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1. ABSTRACT

H1 linker histones play a key role in facilitating
higher order chromatin folding.  Emerging evidence
suggests that H1 and its multiple variants are important
epigenetic factors in modulating chromatin function and
gene expression. Ovarian cancer is a devastating disease,
ranking the fifth leading cause of all women cancer death
due to its poor prognosis and difficulty in early diagnosis.
Although epigenetic alterations in ovarian cancers are
being appreciated in general, the role of H1 has not been
explored. Here, using quantitative RT-PCR assays, we
systematically examined the expression of 7 H1 genes in 33
human epithelial ovarian tumors. Whereas the expression
of H1.3 was markedly increased, the expression of H1°,
H1.1, H1.4 and Hlx were significantly reduced in
malignant adenocarcinomas compared with benign
adenomas.  Strikingly, ovarian adenocarcinomas and
adenomas exhibited characteristic expression patterns, and
expression profiling of 7 H1 genes in tumor samples
discriminated adenocarcinomas vs. adenomas with high
accuracy. These findings indicate that the expression of H1
variants is exquisitely regulated and may serve as potential
epigenetic biomarkers for ovarian cancer.
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2. INTRODUCTION

Ovarian cancer has the highest mortality rate
among gynecological malignancies and ranks as the fourth
most common cancer in women. Each year more than
21,000 women are diagnosed with ovarian cancers and
about 15,000 women die of the disease (1, 2). Due to the
lack of effective screening methods and asymptomatic
nature of ovarian cancers at early stages and during relapse,
most women have advanced stage ovarian cancers at the
time of diagnosis and the 5-year survival rate is only 25-
50%. The etiology of ovarian cancers involves both genetic
and epigenetic alterations. Unlike genetic mutations,
epigenetic changes, such as alterations in DNA methylation
and histone modifications, are reversible, thus offering an
attractive avenue for therapeutic interventions. Better
understanding of epigenetic changes associated with
ovarian neoplasia will facilitate designing new strategies
for early detection and effective therapy of ovarian cancers.

Aberrant  epigenetic regulations  contribute
significantly to ovarian cancer development and
progression (3, 4). Accumulating evidence shows that
alterations in DNA methylation and/or core histone
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modifications are responsible for silencing of tumor
suppressor genes or upregulation of cancer-promoting
genes in ovarian cancers (3, 5, 6). Ovarian tumors also
display genome-wide DNA  hypomethylation and
differential expression patterns of genes encoding histone
modifying activities (4, 7). Such global changes in DNA
methylation and histone modifications suggest that ovarian
cancer cells adopt drastically different chromatin structure,
because both DNA methylation and core histone post-
translational modifications can profoundly impact on
chromatin folding. However, the role of linker histones,
the key factors in mediating higher order chromatin
structure has not been explored in ovarian cancer. Here we
take the first step to investigate a potential connection
between specific linker histone variants with ovarian cancer
through expression profiling of various H1 subtypes.

Linker histone H1 binds to the nucleosome core
particle, the basic repeating unit of chromatin consisting an
octamer of two molecules of each of the four core histones
(H2A, H2B, H3 and H4) wrapped by 146 bp of DNA, and
the linker DNA between nucleosomes to mediate higher
order chromatin folding into a 30-nm fiber (8, 9).
Consistent with its role in chromatin condensation and
limiting genome accessibility, H1 acts as a general
transcription repressor, repressing transcription by all three
types of RNA polymerases in in vitro studies (reviewed in
(8, 10)). However, recent work using in vivo systems
demonstrated a rather selective role of H1 in gene
regulation, such that H1 can either activate or repress
specific gene transcription under various physiological
contexts (11-20).

The H1 histone family is the most divergent and
heterogeneous group of histones among the highly
conserved histone protein families. All metazoan Hls
share the same tripartite domain structure with a central
globular domain flanked by N- terminal and C-terminal tail
regions. The globular domain is evolutionally conserved
from yeast to humans. Different H1 subtypes exhibit
significant sequence divergence from one another, yet H1
subtypes are highly conserved during evolution in
mammals, suggesting distinct functions for these subtypes.
There are 11 H1 subtypes (Hlo, HI1.1, H1.2, H1.3, H1.4,
H1.5, Hloo, H1t, Hlx, H1t2 and H1LS1) identified in
mammals that are differentially regulated during
development and cellular differentiation (21). HI.1
through H1.5 are somatic Hls that are ubiquitously
expressed in all cell types and tissues. The synthesis of
these 5 somatic Hls is cell-cycle dependent and tightly
regulated during development, such that each tissue has a
characteristic composition of somatic H1 subtypes (22, 23).
Although individual somatic H1 subtypes appear to be
dispensable for normal mouse development, loss of three
somatic H1 subtypes (H1.2, H1.3 and H1.4) by sequential
gene targeting leads to embryonic lethality at mid-
gestation, demonstrating that linker histones are required
for mammalian development (24-29). HIx is a more
distantly related H1 variant whose RNA messages are
present in many somatic tissues (30,31). HIx proteins are
found to accumulate in nucleoli in G1 phase and at
chromosome periphery during mitosis in cultured cells, but
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its total protein level remains unchanged throughout cell
cycle (32-33). Hlx is highly expressed in neuroendocrine
cells and its expression is increased in neuroendocrine
tumors (34). The replacement HI variant, H1% is
expressed mainly in differentiated and non-dividing cells
(35). Hloo and HIt are oocyte- and testis- specific
variants, respectively (36, 37). H1T2 and H1LS1 are two
distantly related Hlt-like proteins that are specifically
expressed in spermatids (38, 39). Different H1 subtypes
exhibit distinct in vivo binding dynamics in oocytes and
during embryonic stem (ES) cell nuclear transfer (40).
These properties of H1 subtypes suggest that exquisite
regulation of high order chromatin compaction in various
cellular processes may be achieved with different
complements of H1 subtypes.

In this study, we analyzed the expression pattern
of H1 subtypes as a means to probe the specific chromatin
status associated with malignant ovarian cancer. The vast
majority of malignant ovarian tumors are epithelial ovarian
adenocarcinomas, which are derived from the ovarian
surface epithelium (41). While also derived from ovarian
surface epithelium, ovarian adenomas are generally benign
and do not have aggressive growth, nor do they metastasize
to adjacent tissues. Here, we first systematically screened
14 malignant ovarian adenocarcinomas and 11 benign
ovarian adenomas of the mRNA levels of all somatic and
replacement H1 subtypes by quantitative reverse
transcription-polymerase chain reaction (QRT-PCR) assays.
We found that several H1 subtypes displayed drastically
different expression patterns in malignant ovarian cancers
compared with benign adenomas. Furthermore, profiling
and hierarchical clustering analysis of the expression levels
of H1 subtypes accurately discriminated between benign
adenomas and malignant adenocarcinomas of all 25
samples, and correctly segregated ovarian adenomas from
adenocarcinomas in a blind test set of 8 tumor samples with
87.5% accuracy, suggesting a potential use of specific H1
subtypes as ovarian cancer biomarkers.

3. MATERIALS AND METHODS

3.1. Tumor samples

A total of 33 tumor samples with an initial set of
25 tumors and a second set of 8 tumors, including 18
benign serous cystadenomas and 17 malignant
adenocarcinomas (Stages III and 1V), were obtained from
the Ovarian Cancer Institute (Atlanta, USA). Primary
tumor tissues were collected from patients who underwent
surgery for removal of ovarian tumors at Northside
Hospital (Atlanta, USA) according to procedures approved
by the Institutional Review Boards of Georgia Institute of
Technology and Northside Hospital. Patients had not been
pretreated with chemotherapy at the time of surgery and the
tumor tissues were snap frozen in liquid nitrogen
immediately at the time of surgical removal.

3.2. RNA isolation

Tissue samples (75-100mg) were ground with a
PowerGen 125 homogenizer (Fisher Scientific) on ice in
the presence of Trizol (Invitrogen, Carlsbad, CA) for 3
times with 15 seconds each time to obtain crude
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Table 1.List of primers used for qRT-PCR analysis of variant H1 genes and house keeping genes.

Gene name Accession number Sequence 5' Product size (bp) Annealing temperature

H1.1 HISTIHIA: NM_ 005325 F'- CTCCTCTAAGGAGCGTGGTG 192 57°C
R'- GAGGACGCCTTCTTGTTGAG

H1.2 HISTIHIC: NM_005319 F'- ACACCGAAGAAAGCGAAGAA 154 57°C
R'- GCTTGACAACCTTGGGCTTA

H1.3 HIST1HID: NM_005320 F'- GGAGACTGCTCCACTTGCTC 75 57°C
R'- GCCTTCTTCGCCTTTTTCTT

H1.4 HISTIHIE: NM 005321 F'- GTCGGGTTCCTTCAAACTCA 171 57°C
R'- GCCTTCTTTGGGGTCTTCTT

H1.5 HIST1HI1B: NM 005322 F'-GTCAAAAAGGTGGCGAAGAG 159 57°C
R' - CTTGGCCTTTGCAGCTTTAG

H1° HI1F0: NM_005318 F' - CTCGCAGATCAAGTTGTCCA 127 57°C
R'- GAAGGCCACTGACTTCTTGG

Hlx HIFX: NM_ 006026 F'- GTGGTTCGACCAGCAGAATG 115 57°C
R'- GAGCTTGAAGGAACCGTTGG

GAPDH GAPDH:NM_002046 F'-GAGTCAACGGATTTGGTCGT 185 57°C
R'- GACAAGCTTCCCGTTCTCAG

B-actin ACTB: NM_001101 F'- CTCTTCCAGCCTTCCTTCCT 116 57°C
R'- AGCACTGTGTTGGCGTACAG

homogenates. RNAs were subsequently extracted from the
crude homogenates with Trizol according to the
manufacturer’s  instructions. RNA samples were
subsequently cleaned and concentrated using RNeasy Mini
Kit (Qiagen, Valencia, CA). The concentration and quality
of RNA were measured and verified with a Nanodrop
ND1000 Spectrophotometer (Nanodrop , Wilmington, DE)
and gel electrophoresis.

3.3. Real-time quantitative RT-PCR (qRT-PCR)

2.5ug of total RNAs extracted from ovarian
tumors were reverse transcribed into cDNAs using
Superscript 111 kit (Invitrogen, Carlsbad, CA) according to
the manufacturer’s manual. Since most histone RNAs do
not have long polyA tails, random hexamers (instead of
oligo-dT) were used as primers in the reverse transcription
reactions. cDNAs were subsequently analyzed by real-time
PCR analysis to quantitatively measure the expression
levels of H1 subtype genes and house-keeping genes, e.g.
glyceraldehyde-3-phosphate ~ dehydrogenase (GAPDH)
gene, which served as normalization controls. Real-time
quantitative PCR analysis with an RNA template was
performed as RT(-) reactions to control for potential
genomic DNA contamination. In all of the reactions, the
amount of PCR product produced from RT(-) reactions was
less than 1% of that from RT(+) samples, indicating that
genomic DNA contamination, if any, was minimal.
Primers used for the real-time quantitative PCR analysis of
H1 genes are listed in Table 1.

The amount of cDNAs or DNA fragments was
quantified and analyzed by real-time PCR using iQ SYBR
green PCR Supermix kit (Bio-Rad Laboratories, Hercules,
CA) in a MylQ Single Color real-time PCR Detection
System (Bio-Rad). Each primer pair was tested by a
standard curve method using serial dilutions of DNA
template and the dissociation curve was measured to assure
that only the expected PCR product was produced. All
samples were typically analyzed in duplicate in at least 3
independent runs. Real-time data were recorded and
quantified using Q5 software provided by the
manufacturer and expression values of H1 genes were
normalized against that of GAPDH. The genes for somatic
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Hls (H1.1-H1.5), H1°, and Hlx do not have introns. In
order to cross-compare the relative mRNA message
abundance within a tumor sample, the mRNA amount was
normalized by the primer coefficiency determined by gPCR
using genomic DNA as template by standard curve method.
The following program was applied for the experiment:
95°C for 3 min., 95°C for 10 sec., 60°C for 20 sec., 72°C
for 30 sec., 95°C for 1 min. in 40 cycles.

3.4. Statistical analysis

Statistical analysis and P values of the differences
between the median of H1 expression levels in ovarian
adenomas and adenocarcinomas were calculated by Mann-
Whitney unpaired two-tailed test. A P value of less than
0.05 was considered to be statistically significant.

3.5. Immunoblotting

Tumor samples were homogenized with a
PowerGen125 homogenizer (Fisher Scientific) in Lysis
buffer (30mM Tris pH 8.0, 150mM NacCl, 0.1% SDS,
0.5% Na-deoxycholate, 0.1% NP-40, Proteinase
Inhibitor tablet). Protein concentrations of the cell
lysates were determined by Bradford Protein Assay
(Bio-Rad). 20ug of cell lysates were boiled for 5
minutes in Loading Buffer (2% SDS, 10% Glycerol,
50mM Tris pH 7.0, 100mM DTT, 0.1% bromophenol
blue) before subject to 12% SDS-PAGE. Proteins were
subsequently transferred to a nitrocellulose membrane
(Bio-Rad) and blotted with a monoclonal antibody
against H1® (Santa Cruz, sc-56695) (42), or GAPDH
(Ambion, AM4300) as a loading control, followed by a
Fluor® 680 goat anti-mouse [gG secondary antibody
(Invitrogen A21058). The protein bands were visualized
and quantified using the Odyssey Infrared Imaging
System (LI-COR Biosciences).

3.6. Cluster analysis

Hierarchical  clustering analysis  was
performed using the cluster 3.0 software from open
source clustering software

(http://bonsai.hgc.jp/~mdehoon/software/cluster/soft
ware.htm#ctv) and visualized using Treeview, which was
developed based on program Cluster/Treeview (43).



Histone H1 expression in ovarian cancer

- H1.1%* - H1.2 H1.3**
. = s B adenomas (A)(n=11)
003 . 03 .:- . A adenocarcinomas (C)(n=14)
— 0.03
% o o *: P<0.05; **: P<0.01;
b LT ke ’ " *** P<0.001
0.01 Ll 0.01 . i .
0.0 ue R S 0.0 0.0 O
H1.4* H1.5 H1x** H10%*
n 0.020 0.0060 .
0.020 L) 0.20 "
0.015 0.0045 — e
0.015 0.15 H
0.010 . .00 0.0 - 010 .
— '. 0.005 . 0.0015 i -
ks 0.0 " T AT 0.0 :.':l — TR 0.0 Tan” 0.0,
H1.1** H1.2 H1.3** H1.4* H1.5 H1x** H0x*
0.064 : f : : ' : : E E ! ' 02954 @ !
024
0.054 : e
N 0.175 -
-y
0.044 0.15 - a
= -
- R 0.125 5
0.03+4 .
. LI 0.1 R
. A . L] ——
0.02+ =" . . 0.075 o
Ay " “ ant
— T - 4 0.05
001 1. S a0t g .
L B Y T b.gzs
[ = Ad - L]
& 0.0 : Aspt . . - - .E' .ﬂ_ recd g .AF . * 0.0 - .
A = A A c A c A C A c A (@

Figure 1. qRT-PCR analysis of mRNA levels of linker histone variants in ovarian tumors. Normalized mRNA expression levels
of H1 subtypes are presented individually (A) and as a group (B). Y axis represents relative expression units. Each dot represents
average expression values obtained from three independent measurements from one tumor sample. Data were normalized with
the expression level of GAPDH and primer efficiency factor. *: P<0.05; **: P<0.01; ***: P<0.001.

4. RESULTS

4.1. Analysis of the expression patterns of histone H1
subtypes using qRT-PCR

We developed a set of real-time RT-PCR assays
to quantitatively measure the mRNA levels of individual
H1 variants. Because mRNAs of most H1 genes contain a
stem-loop structure at their 3’ untranslated regions (UTR)
and lack the long polyA tails normally present in most
other cellular mRNAs, we prepared cDNAs from total
RNAs using random-primer based reverse transcription. By
this means, we analyzed mRNA expression of all HI
subtypes, except those of the four germ cell specific Hls.
The H1 genes measured include the 5 somatic Hls (H1.1-
H1.5), H1°%and H1x. Table 1 lists RT-PCR primers utilized
in these assays.

4.2. Differential expression of the histone H1 subtype
genes in ovarian tumors

To test if any of the H1 genes are differentially
expressed during ovarian carcinogenesis, we measured the
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mRNA levels of 7 Hl genes in 11 benign ovarian
adenomas and 15 malignant ovarian adenocarcinomas of
stage III/IV using qRT-PCR assays. The mRNA levels of
GAPDH and beta-actin remained constant across all tumor
samples, indicating little variations in sample preparation
and qRT-PCR analysis. Each sample was analyzed in at
least three independent experiments and the expression
levels of H1 subtypes were normalized by the expression
level of GAPDH. Since all 7 Hls measured here are
intron-less, we normalized the relative primer efficiency for
individual H1 subtypes by performing PCR reactions using
the genomic DNA templates. After adjusting for the
relative efficiency of individual PCR reactions, we
quantified relative mRNA expression levels of individual
H1 subtypes (Figure 1) as well as the total HI mRNA
levels (Figure 2).

Among the 7 H1 genes, H1.1, H1.4, H1°% and
Hlx mRNA levels were significantly reduced in ovarian
malignant adenocarcinomas compared with benign
adenomas. The reduction in expression values was highly
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Figure 2. Quantification of mRNA levels of total H1s and total somatic Hls. (A) Total relative expression units for all H1s; (B)
Total relative expression units for all somatic Hls (H1.1-H1.5). Y axis represents relative expression units. Each dot represents
the averagevalue of the relative expression units obtained from three independent measurements of one tumor sample. Data were
normalized with expression of GAPDH and primer efficiency factor. *: P<0.05; **: P<0.01; ***: P<0.001.

statistically significant, with P values less than 0.0001 for
H1° and equal to 0.006, 0.014, 0.003 for H1.1, H1.4 and
H1x, respectively. In contrast, H1.3 was increased 2.5-fold
in malignant tumors (P=0.0029) (Fig.1). The average
expression levels of H1.2 and H1.5 did not appear to be
statistically different ~ between adenomas and
adenocarcinomas (P >0.05). Quantitation of total mRNA
levels from all 7 H1 subtypes showed that, on average, the
sum of total HI mRNAs declined 40% in adenocarcinomas
(P=0.0007) (Figure 2A). This decrease in total Hl mRNA
messages is mainly due to the reduction of H1° mRNA
levels because the total levels for S-phase dependent, stem-
loop ended somatic HI mRNAs (H1.1-H1.5 mRNAs) were
similar between these two tumor types (Figure 2B), and the
mRNA levels of Hlx were negligible compared with other
HI subtype mRNAs (Figure 1). H1° mRNA, however, is
polyadenylated, produced throughout cell cycle and
processed differently than somatic H1 (H1.1-H1.5) mRNAs
(23, 44, 45). Interestingly, although ovarian adenomas and
adenocarcinomas have similar levels of total S-phase
dependent somatic HI mRNAs (H1.1-H1.5) (Figure 2B),
the relative proportions of mRNAs expressed from
different somatic H1 genes are drastically different (Figure
1). This result suggests that individual somatic HI
subtypes are transcriptionally differentially regulated in
benign adenomas vs. malignant adenocarcinomas.

We next determined if the drastic differences in
H1° mRNA levels in adenomas vs. adenocarcinomas
resulted in changes in H1° protein levels in these two types
of tumors. We analyzed H1° protein levels in two
adenocarcinomas (c647 and c¢756) and two adenomas
(a564, a670), which contained H1° mRNA levels 3-fold of
that from c647 and c756 (Figure 3A). The two adenomas
had significantly higher levels of H1° proteins than the two
adenocarcinomas (Figure 3B), and quantitation of the
protein band signals showed a 4-fold increase of H1°
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protein in the two adenomas. Immunostaining of the
sections of these 4 tumors indicated that H1° proteins were
ubiquitously present in all cells, and that the two adenomas
displayed stronger signals for H1° than adenocarcinomas
(data not shown). These results suggest that a higher level
of H1° mRNA leads to a corresponding increase in H1°
protein in adenomas.

4.3. Expression patterns of histone HI1 subtypes
discriminate ovarian adenomas from adenocarcinomas

Expression  profiling of HI1  subtypes
demonstrated that multiple H1 genes exhibit differential
expression levels in adenocarcinomas compared with
adenomas (Figure 1), suggesting characteristic Hl
expression signatures associated with carcinogenesis. To
determine whether H1 variant genes can serve as
transcriptional classifier genes to discriminate ovarian
adenomas from malignant adenocarcinomas, we performed
hierarchical clustering analysis of expression patterns of the
H1 genes for these 25 ovarian tumors. Figure 4 shows that
the clustering algorithm segregated all 25 samples into
adenomas and adenocarcinomas accurately based on the
similarities of H1 subtype expression patterns in these
samples. Expression patterns of H1 genes of all 11
adenomas were more closely related to each other, forming
a group separately from that of adenocarcinomas, which
also clustered in a group.

To further test if analysis of mRNA expression
patterns of H1 genes can predict ovarian adenomas vs.
adenocarcinomas using these 25 tumor samples as
templates, we obtained 8 additional tumor samples as a
blind test set. We analyzed H1 expression levels by qRT-
PCR, and performed hierarchical clustering analysis of
these 8 samples together with the initial set of 25 samples.
We clustered each blind test sample together with the 25
samples, and such analyses correctly clustered all but 1
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Figure 3. Reduced HI° expression in ovarian
adenocarcinomas. (A) qRT-PCR analysis of H1° mRNA
messages. Y axis: relative expression units of HI1°.
Expression values were normalized by the expression level
of GAPDH. (B) Western blot analysis of H1° protein
levels. GAPDH served as a loading control.
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Figure 4. Hierarchical clustering diagram of differential
expression data of 7 H1 subtypes in ovarian adenomas and
adenocarcinomas. Red, green or black colors represent
higher, lower, or no change in relative expression compared
with the median expression level across all tumor samples,
respectively. The dendrograms at the top and on the left
show the clusters defined by similarities in expression
patterns across the samples and genes. All adenocarcinoma
samples cluster separately from adenomas.

c821L) blind test samples into their corresponding tumor
groups, representing an accuracy of 87.5% (7 out of 8) in
discriminating adenomas vs. adenocarcinomas within this
blind test set. Figure SA shows a clustering diagram of all
of the 33 samples analyzed, suggesting an overall accuracy
of 97% (32 out of 33) in segregation of these two types of
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tumors. These results suggest that expression profiles of H1
variants can potentially serve as biomarkers to differentiate
ovarian adenocarcinomas from adenomas. To identify the
minimum number of H1 genes whose expression levels
contribute to accurate prediction of clustering of tumor
types, we re-clustered all of the 33 samples using
expression patterns from any combinations of 6 H1 genes
(leaving out one H1 gene at a time). Interestingly, as with
clustering using all 7 H1 genes, leaving out H1° did not
affect the correct discrimination of all samples but c821L
(Figure 5B), whereas leaving out any of the 5 somatic Hls
and Hlx resulted in disruption of correct segregation of
two or more tumor samples (data not shown).

5. DISCUSSION

Numerous gene expression microarray analyses
show that malignant tumors exhibit distinct expression
fingerprints compared to normal tissues or benign tumors
(46-48).  Changes in global and/or local chromatin
structure contribute to the acquisition or maintenance of
malignancy. Indeed, increased nuclear staining and nuclear
size are often early cytological abnormalities found with
dysplasia (49). The presence of multiple H1 histone
variants provides an additional level of regulation in
modulating chromatin folding, so it is likely that malignant
transformation is associated with changes in the expression
of various H1 subtypes. However, expression changes in
mRNAs of histone genes are often missed from microarray
profiling studies.  This is because histone mRNAs,
including that of most H1 genes, contain a stem-loop
structure at their 3’ untranslated region (UTR) and lack a
long polyA tail, and are thus not selected when oligo-dT
based reverse transcription assays are adopted.

In the present study, we designed a set of qRT-
PCR assays, coupling random primer based reverse
transcription with real-time PCR, to quantitatively measure
the expression of all H1 genes that are expressed in ovarian
tumors. Using this set of assays, we initially analyzed a total
of 25 ovarian tumors (11 adenomas and 14 adenocarcinomas),
and found that benign ovarian adenomas and malignant
adenocarcinomas have distinct expression patterns of several
HI genes. Specifically H1°, H1.1, H1.4 and Hlx are
significantly reduced in expression, whereas H1.3 has
drastically increased expression in ovarian adenocarcinomas
compared with adenomas. Furthermore, clustering analysis of
gene expression of these 7 H1 genes or 6 H1 genes (leaving
out H1%) segregates adenomas from adenocarcinomas with an
overall accuracy of 97% for all 33 tumor samples (including
25 tumors of the initial batch and 8 samples of the blind test
batch). These results suggest that H1 subtype genes display
discriminative expression signatures which may serve as
biomarkers and classifier genes to differentiate ovarian
adenomas from adenocarcinomas. These highly sensitive and
quantitative real-time RT-PCR assays can be an attractive
alternative or auxiliary diagnostic tools to current pathological
analysis. This possibility can be further investigated using a
larger set of ovarian tumor samples. With a larger set of
ovarian tumor samples, it will also be possible to examine
if subgroups from clustering analysis correlate with tumor
progression stages and/or patient prognosis.
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Figure 5. Validation of discriminating expression patterns of HI1 subtypes in ovarian adenomas and adenocarcinomas.
Hierarchical clustering diagrams of expression profile of all 7 HI genes (A), or leaving out H1° (B), of all 33 samples are shown.
Samples include 8 blind test samples (marked with *) and 25 tumors of the initial batch. Both (A) and (B) show correct
segregation of all but one (c821L) samples into ovarian adenomas vs. adenocarcinomas.

Synthesis of somatic H1 subtypes (H1.1-H1.5) is
primarily S-phase dependent, and the expression of H1
genes can be regulated at transcriptional level, post-
transcriptional mRNA processing and stability, as well as
protein degradation (23). Cell cycle arrest or terminal
differentiation in cell culture causes a reduction in H1.1,
H1.3, H1.5 mRNAs and a slight decrease of H1.2 and H1.4
mRNAs (23), thus, we surmise that an increased
proliferation rate in malignant tumors may lead to a
reduction of the total levels of somatic HI mRNAs in these
cells.  Interestingly, careful quantification shows no
difference in the combined levels of somatic HI mRNAs
(Figure 2B), instead, a change in the proportions of
mRNAs from individual somatic HI1 subtypes was
observed in malignant adenocarcinomas compared with
benign adenomas (Figure 1).  Although the relative
proportions of protein levels for individual Hls do not
recapitulate their relative proportions of mRNA levels due
to different mRNA processing efficiencies (50) and varied
turn-over rate of H1 subtypes (22, 23, 51), for a specific H1
subtype, the increase or decrease in mRNA levels often
leads to a corresponding change in its protein level (22, 23),
as is the case for H1° shown in this study (Figure 3). We
have previously observed similar fold increases in the
levels of mRNAs and proteins of H1° and HL.5, in
H1.2/H1.3/H1.4 triple null mouse ES cells and embryos
((12), and Zhang and Fan, unpublished observation). These
studies suggest that changes in H1 subtype protein levels
are likely to occur during ovarian tumor progression, and
the trend of changes will probably follow the changes in the
mRNA levels for a given H1 subtype. Individual somatic
H1 subtypes have different DNA binding affinities and
varying degrees of chromatin compacting ability (52-55),
and they can be grouped into the strong condensers (H1.4
and H1.5), the intermediate condenser (H1.3) and the weak
condensers (H1.1 and HI.2) in compacting
minichromosomes (56). Thus, changes in the protein levels
of individual somatic H1s are likely to cause alterations in
chromatin folding and compaction, modulating chromatin
accessibility and function.

It is noteworthy that clustering analysis using the
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expression levels of only 5 somatic H1 genes can segregate
23 of the initial 25 tumor samples correctly (92% accuracy)
into adenomas vs. adenocarcinomas (data not shown),
suggesting that the distinctive expression patterns of the
somatic Hls (H1.1-H1.5) alone can discriminate ovarian
adenocarcinomas from adenomas with high confidence. It
will be interesting to investigate how these changes in the
expression of specific HI subtypes are brought about in
malignant ovarian adenocarcinomas. Interestingly, leaving
out H1.2 and H1.5, whose expression levels do not differ
significantly in the two types to tumors, leads to incorrect
segregation of more tumor samples by unsupervised
clustering analysis (data not shown), significantly
dampening the discriminative power of HI profiling in
classifying adenomas vs. adenocarcinomas. We postulate
that there may be cross-regulation among the somatic H1
subtypes, and the mRNA levels of H1.2 and H1.5 are
probably connected to the expression levels of the other H1
subtypes.

H1° mRNAs and proteins are significantly
reduced in adenocarcinomas (Figure 1, Figure 3). H1° is
considered to be a differentiation specific HI1, as it
accumulates in terminally differentiated and non-dividing
cells (reviewed in (35)). HI° expression is low or
undetectable in rapidly dividing cells or tissues, but is
induced or wupregulated during differentiation and
senescence (22, 35, 57, 58). The significantly lower
expression of H1° in ovarian adenocarcinomas is consistent
with the higher proliferation rate of ovarian malignant
adenocarcinomas compared with ovarian benign adenomas.
As the smallest subtype with the highest percentage of
positively charged amino acids among the H1 family
proteins, H1° has high affinity for DNA and can strongly
compact minichromosomes in vitro (56, 59). Thus,
accumulation of H1° proteins would be consistent with an
increased level of chromatin  compaction and
heterochromatin found in terminally differentiated cells
(60). The reduction of HI1” expression in ovarian
adenocarcinomas observed in this study may indicate a
reduced level of chromatin compaction in these malignant
tumor cells.
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Besides the potential of serving as biomarkers for
discriminating ovarian adenocarcinomas vs. adenomas, the
distinctive expression patterns of histone H1 subtypes may
contribute to the causes for carcinogenesis of ovarian cancer.
Alterations of H1 levels and chromatin compaction impact on
a variety of cellular properties. Modulating levels of specific
H1 subtypes can lead to changes in cell cycle and proliferation
rate in a cell type specific and H1 subtype dependent manner
(61, 62). Depletion of H1.2 in human breast cancer cell line
T47D by inducible shRNA causes cell cycle arrest at G1-
phase, although knockdown of other somatic H1 variants in
T47D does not show similar effects on cell cycle (61).
Interestingly, overexpression of H1° but not H1.2, in
mouse 3T3 cells, leads to a transient delay in S-phase
entry (62). Although deletion of three somatic Hls,
H1.2, H1.3 and H1.4, does not appear to affect cell
growth rate in mouse ES cells (12), deletion of all 6 H1
genes in chicken B lymphocyte cell line DT40
significantly impairs cell growth and causes elongation
of all stages of the cell cycle (63). Reduced expression
of strong condensers, such as H1° and H1.4, combined
with a marked increase of intermediate condenser
(H1.3), may result in a more open and accessible
chromatin conformation in ovarian adenocarcinomas.
This is likely to cause expression changes of specific
genes, which may contribute to carcinogenesis. On the
other hand, it has been shown that degrees of global
chromatin condensation per se impact on DNA damage
response, cell migration and invasiveness (64-66).
Global chromatin de-condensation, either by depletion
of H1.2/H1.3/H1.4 in mouse ES cells or induced by
treatment with histone deacetylase inhibitors (HDACH)
in human breast cancer cell line MCF7, results in
increased DNA damage response (64). Migration signals
cause an increase in heterochromatin, and induction of
chromatin de-condensation by HDACi in mouse
melanoma cell line B16-F1 inhibits cell migration (66).
Taken together, these studies indicate that the effects of
H1 subtypes as well as the role of overall H1 levels and
general chromatin condensation on cancer cell properties
are multifaceted and context dependent. Our findings
that distinctive expression patterns of H1 subtypes
discriminate ovarian adenomas from adenocarcinomas
extend the roles of H1 variants into ovarian cancer, and
suggest that a further investigation of the functional roles
of specific H1 subtypes in ovarian cancer cells is
warranted.
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