collected and analyzed by Coomassie
and Western blotting using indicated antibodies. Coomassie staining (panels labeled with �) and Western blotting assays for the fractions
indicated by arrows are shown (right). Fractions from HPLC peaks not indicated by arrows did not give signals in Western blotting using the respective
antibodies. Coomassie staining and Western blotting assays of the corresponding fraction from OVCAR-3 cells are included as controls. D, the
comparison of individual H1 variants in OV-3/H1.3(H) and OVCAR-3 by Western blotting. E, the percentage of total H1. The percentage was determined
by the ratio of the A214 of respective individual H1 variant to the sum of all H1 peaks. The A214 values were adjusted to account for the differences in the
number of peptide bonds in each H1 variant.
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clonogenic capacity of OV-3/H1.3(H) cells was severely
impaired, forming 10 to 15 times fewer colonies than
OVCAR-3 cells (Fig. 2B). This inhibitory effect of H1.3 over-
expression on colony formationwas partially abolished byH1.3
knockdown using shRNA in OV-3/H1.3(H) cells (Fig. 2B).

Overexpression of H1.3 leads to specific changes in gene
expression
To identify genes and pathways affected by H1.3 overexpres-

sion, we performed gene expression profiling using Affymetrix
Human Gene 1.0 ST Arrays. Comparison of the transcriptomes
of OV-3/H1.3(H) cells with control cell lines of OVCAR-3
transfected with vectors without H1.3 (designated as OV-3/

V.O.) showed that 164 genes had altered expression more than
2-fold in both replicated experiments. Among these genes, 76
were upregulated and 88 were downregulated in OV-3/H1.3(H)
cells (Fig. 2C and Supplementary Table S1). Results from RT-
PCR of several differentially expressed genes showed expres-
sion changes comparable to that from microarrays (Supple-
mentary Fig. S2). Analysis of the molecular pathways and
cellular processes altered in OV-3/H1.3(H) cells using IPA
software indicated that cell proliferation, cell adhesion, pro-
grammed cell death, cell migration, and immune response
were all affected. A representative IPA hit map of cell function
andmaintenance includingH19 gene is shown in Fig. 2D. Gene
ontology classification using DAVID (29) revealed that

Figure 2. Characterization of OVCAR-3 cells overexpressing H1.3. A, growth curves and MTT assays of OVCAR-3, OV-3/H1.3(H), and OV-3/H1.3(H)/shH1.3
cells. Data are presented as mean� SD. P < 0.05 for OV-3/H1.3(H) versus OV-3/H1.3(H)/shH1.3 as well as other comparisons. B, colony formation assay of
OVCAR-3, OV-3/H1.3(H), and OV-3/H1.3(H)/shH1.3 cells. Representative results of colony formation assay are shown in insets. The quantitation of colonies
formed 4weeks after seeding (in triplicates). Data are presented asmean�SD. �,P <0.05; ��,P <0.01; ���,P < 0.001. C, comparison of global gene changes in
OV-3/H1.3(H) and OVCAR-3/V.O. cells. Genes with more than 2-fold expression difference were selected for analysis. The duplicates of OV-3/H1.3(H)
andOV-3/V.O.were analyzed andgeneswere clusteredbyCluster 1.0 software. D, a selected networkmapwith genes altered inOV-3/H1.3(H) clone analyzed
by IPA. H19marked as a gene of interest. E, gene ontology and functional annotation analysis. Genes with increased and decreased expression (�2-fold) in
OV-3/H1.3(H) cells were subject to DAVID gene ontology analysis and enriched functional categories with P < 0.01 are shown.
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upregulated genes are mainly enriched in immune response
and antigen presentation, whereas downregulated genes are
involved in a variety of biological processes, such as regulation
of cell proliferation, cell communication, signal transduction,
and various metabolic processes (Fig. 2E and Supplementary
Table S2).

Oncogene H19 is a direct target of H1.3
One of the most dramatically dysregulated genes in

OVCAR-3 cells is H19, which was repressed 9-fold in OV-3/
H1.3(H) cells, ranked #2 in the most highly repressed genes
(Supplementary Table S1). Expressing FLAG-H1.3 to low-medi-

um level in OV-3/H1.3(L) cells (Supplementary Fig. S1A) result-
ed in a medium reduction in H19 expression (Fig. 3A), indi-
cating a dosage-dependent effect of H1.3 on H19 expression.
Knockdown histone H1.3 levels by stably expressing shRNA
against H1.3 in OV-3/H1.3(H)/shH1.3 cells (Supplementary Fig.
S1B) alleviated the repression of H19 by H1.3, whereas scram-
bled shRNA did not have such effects (Fig. 3A). To further test
whether the expression of H19 is directly dependent on the
amount of histone H1.3, we generated OV-3/shH1.3(i) cell line
in which the expression of endogenous H1.3 in OVCAR-3 cells
was knocked down more than 60% upon induction of the
expression of H1.3 shRNA by doxycycline (Fig. 3B). This

Figure 3. Repression ofH19 expression byH1.3. A, H1.3 overexpression inhibitsH19 expression and knockdownofH1.3 levels inOV-3/H1.3(H) cellsmitigates
the repression effect onH19 by H1.3 in OVCAR-3 cells.H19 expression unit was normalized overGAPDH, andH19 relative expression of each indicated cell
line was normalized over OVCAR-3 cells. Bar, SD. B, induction of H1.3 knockdown in OV-3/shH1.3(i) cells with doxycycline increasesH19 expression. Bars,
SD. Top, schematic diagram of pTRIPz-shH1.3–inducible vector; middle, H19 expression unit measured by RT-PCR and normalized toGAPDH expression;
bottom, Western blot analyses of cell lysates using an anti-H1.3 antibody, indicating knockdown of H1.3. Western blotting using an anti-b-actin antibody
indicates equal loading of cell lysates. C, relative expression of the H19 mRNA transcript level in each indicated cell line measured by qRT-PCR (top). H19
expressionwasmeasured by qRT-PCR and normalized as described in A. Bar, SD. Fifteenmicrograms of total histoneswas extracted from each cell line, and
overexpressed exogenous FLAG-H1 levels were analyzed by immunoblotting using an anti-FLAG antibody (middle). Equal loading of histone extracts is
indicated by core histones (bottom, Coomassie stain). OV-3/V.O. cells are OVCAR-3 cells transfected with pcDNA vector without inserted H1 genes.

Figure 4. Overexpression of histone
H1.3 leads to preferential increases
in H1.3 occupancy at H19-ICR.
qChIP analysis of FLAG-H1.3
along H19 regulatory regions (left)
andGAPDH (right) in OV-3/H1.3(H)
and OV-3/V.O. cells. Bars, SD.
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knockdown led to a 50% elevation in H19 mRNA transcripts
(Fig. 3B). To investigate whether H19 expression is affected
specifically by H1.3 or by all H1 variants, we analyzed H19
expression in all six OV-3/H1 cell lines, which exhibited com-
parable levels of exogenous FLAG-H1s for each respective H1
variant (Fig. 3C). H19 transcript level was dramatically sup-
pressed in OV-3/H1.3 line as measured by RT-PCR but
remained unchanged in cell lines overexpressing other
FLAG-H1 variants in OVCAR-3 cells (Fig. 3C). These results
indicate that H19 is strongly and specifically repressed by H1.3
variant in OVCAR-3 cells.
Overexpression of H1.3 in OV-90, another ovarian epithelial

cancer cell line with low expression of H1.3, also dramatically
inhibitedH19 expression and cell growth, whereas such effects
were not observed when H1.1 was overexpressed in OV-90/
H1.1 cells (Supplementary Fig. S3A). In contrast, knockdown of
H1.3 by shRNA in SK-OV-3, an ovarian epithelial cell line with
higher H1.3 protein levels, resulted in a 2-fold increase of H19
expression as well as a modest increase in cell growth rate

(Supplementary Fig S3B). Collectively, these results further
support a specific inhibitory role of H1.3 on H19 expression
and cell growth in ovarian epithelial cancer cells.

Epigenetic mechanisms of H19 repression mediated by
H1.3

Chromatin structure and epigenetic mechanisms play a key
role in H19 expression regulation (32). To investigate the
potential mechanisms by which H1.3 regulates H19 expression
in OVCAR-3 cells, we first analyzed the binding profiles of H1.3
across the entire H19 gene locus, including a 5.2-kb upstream
regulatory region, by ChIP. H1.3 overexpression resulted in
preferential accumulation of H1.3 at the entire H19 regulatory
region, but H1.3 remained absent at the housekeeping gene
GAPDH (Fig. 4).While H1.1 exhibited similarly low endogenous
expression asH1.3 inOVCAR-3 cells (Fig. 1E), overexpression of
FLAG-H1.1 in OVCAR-3 cells to comparable levels of FLAG-
H1.3 in OV-3/H1.3(H) cells did not lead to such enriched
occupancy at H19 locus (Supplementary Fig. S4A). Genome-

Figure 5. Increased expression of H1.3 leads to DNAmethylation elevation atH19-ICR in OVCAR-3 cells. A, bisulfite sequencing analysis of DNAmethylation
(i) and the percentage of methylated CpG (ii) at CTCF-containing regions (regions 1 and 2) andH19 proximal promoter regions (region 3) in indicated cell lines.
�, P < 0.05; ��, P < 0.01; ���, P < 0.001. B, global DNA methylation unchanged by H1.3 overexpression. Five hundred nanograms of gDNA was digested by
indicated restriction endonucleases, separated by agarose gel electrophoresis, and visualized by ethidiumbromide staining. 1, OVCAR-3; 2, OV-3/H1.3(H); 3,
OV-3/H1.3(H)/shH1.3. All samples have similar sensitivities to DNA methylation-sensitive enzymes HpaII and MaeII, which recognize CCGG and ACGT,
respectively. Undigested gDNA (uncut) and DNA digested by the CCGG recognizing/DNA methylation nonsensitive MspI were included as controls.
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wide analysis of H1.3 occupancy in OV-3/H1.3(H) cells by
ChIP-seq confirmed the depletion of H1.3 at active promoters
and the overrepresentation of H1.3 atH19 upstream regulatory
region compared with neighboring regions (Supplementary
Fig. S5).

H19 expression is controlled by the ICR located within the
H19 upstream regulatory region. In humans, this region
contains seven CTCF-binding sites, of which methylation
status regulates binding of the insulator-binding protein
CTCF (33, 34) and H19 expression. To determine whether
increased H1.3 binding at H19 ICR leads to changes in DNA
methylation at H19 ICR and CTCF-binding status, we ana-
lyzed the levels of DNA methylation and CTCF occupancy at
this region by bisulfite sequencing and ChIP, respectively.
Such analysis indicated that H19-ICR region is hypomethy-
lated in OVCAR-3 (Fig. 5A). While the global DNA methyl-
ation levels were not changed by H1.3 overexpression, as
indicated by unchanged sensitivity to methylation-sensitive
enzymes (Fig. 5B), DNA methylation levels of CpG sites
surrounding CTCF-binding sites were significantly increased
in OV-3/H1.3(H) cells by 2.3- and 5.8-fold for region 1 and
region 2, respectively (Fig. 5). This level of increase in DNA
methylation in OV-3/H1.3(H) cells was diminished by knock-
down of H1.3 by shRNA (Fig. 5), indicating that the increased
occupancy of H1.3 at H19 distal promoter region leads to
hypermethylation of the H19-ICR. In addition, compared
with OVCAR-3 cells, CTCF occupancy at H19-ICR was
reduced at region 1 and region 2 in OV-3/H1.3(H) cells, but
not in OV-3/H1.1(H) cells (Fig. 6 and Supplementary Fig.
S4B). The reduced occupancy of CTCF protein on H19-ICR in
OV-3/H1.3(H) cells suggests that overexpression of histone
H1.3 may prevent CTCF from binding to the H19 ICR region
and regulating H19 expression in OVCAR-3 cells.

Taken together, these findings suggest that linker histone
H1.3 directly regulates H19 expression in ovarian cancer cells
by binding to H19-ICR, increasing DNA methylation and pre-
venting CTCF from binding to CTCF sites in H19 ICR.

Overexpression of histone H1.3 and reduction of H19
synergistically suppress ovarian cancer cell growth

Expression of H19 mRNA promotes proliferation and
enhances tumorigenesis in several types of cancer cells
(35–38). To determine whether the inhibitory effect of
H1.3 on OVCAR-3 growth rate is mediated through its
repression on H19 expression, we first investigated the
effects of modulation of H19 expression on OVCAR-3
growth. Overexpressing H19 in OVCAR-3 by transfecting the
cells with a pcDNA-H19 vector dramatically increased H19
transcripts (Fig. 7A). This upregulation resulted in signifi-
cant increase in cell growth rate in OVCAR-3 (Fig. 7B). We
were only able to moderately overexpress H19 in OVCAR-3/
H1.3(H) cells, which led to a moderate increase in growth
rate of OVCAR-3/H1.3(H) cells, indicating that the growth
inhibition in OVCAR-3 by H1.3 overexpression can be par-
tially rescued by H19 upregulation.

We next determined whether overexpression of H1.3 and
depletion of H19 transcript would synergistically impair the
growth of ovarian cancer cells by further knocking down H19
transcript inOV-3/H1.3(H) cells usingH19 shRNA. Induction of
H19 shRNA led to a 75% and a 92% reduction ofH19 expression
in OVCAR-3 and OV3/H1.3(H) cells, respectively (Fig. 7C).
Depletion of H19 significantly reduced growth rate (Fig. 7D),
suggesting that overexpression of linker histone H1.3 and
depletion ofH19 transcript synergistically suppress the growth
of OVCAR-3 cells.

Discussion
H19 is an oncofetal gene whose expression is frequently

elevated in many solid tumors (10, 11, 13, 39). Its upregulation
has been associated with increased proliferation, tumorigen-
esis, cell-cycle progression, and cell migration (35, 36, 40, 41). In
this study, we uncovered a novel function of H1.3 in inhibiting
ovarian cancer cell growth, likely mediated through repression
of H19 gene (Supplementary Fig. S6). By using overexpression
and knockdown approaches, we generated cell lines with
modulated expression of histone H1 variants and H19 tran-
script. Systematic analysis of generated clones demonstrates
that linker histone H1.3 is the specific somatic H1 variant
capable of effective suppression of H19 in ovarian epithelial
cancer cells. Our results also suggest that this regulation is
likely to be a direct effect. In addition, overexpression of
histone H1.3 represses the growth rate and colony formation
ability in OVCAR-3 cells, suggesting its tumor suppressor
properties. In contrast, similarly overexpressing H1.1 cells did
not change the growth rate and clonogenicity of OVCAR-3
(Supplementary Fig. S4). The synergistic effect of H1.3 over-
expression andH19 depletion in ovarian cancer cells suggests a
potential strategy of combining H1.3 modulation with H19 for
therapeutic intervention.

We have investigated the mechanism by which H19 is
suppressed by H1.3 and found that H1.3 preferentially accu-
mulates atH19 ICR, leading to increased DNAmethylation and
reduced binding of CTCF insulator-binding protein atH19-ICR.
These results suggest that H1.3 epigenetically represses H19
expression through DNAmethylation as well as an antagonism

Figure 6. CTCF is partially depleted from H19-ICR in OV-3/H1.3(H) cells.
qChIP analysis of CTCF inOVCAR-3 andOV-3/H1.3(H) cells. The dashed
line indicates the highest level of signals detected by qChIP with IgG
antibody. The c-myc promoter region (50 myc) containing CTCF-binding
site and the c-myc downstream region (30 myc) were included as
respective positive and negative control sites for CTCF binding.
��, P < 0.01; ���, P < 0.001.

Medrzycki et al.

Cancer Res; 74(22) November 15, 2014 Cancer Research6470

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/22/6463/2709740/6463.pdf by guest on 19 M

ay 2023



between H1 and CTCF. Although a link between H1 and DNA
methylation in regulating specific genes has been revealed in
several previous studies (9, 42, 43), our study is the first one
demonstrating a highly specific regulation of H19 expression
by a single H1 variant, H1.3, in vivo in ovarian cancer cells.
Other H1 variants, when expressed to similar levels, do not
repress the expression of H19 in OVCAR-3 cells (Fig. 3C).
Likewise, stably overexpressing H1.3, but not H1.1, leads to
dramatic reduction inH19 expression and cell growth inOV-90
ovarian epithelial cancer cell line, and expressing H1.3 shRNA,
but not scrambled shRNA, in SK-OV-3 ovarian epithelial cancer
cells increasesH19 expression and cell growth (Supplementary
Fig. S3). The mechanism by which H19 is specifically repressed
byH1.3 throughDNAmethylation cannot be fully accounted by
the interaction between H1 variants and DNA methyltrans-
ferases (DNMT; ref. 44; and Cao, Ho, and Fan, unpublished
observation), because multiple H1 variants are found to inter-
act with DNMTs. ChIP analysis demonstrates a preferential
binding by H1.3 atH19 locus and a reduced binding of CTCF at
CTCF-binding sites in OV-3/H1.3(H) cells (Fig. 4 and Fig. 6).
These binding patterns appear to be elicited specifically by
overexpression of H1.3, as overexpression of H1.1 to similar
levels does not lead to marked changes at this locus in OV-3/
H1.1(H) cells (Supplementary Fig. S4A and S4B), suggesting a
critical role of preferential binding of H1.3 at this locus in the
H19 inhibition. H1 variants have distinct biochemical proper-
ties and differ significantly in their residence time on chro-
matin and ability to promote chromatin condensation in vitro,
which is likely to contribute to their specificity in vivo (45, 46).
Other mechanisms may also contribute to the regulation of
H19 by H1.3. For example, linker histone H1 has been shown to
interact with SirT1, promoting gene silencing (47). In vitro

studies have shown that H1 interacts with heterochromatin
protein HP1a (48) and stimulates polycomb-repressive com-
plex 2 (PRC2) activity (49). Therefore, the direct effect of H1.3
on H19 gene silencing may be due to interactions between
linker histone H1 and other chromatin proteins or factors. In
addition, histone H1 was found to inhibit human SWI/SNF
nucleosome remodeling activity (50), thus it is also conceivable
that histone H1.3 acts as a specific repressor of theH19 gene by
blocking the chromatin-remodeling complex to access theH19
regulatory region.

Histone H1 is increasingly being suggested to contribute to
epigenetic regulation in cancer cells. Understanding the under-
lying molecular mechanisms may lead to new approaches to
manipulate gene expression. In this study, we generated stable
cell lines with tagged H1 variants, and we established inducible
system in which protein levels of histone H1 variants can be
readily modulated. Those cell lines will serve as valuable tools
to study the role of H1 in epigenetic regulation in cancer cells.
The identification of H1.3 being a potent repressor forH19 also
suggests a novel function of H1.3 as a tumor suppressor in
ovarian epithelial cancer cells.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions
Conception and design: M. Medrzycki, E.E. Bouhassira, Y. Fan
Development of methodology: M. Medrzycki, J.F. McDonald, Y. Fan
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): M. Medrzycki, Y. Zhang, K. Cao, C. Pan, Y. Fan
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): M. Medrzycki, Y. Zhang, W. Zhang, K. Cao, C. Pan,
N. Lailler, Y. Fan

Figure 7. Synergistic effects of H1.3
overexpression and H19 depletion
on OVCAR-3 growth rate. A,
RT-PCR analysis of H19
expression in indicated cell lines.
H19 expression was normalized
over GAPDH, and H19 relative
expression of each indicated cell
line was normalized over OVCAR-3
cells. B, the growth curves of OV-3/
H19, OVCAR-3, OV-3/H1.3(H)/
H19, and OV-3/H1.3(H) cells. Bars,
SD. P < 0.05 for OV-3/H1.3(H)/H19
versus OV-3/H1.3(H) as well as
other comparisons. C, qRT-PCR
analysis of H19 expression in
indicated cell lines.H19 expression
was normalized over GAPDH. H19
expression was measured by
qRT-PCR and normalized as
described in A. Bar, SD. D, the
growth curves of OVCAR-3, OV-3/
shH19, OV-3/H1.3(H), and OV-3/
H1.3(H)/shH19 cell lines. Medium
was supplemented with 1 mg/mL
doxycycline for the entire
experiment duration. Bars, SD.

Histone H1.3 Inhibits H19 and Ovarian Cancer Cell Growth

www.aacrjournals.org Cancer Res; 74(22) November 15, 2014 6471

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/22/6463/2709740/6463.pdf by guest on 19 M

ay 2023



Writing, review, and/or revision of the manuscript: M. Medrzycki,
W. Zhang, N. Lailler, E.E. Bouhassira, Y. Fan
Administrative, technical, or material support (i.e., reporting or orga-
nizing data, constructing databases): M. Medrzycki, Y. Zhang
Study supervision: Y. Fan

Acknowledgments
The authors thank Nikita Wright and Leonid Aksenov for technical support

and colleagues for helpful discussions. They also thank Georgia Tech Mass
Spectrometry facility, Albert Einstein Epigenomics Shared Facility, and Geno-
mics Core Facility.

Grant Support
This work is supported by NIH grant GM085261 (Y. Fan), Georgia Cancer

Coalition Distinguished Cancer Clinicians and Scientists Award (Y. Fan), and
Georgia Institute of Technology. E.E. Bouhassira was supported by grants
C024405 and C024172 from NYSTEM.

The costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received October 14, 2013; revised July 17, 2014; accepted July 31, 2014;
published OnlineFirst September 9, 2014.

References
1. Jemal A, Siegel R, Ward E, Hao Y, Xu J, Thun MJ. Cancer statistics,

2009. CA: Cancer J Clin 2009;59:225–49.
2. Goff BA, Mandel L, Muntz HG, Melancon CH. Ovarian carcinoma

diagnosis. Cancer 2000;89:2068–75.
3. Schuijer M, Berns EM. TP53 and ovarian cancer. Human Mutation

2003;21:285–91.
4. Balch C, Fang F, Matei DE, Huang TH, Nephew KP. Minireview:

Epigenetic changes in ovarian cancer. Endocrinology 2009;150:
4003–11.

5. Nephew KP, Balch C, Zhang S, Huang TH. Epigenetics and ovarian
cancer. Cancer Treat Res 2009;149:131–46.

6. Medrzycki M, Zhang Y, McDonald JF, Fan Y. Profiling of linker histone
variants in ovarian cancer. Front Biosci (Landmark Ed) 2012;17:
396–406.

7. Woodcock CL, Skoultchi AI, Fan Y. Role of linker histone in chromatin
structure and function: H1 stoichiometry and nucleosome repeat
length. Chromosome Res 2006;14:17–25.

8. Happel N, Doenecke D. Histone H1 and its isoforms: contribution to
chromatin structure and function. Gene 2009;431:1–12.

9. Fan Y, Nikitina T, Zhao J, Fleury TJ, Bhattacharyya R, Bouhassira EE,
et al. Histone H1 depletion in mammals alters global chromatin
structure but causes specific changes in gene regulation. Cell 2005;
123:1199–212.

10. Adriaenssens E, Dumont L, Lottin S, Bolle D, Lepretre A, Delobelle A,
et al. H19 overexpression in breast adenocarcinoma stromal cells is
associated with tumor values and steroid receptor status but inde-
pendent of p53 and Ki-67 expression. Am J Pathol 1998;153:
1597–607.

11. Ariel I, Miao HQ, Ji XR, Schneider T, Roll D, deGroot N, et al. Imprinted
H19 oncofetal RNA is a candidate tumour marker for hepatocellular
carcinoma. Mol Pathol 1998;51:21–5.

12. Cui H, OnyangoP, Brandenburg S,WuY, Hsieh CL, Feinberg AP. Loss
of imprinting in colorectal cancer linked to hypomethylation of H19 and
IGF2. Cancer Res 2002;62:6442–6.

13. Tanos V, Prus D, Ayesh S, Weinstein D, Tykocinski ML, De-Groot N,
et al. Expression of the imprinted H19 oncofetal RNA in epithelial
ovarian cancer. Eur J Obstet Gynecol Reprod Biol 1999;85:7–11.

14. Matouk I, Raveh E, Ohana P, Lail RA, Gershtain E, Gilon M, et al. The
increasing complexity of the oncofetal H19 gene locus: functional
dissection and therapeutic intervention. Int J Mol Sci 2013;14:
4298–316.

15. Gabory A, Ripoche MA, Yoshimizu T, Dandolo L. The H19 gene:
regulation and function of a non-coding RNA. Cytogenet Genome
Res 2006;113:188–93.

16. Ariel I, Ayesh S, Perlman EJ, Pizov G, Tanos V, Schneider T, et al. The
product of the imprinted H19 gene is an oncofetal RNA. Mol Pathol
1997;50:34–44.

17. Gabory A, Ripoche MA, Le Digarcher A, Watrin F, Ziyyat A, Forne T,
et al. H19 acts as a trans regulator of the imprinted gene network
controlling growth in mice. Development 2009;136:3413–21.

18. Borensztein M, Monnier P, Court F, Louault Y, Ripoche MA, Tiret L,
et al. Myod andH19-Igf2 locus interactions are required for diaphragm
formation in the mouse. Development 2013;140:1231–9.

19. Ayesh S, Matouk I, Schneider T, Ohana P, Laster M, Al-Sharef W, et al.
Possible physiological role of H19 RNA. Mol Carcinog 2002;35:63–74.

20. Keniry A, Oxley D, Monnier P, Kyba M, Dandolo L, Smits G, et al. The
H19 lincRNA is a developmental reservoir of miR-675 that suppresses
growth and Igf1r. Nature Cell Biol 2012;14:659–65.

21. Tsang WP, Ng EK, Ng SS, Jin H, Yu J, Sung JJ, et al. Oncofetal H19-
derived miR-675 regulates tumor suppressor RB in human colorectal
cancer. Carcinogenesis 2010;31:350–8.

22. Cai X, Cullen BR. The imprinted H19 noncoding RNA is a primary
microRNA precursor. Rna 2007;13:313–6.

23. Berteaux N, Aptel N, Cathala G, Genton C, Coll J, Daccache A, et al. A
novel H19 antisense RNA overexpressed in breast cancer contributes
to paternal IGF2 expression. Mol Cell Biol 2008;28:6731–45.

24. Onyango P, Feinberg AP. A nucleolar protein, H19 opposite tumor
suppressor (HOTS), is a tumor growth inhibitor encoded by a human
imprinted H19 antisense transcript. Proc Natl Acad Sci U S A
2011;108:16759–64.

25. Sasaki H, Ishihara K, Kato R. Mechanisms of Igf2/H19 imprinting: DNA
methylation, chromatin and long-distance gene regulation. J Biochem
2000;127:711–5.

26. Gabory A, Jammes H, Dandolo L. The H19 locus: role of an imprinted
non-coding RNA in growth and development. Bioessays 2010;32:
473–80.

27. Medrzycki M, Zhang Y, Cao K, Fan Y. Expression analysis of mam-
malian linker-histone subtypes. J Vis Exp 2012;61:e3577.

28. Franken NA, Rodermond HM, Stap J, Haveman J, van Bree C.
Clonogenic assay of cells in vitro. Nat Protoc 2006;1:2315–9.

29. Huang da W, Sherman BT, Lempicki RA. Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nat
Protoc 2009;4:44–57.

30. Zhang Y, Liu Z, Medrzycki M, Cao K, Fan Y. Reduction of Hox gene
expression by histone H1 depletion. PLoS One 2012;7:e38829.

31. Cao K, Lailler N, Zhang Y, Kumar A, Uppal K, Liu Z, et al. High-
resolution mapping of h1 linker histone variants in embryonic stem
cells. PLoS Genet 2013;9:e1003417.

32. Yang Y, Hu JF, Ulaner GA, Li T, Yao X, Vu TH, et al. Epigenetic
regulation of Igf2/H19 imprinting at CTCF insulator binding sites.
J Cell Biochem 2003;90:1038–55.

33. Hark AT, Schoenherr CJ, Katz DJ, Ingram RS, Levorse JM, Tilghman
SM. CTCF mediates methylation-sensitive enhancer-blocking activity
at the H19/Igf2 locus. Nature 2000;405:486–9.

34. Bell AC, Felsenfeld G. Methylation of a CTCF-dependent boundary
controls imprinted expression of the Igf2 gene. Nature 2000;405:
482–5.

35. BerteauxN, Lottin S,MonteD, Pinte S, Quatannens B, Coll J, et al. H19
mRNA-like noncoding RNA promotes breast cancer cell proliferation
through positive control by E2F1. J Biol Chem 2005;280:29625–36.

36. Lottin S, Adriaenssens E, Dupressoir T, Berteaux N,Montpellier C, Coll
J, et al. Overexpression of an ectopic H19 gene enhances the tumor-
igenic properties of breast cancer cells. Carcinogenesis 2002;23:
1885–95.

37. Matouk IJ, DeGroot N,MezanS, AyeshS, Abu-lail R, Hochberg A, et al.
The H19 non-coding RNA is essential for human tumor growth. PLoS
One 2007;2:e845.

38. Yang F, Bi J, Xue X, Zheng L, Zhi K, Hua J, et al. Up-regulated long non-
coding RNA H19 contributes to proliferation of gastric cancer cells.
FEBS J 2012;279:3159–65.

Cancer Res; 74(22) November 15, 2014 Cancer Research6472

Medrzycki et al.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/22/6463/2709740/6463.pdf by guest on 19 M

ay 2023



39. Luo M, Li Z, Wang W, Zeng Y, Liu Z, Qiu J. Long non-coding RNA
H19 increases bladder cancer metastasis by associating with EZH2
and inhibiting E-cadherin expression. Cancer Lett 2013;333:
213–21.

40. Barsyte-LovejoyD, LauSK,BoutrosPC,Khosravi F, Jurisica I, Andrulis
IL, et al. The c-Myc oncogenedirectly induces theH19 noncodingRNA
by allele-specific binding to potentiate tumorigenesis. Cancer Res
2006;66:5330–7.

41. Li Y, Meng G, Guo QN. Changes in genomic imprinting and gene
expression associated with transformation in a model of human
osteosarcoma. Exp Mol Pathol 2008;84:234–9.

42. Giambra V, Volpi S, Emelyanov AV, Pflugh D, Bothwell AL, Norio
P, et al. Pax5 and linker histone H1 coordinate DNA methylation
and histone modifications in the 30 regulatory region of the
immunoglobulin heavy chain locus. Mol Cell Biol 2008;28:
6123–33.

43. Maclean JA, Bettegowda A, Kim BJ, Lou CH, Yang SM, Bhardwaj A,
et al. The rhox homeobox gene cluster is imprinted and selectively
targeted for regulation by histone h1 and DNA methylation. Mol Cell
Biol 2011;31:1275–87.

44. Yang SM, Kim BJ, Norwood Toro L, Skoultchi AI. H1 linker histone
promotes epigenetic silencingby regulatingbothDNAmethylation and
histone H3 methylation. Proc Natl Acad Sci U S A 2013;110:1708–13.

45. Th'ng JP,SungR,YeM,HendzelMJ.H1 family histones in thenucleus.
Control of binding and localization by the C-terminal domain. J Biol
Chem 2005;280:27809–14.

46. Orrego M, Ponte I, Roque A, Buschati N, Mora X, Suau P. Differential
affinity of mammalian histone H1 somatic subtypes for DNA and
chromatin. BMC Biol 2007;5:22.

47. Vaquero A, Scher M, Lee D, Erdjument-Bromage H, Tempst P,
Reinberg D. Human SirT1 interacts with histone H1 and promotes
formation of facultative heterochromatin. Mol Cell 2004;16:93–105.

48. Nielsen AL, Oulad-Abdelghani M, Ortiz JA, Remboutsika E, Chambon
P, Losson R. Heterochromatin formation in mammalian cells: interac-
tion between histones and HP1 proteins. Mol Cell 2001;7:729–39.

49. Martin C, Cao R, Zhang Y. Substrate preferences of the EZH2 histone
methyltransferase complex. J Biol Chem 2006;281:8365–70.

50. Hill DA, Imbalzano AN. Human SWI/SNF nucleosome remodeling
activity is partially inhibited by linker histone H1. Biochemistry
2000;39:11649–56.

www.aacrjournals.org Cancer Res; 74(22) November 15, 2014 6473

Histone H1.3 Inhibits H19 and Ovarian Cancer Cell Growth

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/22/6463/2709740/6463.pdf by guest on 19 M

ay 2023



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


