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Figure 4. Enrichment of transcription factor recognition motifs in the tissue-specific hypomethylated regions. Each row represents a cis-regulatory module
family with significant over-representation relative to a random set of mammalian promoters (Z-score > 8.0). Each column represents a tissue type. Four
tissues (oral mucosa, liver, blood and skeletal muscle) show some specific enrichment of their master regulators binding motifs, respectively.
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Figure 5. Hierarchical clustering analysis of human somatic tissues and normal cells. The dendrogram in the upper panel was obtained on the basis of the repre-
sentative gene sets of tissue-specific hypomethylation using average linkage correlation. Each row represents a CpG locus (250 tissue-specific hypomethylation
for each) and each column represents.a sample. The colored boxes above the dendrogram indicate the nature of the samples; human somatic tissues (blue), human
ES cells (red), human iPS$ cells (orange) and human primary fibroblast (green). The color scale bar at the right side shows the percentage of the methylation level
(0—100%).

Active demethylation is observed in the paternal genome of an  such as imprinting control regions and centromeric and peri-
embryo during the first few days (33,34). In this process, centromeric heterochromatin (35). Although recent reports
demethylation occurs globally except for the limited foci suggested the ten-eleven translocation (TET) family proteins,
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Figure 6. In vitro demethylation of liver-specific hypomethylated genes during hepatic differentiation (A) RT—PCR analysis of endodermal and hepatic differ-
entiation markers in ES cells and differentiated cells (B) Global comparison among undifferentiated ES cells and differentiated cells, human fetal liver, adult
liver and HepG2 cells. Liver-specific hypomethylated genes are indicated as red dots, overlapping with the others (blue). (C) Examples of gradually demethy-
lated genes during in vitro differentiation into hepatic lineages. The bar graphs show the methylation levels of the genes that show gradual demethylation (~20%
decrease) in day 21 of in vitro differentiation. (D) The liver-specific hypomethylated region around the APOA! gene. In the upper panel of the UCSC browser,
nine black boxes indicate the position of PCR amplicons in a MassARRAY analysis. The methylation levels around the 4POA4I gene among ES cells and adult

liver tissues are shown in the lower panel.

TET1, TET2 and TET3, are candidate proteins responsible
for the erasure process through an oxidative demethylation
pathway (32,36), further investigations are needed. The unex-
pected dynamics of DNA methylation during cellular differen-
tiation might give us an important clue to elucidate the
mechanism of cell fate determination during embryogenesis.
An alternative explanation for the tissue-specific demethyla-
tion seen in CpG-poor promoters is passive demethylation,

which is usually observed in asymmetric. cell division or
highly proliferating cells like cancer cells. Inhibiting mainten--

ance of cytosine methylation of the template strand could
result in dilution of methylation in differentiated daughter
cells. According to this scenario, transcription factor-related
inhibition of DNA methyltransferase at the timing of cell div-
ision might be necessary because the developmental hypo-
methylation we observed here occurs not in a genome-wide

manner but in a regional manner. Indeed, the enrichment of

transcription factor-binding motifs is seen at the demethylated
‘regions in a tissue-specific manner. Recently, it was shown
- that mitotically retained transcription factors are associated

with the asymmetric cell division in some contexts (37,38).
If sustained binding of transcription factors inhibits propa-
gation of DNA methylation into the newly synthesized
strand, transcription factor-driven demethylation will be inher-
ited in proliferating cells. In our study, we examined in vitro
differentiation in a series of promoters and found that a

“wave of demethylation develops from the TSS of APOAI

and ITIH3 promoters. Once the binding of transcription
factors at demethylated regions induces gene expression in
the tissue progenitor cells, sustained induction in response to
appropriate extrinsic stimuli may result in loss of propagation
of ‘DNA methylation marks in the promoter regions for
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long-lasting maintenance of a transcriptionally active state.
Subsequently, in this model, chromatin conformation
changes in terminally differentiated cells would expand the
demethylated regions and contribute to the establishment of
stable and highly efficient expression of specific gene subsets.

Growing evidence suggests that forced induction of master
regulator genes has the potential to change the fate of
lineage-restricted cells, even in terminally differentiated cells
(39-41). We identified restoration of methylation during
reprogramming into iPS cells. The feasibility of cell repro-
gramming suggests that differentiated cells still have much
more plasticity in the epigenetic status including DNA methyl-
ation than we had expected. Further analysis of methylation
changes might provide novel insight into mechanisms that
will generate a transcriptional repertoire for variable cell
lineages and give us useful clues to control cell fate fixation,
which might be applicable for regenerative medicine.

MATERIALS AND METHODS

Genomic DNA from human normal tissues

Frozen tissues of the brain, lung, liver and kidney were obtained
from surgical specimens. Patients undergoing surgical resection
at the Tokyo University General Hospital provided tissue after
obtaining informed consent. Buccal swabs of oral mucosa, per-
ipheral blood and placental tissue were from healthy volunteers.
This study was certified by the Ethics Committee of Tokyo Uni-
versity. Genomic DNA from these clinical samples was
extracted using the QIAamp DNA Mini Kit (QIAGEN).
Genomic DNA of further individuals was purchased from Bio-
Chain (details are listed in Supplementary Material, Table S1).
For the methylation-negative control, totally unmethylated
genomic DNA was synthesized by a whole-genome amplifica-
tion system, GenomiPhi (GE healthcare). For a positive
control, fully methylated genomic DNA was generated by
Sss.] CpG methylase (New England Biolabs) treatment of
lymphocyte DNA.

Human ES cell lines

Human ES cell lines, KhES1, KhES2, KhES3, KhES4, were
established and maintained as described previously (42).
Human ES cell lines (H1, H9) and human iPS cell lines
[iPS(IMR90)-1 and iPS(IMR90)-4] were obtained from
WiCell Research Institute. HES3 cell line was obtained from
ES Cell International.

Briefly, undifferentiated human ES cells were maintained
on a feeder layer of MEF in DMEM/F12 (Sigma) sup-
plemented with 20% KSR, 1-Glu, NEAA and $-ME under
3% CO,. To passage ES cells, ES cell colonies were detached
from the feeder layer by treatment with 0.25% trypsin and
0.1 mg/ml of collagenase IV in PBS containing 20% KSR
and 1 mm of CaCl, at 37°C for 5 min, followed by the
addition of culture medium. ES cell clumps were disaggre-
gated into smaller pieces by gentle pipetting.

An in vitro differentiation experiment was performed
following the reported method, with some modification (43).
Briefly, KhES3 cells were cultured in differentiation medium
[RPMI supplemented with human recombinant activin A
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(100 ng/ml) and defined FBS]. FBS concentrations were 0%
for the first 24 h, 0.2% for the second 48 h and 2.0% for sub-
sequent days of differentiation. Media were replaced every 2
days with fresh differentiation medium supplemented with
growth factors. ES cells were cultured in differentiation
medium (DMEM supplemented with 10% KSR, Dex and
HGF) for up to 30 days.

Methylation profiling

Methylation status was analyzed using HumanMethylation27
BeadChip (Illumina). Genomic DNA for methylation profiling
was quantified using the Quant-iT dsDNA BR Assay Kit (Invi-
trogen). Five hundred nanograms of genomic DNA was
bisulfite-converted using an EZ DNA Methylation Kit
(Zymo Research). The converted DNA was amplified, frag-
mented and hybridized to a BeadChip according to the manu-
facturer’s instructions. The raw signal intensity for both
methylated (M) and unmethylated (U) DNA was measured
using a BeadArray Scanner (Illumina). The methylation
level of the each individual CpG is obtained using the
formula (M)/(M)+(U)+100 by the GenomeStudio (Illumina).

Quantitative methylation analysis using the MassARRAY
system

Bisulfite treatment of genomic DNA was performed using an
EZ Methylation Kit (Zymo Research). Primer sequences are
given in Supplementary Material, Table S4. This system uti-
lizes MALDI-TOF mass spectrometry in combination with
RNA base-specific cleavage (MassCLEAVE). A detectable
pattern is analyzed for the methylation status. Mass spectra
were acquired using a MassARRAY Compact MADLI-TOF
(Sequenom) and spectra’s methylation ratios were generated
using Epityper software v1.0 (Sequenom).

Bisulfite sequencing

Bisulfite sequencing analysis was performed as described pre-
viously (44). Bisulfite treatment of genomic DNA was per-
formed using an EZ Methylation Kit (Zymo Research). All
primer sequences and melting temperatures for the polymerase
chain reaction (PCR) are given in Supplementary Material,
Table S4. PCR amplicons were subcloned into the pGEM-T
vector (Promega). Clones were sequenced using PRISM3100
Sequencer (Applied Biosystems).

RNA extraction and gene expression microarray analysis

Genome-wide analysis of mRNA expression levels using
U133plus2.0 human expression array® (Affymetrix) was
done essentially as described previously (45). Briefly, total
RNA was isolated using TRIzol reagent (Invitrogen), accord-
ing to the manufacturer’s instructions. One microgram of RNA
was used for the generation of double-stranded cDNA with the
SuperScript Double-Stranded ¢DNA Synthesis Kit (Invitro-
gen) according to the manufacturer’s protocol. Double-
stranded cDNAs were hybridized to the microarray.
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Reverse transcription—polymerase chain reaction analysis

RNA extraction and reverse transcription—polymerase chain
reaction (RT—PCR) were done as described (46). Total RNA
was extracted using TRI Reagent (Sigma-Aldrich) or the
RNeasy micro-kit (Qiagen) and then treated with DNase
(Sigma-Aldrich). Three micrograms of RNA was reverse-
transcribed using Moloney Murine Leukemia Virus reverse
transcriptase  (Toyobo, Japan) and oligo(dT) primers
(Toyobo). The primer sequences are shown in Supplementary
Material, Table S4. The PCR conditions for each cycle were as
follows: denaturation at 96°C for 30 s, annealing at 60°C for
2's and extension at 72°C for 45 s. RT—PCR products were
separated by 5% non-denaturing polyacrylamide gel electro-
phoresis, stained with SYBR Green I (Molecular Probes),
and visualized using a Gel Logic 200 Imaging System
(Kodak).

Definition of probe classes and promoter classes

We classified 27 578 probes into three categories: HCG, ICG
and LCG. Each probe position was defined with respect to
the position of a given CpG site. We determined the GC
content and the ratio of observed versus expected CpG dinu-
cleotides in a surrounding 500 bp window. The CpG ratio
was calculated using the following formula: (number of
CpGs x number of bp) (number of Cs x number of Gs).
Three categories of probes were determined as follows: (i)
HCGs (8098 probes) covering a 500 bp area with a CpG
ratio above 0.75 and GC content above 55%; (ii) LCGs
(8374 probes) excluded from a 500 bp area with a CpG ratio
above 0.48; and (iii) ICGs (11 106 probes) that could not be
categorized as either HCGs or LCGs.

Clustering analysis

To analyze the similarity of the methylation levels among
human somatic tissues, ES cells and iPS cells, we used the
data set of tissue-specific hypomethylation selected in
Figure 2A for the cluster analysis. We applied a hierarchical
clustering algorithm using the uncentered correlation coeffi-
cient as the measure of similarity and average linkage cluster-
ing (47) and visualized the dendrogram and the heatmap using
TreeView (48).

GO functional annotation analysis

GO functional annotations for differentially hypomethylated
and hypermethylated gene sets were performed using the
Database for Annotation, Visualization and Integrated Discov-
ery (DAVID) Bioinformatic Resources v6.7 (http://niaid.abcc.
nciferf.gov/ home.jsp). The lists of 250 gene symbols that
show specific hypermethylation or hypermethylation for each
tissue were submitted and DAVID default population back-
ground (Homo sapiens) was chosen to detect significantly
over-represented GO  biological processes (GOTERM
BP-FAT). P-values were calculated by a modified Fisher’s
exact test and adjusted for multiple hypotheses testing using
Bonferroni correction. The three GO terms with the most

significant P-value and the number of genes involved in the
term were listed for each tissue.

Enrichment analysis of transcription factor-binding motifs

To determine over-represented transcription factor-binding
sites in tissue-specific hypomethylated and hypermethylated
regions, sequences around the probe within a 500 bp
window were screened for the presence of binding sites
using Genomatix RegionMiner (http://www.genomatix.de,
matrix library version 7.1). The number of binding site
motifs was determined and over-representation over the back-
ground of random mammalian promoter sequences was calcu-
lated as the Z-score. Transcription factor families with a
Z-score greater than 8.0 were considered highly significant.
The Z-scores of these representative TF modules are visual-
ized in the heatmap using TreeView (48).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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Although the existence of tumor-initiating cells (T-ICs) in several
types of human cancer has been documented, the contribution of
somatic stem cells to the development of T-ICs has remained un-
clear. Here, we show that normal mouse ovary contains epithelial
cell adhesion molecule (EpCAM)-expressing stem-like cells that
possess the ability to differentiate into cytokeratin 8 (CKS$)-
expressing epithelial progeny cells. Furthermore, RNA interfer-
ence-mediated transient depletion of the tumor suppressor p53
followed by retrovirus-mediated transfer of c-Myc and K-Ras
oncogenes in EpCAM-expressing ovarian stem-like cells resulted
in the generation of ovarian T-ICs. The established ovarian T-ICs
gave rise to hierarchically organized lethal tumors in vivo and
were able to undergo peritoneal metastasis. Finally, subsequent
RNA interference-mediated knockdown of p53 in tumor cells trig-
gered the expansion of EpCAM-expressing stem-like tumor cells
and induced further tumor growth. These data reveal a role for
p53 in the development and expansion of ovarian stem-like tumor
cells and subsequent malignant progression.

Introduction

Ovarian cancer is the leading cause of death from gynecological
malignancies. The clinical outcome of women with advanced ovarian
cancer is poor even after treatment with aggressive surgery and in-
tensive chemotherapy. Even though the cancer may respond to pri-
mary therapy, most tumors undergo relapse in the peritoneal cavity
- that is associated with chemoresistant residual cells (1). Although
human ovarian tumor-initiating cells (T-ICs) have not been fully char-
acterized, such stem-like cancer cells are thought to play a key role in
chemoresistance and relapse of cancer. Improved targeted gene ther-
apies and chemosensitization strategies are therefore needed to erad-
icate T-ICs in ovarian cancer. Ovarian cancer research has been
hampered, however, by a lack of appropriate model systems with
which to investigate the molecular mechanisms of tumor initiation
and progression in relation to the biology of somatic stem cells and
T-ICs.

Abbreviations: CK8, cytokeratin 8; CSC, cancer stem cell; DMEM, Dulbec-
co’s modified Eagle’s medium; EpCAM, epithelial cell adhesion molecule;
GFP, green fluorescent protein; KuO, Kusabira Orange; mRNA, messenger
RNA; OSE, ovarian surface epithelium; PCR, polymerase chain reaction;
RT, reverse transcription; siRNA, small interfering RNA; TBS, Tris-buffered
saline; T-IC, tumor-initiating cell.

Evidence suggests that human cancers are derived from somatic
stem cells and are composed of hierarchies of cells sustained by T-ICs
(2,3). Whereas most ovarian epithelial cancers are thought to arise
from the ovarian surface epithelium (OSE) (4,5), the cells of origin for
such tumors have remained obscure (6,7). The identification of cell
surface markers common to ovarian epithelial stem cells and T-ICs
may provide insight into the origin of T-ICs.

Epithelial cell adhesion molecule (EpCAM) (8,9), also known as
epithelial-specific antigen, is a type I transmembrane glycoprotein
that is expressed specifically in epithelial tissues and is overexpressed
in some epithelial cancers (10,11). In normal tissues, EpCAM is ex-
pressed in several types of epithelial stem/progenitor cells and con-
tributes to tissue development (12-14). On the other hand,
a subpopulation of EpCAM-positive (EpCAMFPOS) cells has been
identified as T-ICs in human colon (15), breast (16), liver (17) and
pancreatic (18) cancers. In addition, increased EpCAM expression in
human ovarian cancer has been associated with poor clinical outcome
(19). Those data suggest the possibility that EpCAM is a common
marker for epithelial cells and T-ICs in ovarian tissue.

Genetic alterations of oncogenes and tumor suppressor genes have
been implicated in ovarian cancer formation and progression (1).
Proto-oncogenes such as those for c-Myc and K-Ras are often ampli-
fied, overexpressed or mutated in ovarian epithelial cancer (1,20,21),
whereas dysfunction of signaling by the tumor suppressor p53 path-
way has been identified as the most common defect in high-grade
serous or undifferentiated adenocarcinoma of the ovary (22,23).
Whether p53 dysfunction plays a role in the generation or affects
the behavior of ovarian T-ICs has remained unknown, however. In-
vestigation of the roles of p53 signaling in T-ICs and in their precursor
cells will require the establishment of appropriate ovarian cancer
models.

In the present study, we identify a subpopulation of EpCAMPOS
cells as candidate ovarian epithelial stem-like cells and we were able
to generate ovarian T-ICs from these cells. We also found that
EpCAMPFOS cells isolated from hierarchically organized ovarian tu-
mors possess cancer stem cell (CSC) traits and are regulated by p53.

Materials and methods

Mice

C57BL/6 mice were obtained from CLEA Japan and were bred and maintained
according to institutional guidelines. All animal experiments were performed
in accordance with protocols approved by the animal ethics committee of Keio
University.

Cell preparation

Opvarian tissues were surgically isolated from 7-week-old C57BL/6 mice and
dissociated by incubation for 3—4 h at 37°C with collagenase (300 U/ml) and
hyaluronidase (100 U/ml). Red blood cells in the tissue digest were lysed by
exposure to NH4Cl. A single-cell suspension was obtained by sequential dis-
sociation of the remaining tissue fragments by gentle pipetting in the presence
of dispase (5 mg/ml) and DNase (0.1 mg/ml) followed by filtration through
a 40 pum nylon mesh. All reagents were from STEMCELL Technologies
(Vancouver, Canada).

Flow cytometry

Cell sorting and flow cytometric analysis were performed with the use of
a FACSAria Cell Sorter (BD Biosciences, Tokyo, Japan) or Moflo flow cytom-
eter (DakoCytomation, Glostrup, Denmark). Cells were incubated with anti-
bodies for 15 min. APC-conjugated antibody to EpCAM (G8.8) and pacific
blue-conjugated antibodies to CD44 and to CD117 were obtained from
BioLegend (San Diego, CA). Sorted cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM)-F12 (Sigma, St Louis, MO) supplemented
with 10% FBS for further analysis.
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Small interfering RNA transfection

The sequences of small interfering RNA (siRNA, chimeric RNA-DNA) du-
plexes (Japan Bioservice, Saitama, Japan) were 5'-GUACUCUCCUCCCCU-
CAAUTT-3" and 5'-AUUGAGGGGAGGAGAGUACTT-3' for p53 siRNA
and 5'-CGUACGCGGAAUACUUCGATT-3’ and 5'-UCGAAGUAUUCCG-
CGUACGTT-3' for luciferase siRNA (GL-2, control). Cells were transfected
with the annealed siRNAs for 72 h in the presence of Lipofectamine RNAi
MAX reagent (Invitrogen, Tokyo, Japan).

Mouse ovarian tumor model

EpCAMFOS cells in the ovaries of 7-week-old mice were isolated by FACS and
were transfected with p53 siRNA in adherent cultures. Retroviruses encoding
human c-Myc or K-Ras®'?V were generated by transfection of Plat-
E-packaging cells with the retroviral vectors pMXs-c-Myc-IRES-enhanced
green fluorescent protein (GFP) (24) or pGCDN-K-Ras®!2V-IRES-Kusabira
Orange (KuO) (25) with the use of the FuGENE HD transfection reagent
(Roche, Mannheim, Germany). The isolated retroviruses were then used to
infect sorted EpCAMF©S cells in floating culture. The cells were then trans-
planted in 50 pl of DMEM-F12 into the left ovarian bursa of 7-week-old
syngeneic recipient mice.

Transplantation assays

Sorted tumor-derived cells were suspended in DMEM-F12 and injected ortho-
topically, intraperitoneally or subcutaneously into 7-week-old syngeneic fe-
male C57BL/6 mice. T-IC frequencies were estimated with the use of ELDA
software for limiting dilution analysis (26).

Histology and immunofluorescence analysis

Tissue was fixed in 10% buffered formalin, embedded in paraffin and sectioned
at a thickness of 4 pum. Sections were stained with hematoxylin and eosin for
histological analysis. For immunofluorescence staining, tissue sections were
incubated at room temperature for 30 min with Tris-buffered saline (TBS)
containing 0.2% Triton X-100 and for 60 min with TBS containing 3% bovine
serum albumin before exposure overnight at 4°C to primary antibodies diluted
in TBS containing 1.5% bovine serum albumin. The sections were then in-
cubated with Alexa Fluor 488- or Texas red-conjugated secondary antibodies
(Invitrogen, Carlsbad, CA) diluted in TBS containing 0.2% bovine serum
albumin and were mounted in Vectashield mounting medium containing
4',6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA). Cul-
tured cells were fixed with 4% paraformaldehyde and incubated at room tem-
perature for 60 min with primary antibodies, for 60 min with appropriate
secondary antibodies and for 5 min with Hoechst 33342 (Invitrogen) for de-
tection of nuclei. Sections and cells were viewed with a Biorevo BZ-9000
fluorescence microscope (Keyence, Tokyo, Japan). EpCAM was detected with
the rat monoclonal antibody G8.8 (Santa Cruz Biotechnology, Santa cruz, CA),
cytokeratin 8 (CK8) was detected with rabbit polyclonal antibodies (Abcam,
Cambridge, UK), and CA125 was detected with rabbit polyclonal antibodies
(Abbiotec, San Diego, CA).

In vivo fluorescence imaging

Twenty-four hours before tumor imaging, mice were injected intravenously
with 2 nmol of IntegriSense 750 (VisEn Medical, Bedford, MA). Imaging was
performed with the use of an in vivo fluorescence imager ClairvivoOPT
(Shimadzu Corporation, Kyoto, Japan) with a 785 nm laser diode for excitation
and an 845/855 nm band-pass filter for detection of IntegriSense 750
fluorescence. For quantitative comparisons, the total fluorescence signal in-
tensities in the region of interest corresponding to each tumor were determined.

Sphere-forming assay

Sorted EpCAMFOS cells or tumor-derived cells were seeded in low-attachment
plates and grown in serum-free DMEM-F12 supplemented with 20 ng/ml
epidermal growth factor, 10 ng/ml basic fibroblast growth factor (Peprotech,
Rocky Hill, NJ) and B27 (1:50; Gibco, Karlsruhe, Germany). The number of
spheres generated by sorted normal EpCAMPOS cells or tumor-derived cells
were counted after 7 or 5 days, respectively.

reverse transcription-polymerase chain reaction analysis

Total RNA was extracted from sorted EpCAMPOS cells or primary tumor-
derived cells with the use of Isogen (Nippon Gene, Tokyo, Japan) and was
subjected to reverse transcription (RT)-polymerase chain reaction (PCR) anal-
ysis with specific primers; GAPDH messenger RNA (mRNA) was examined as
an internal control. Quantitative RT-PCR analysis was performed with the use
of the Thermal Cycler Dice Real Time System (Takara Bio, Tokyo, Japan). The
amplification protocol comprised an initial incubation at 95°C for 2 min, 40
cycles of 95°C for 30 s and 60°C for 30 s, followed by dissociation curve
analysis to confirm specificity. Primer sets for RT-PCR analysis (forward and
reverse, respectively) were as follows: p53, 5'-GCCAAGTCTGTTATGTG-
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CAC-3' and 5'-GCTGTGACTTCTTGTAGATG-3'; MUCI6, 5'-TGCCACC-
TACCAGTTGAAAG-3’ and 5'-GTACCGCCAAGCAGATGAG-3'; EpCAM,
5’-AGACTGTGTCTGTGACAACTACAAG-3' and 5'-GTCATTTCTGCTTT-
CATCGCCAA-3'; CD44, 5'-AATTCCGAGGATTCATCCCA-3" and 5'-CGC
TGCTGACATCGTCATC-3'; CDI117, 5'-GACGCAACTTCCTTATGATC-3’
and 5'-TGGTTTGAGCATCTTCACGG-3'; Shail, 5'-GCCGGAAGCCCAAC-
TATAGCGA-3' and 5'-AGATGAGGGCAGCG-3'; Slug, 5'-ATCGTCGG-
CAGCTCCACT-3’" and 5'-GTCACTAATGGGACTTTCTGAACCACT-3';
Twist, 5'-CGGGTCATGGCTAACGTG-3’ and 5'-CAGCTTGCCATCTTG-
GAGTC-3" and GAPDH, 5'-GTGAAGGTCGGTGTGAACG-3’ and 5'-GAC-
CATGTAGTTGAGGTCAATG-3’ (quantitative RT-PCR), 5'-GTGAAGGTCG
GTGTGAACG-3' and 5'-CTCACCCCATTTGATGTTAGTG-3' (semiquanti-
tative RT-PCR).

Establishment of mouse ovarian tumor cell lines expressing human EpCAM
protein

The full-length human EpCAM (hEpCAM) complementary DNA was ampli-
fied by PCR from the complementary DNA of HCT116 cells by the following
primers: EpCAM-sense (5'-CCGCTCGAGATGGCGCCCCCGCAGGTCC-
3’) containing an Xhol site (underlined) and EpCAM-antisense (5'-ATAA-
GAATGCGGCCGCTTATGCATTGAGTTC-3’) containing a Notl site
(underlined). The PCR fragments were digested with Xhol and Notl and then
ligated into pMXs-IG expression plasmids (27). Retroviral gene transfer into
EpCAMNES tumor cells was performed as described previously (24). hEp-
CAM-expressing cells were sorted with APC-conjugated antibodies to human
EpCAM (Miltenyi Biotec, Auburn, CA) using Moflo flow cytometer.

Immunoblot analysis

Immunoblot analysis was performed as described previously (28). In brief,
equal amounts of cell lysate protein were subjected to sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis, transferred to a nitrocellulose mem-
brane and exposed to anti-EpCAM antibody (R&D systems, Minneapolis,
MN). Immune complexes were detected with Chemiluminescence Reagent
Plus (PerkinElmer Japan, Yokohama, Japan).

Matrigel invasion assay

BD BioCoat Matrigel Invasion Chambers (BD Biosciences, Bedford, MA) were
used in accordance with the manufacturer’s instructions. Established mouse
ovarian tumor cells (5 x 10% in serum-free DMEM-F12 were seeded onto
Matrigel-coated filters in the upper chambers. In the lower chambers, DMEM-
F12 containing 10% FBS was added as a chemoattractant. After 24 h of
incubation, cells on the upper surface of the filters were removed with a cotton
swab, and the filters were fixed with 100% methanol and stained with Diff-Quik.
The invasive ability of the tumor cells was expressed as the mean number of cells
in three fields.

Statistical analysis

Data are presented as means + SDs and were analyzed with the unpaired
Student’s #-test. A P value of <0.05 was considered statistically significant.

Results

EpCAM as a potential marker for epithelial stem-like cells in adult
mouse ovary and expansion of ovarian stem-like cells induced by p53
depletion in vitro

The identity of epithelial stem cells responsible for the maintenance
and regenerative repair of the adult ovarian epithelium has remained
unclear. Given that EpCAM is a marker of several types of stem cell
(13,14,29), we examined the expression of EpCAM in the normal
mouse ovary. Immunohistofluorescence analysis revealed that most
EpCAMEFOS cells were located near the OSE, a single layer of cells
that covers the surface of the ovary, as well as in the ovarian medulla
near blood vessels (Figure 1A). EpCAM expression was largely
undetectable in OSE cells, which express CK 8 at a high level (Fig-
ure 1A), suggesting that EpCAMPOS ovarian cells are distinct from
differentiated epithelial cells of the OSE. Flow cytometric analysis
with antibodies to EpCAM revealed that the frequency of EpCAM-
POS cells in the adult ovary ranged from 2.9 to 3.9% of total cells
(mean of 3.6%) (Figure 1B). For examination of the differentiation
capacity of EpCAMP©S cells, sorted EpCAMPFOS cells were cultured
on Matrigel, a reconstituted basement membrane, for 10 days. In-
dividual EpCAMPOS cells formed multicellular spherical structures
consisting of EpCAMPOSCK8POS and OSE-like EpCAMNEGCK 8POS
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cells (Figure 1C), whereas EpCAMNES cells failed to form CK8POS.

spherical cysts. These results thus suggested that EpCAMPOS ovar-
ian cells are able to form an ‘OSE-like structure composed by Ep-
CAMNEGCKSPOS cells on reconstituted basement membrane.
Furthermore, culture of sorted EpCAME®S or EpCAMNES cells in
culture dishes in the presence of FBS revealed that EpCAM expres-
sion was downregulated in adherent cells and that more CK8FOS
cells were derived from EpCAMFOS cells than from EpCAMNEG
cells (Figure 1D), suggesting that the EpCAMPOS cell population
might contain epithelial stem or progenitor cells that give rise to the
OSE: To test:this hypothesis, we examined whether the EpCAMPOS

cell population contains stem-like cells with sphere-forming ability.
Sorted EpCAMFOS cells seeded on low-attachment plates in serum-
free medium supplemented with epidermal growth factor, basic
fibroblast growth factor and B27 formed non-adherent spherical
clusters of cells within several days after plating (Figure 1E), sug-
gesting that EpCAMPOS cells indeed include stem-like cells that
possess sphere-forming ability.

Given that loss of pS3 expression increases the size of stem cell
populations (30), we examined the effect of RNA interference-medi-
ated depletion of pS3 (supplementary Figure 1 is available at Carci-
nogenesis Online) on sphere formation by sorted EpCAMFOS cells.
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EpCAMFOS cells transfected with a siRNA specific for p53 mRNA
yielded more and larger spheres under non-adherent conditions com-
pared with those transfected with a control siRNA (Figure 1E). This
result thus suggested that p53 controls the expansion of EpCAMFOS
epithelial stem-like cells.

Transient suppression of p53 followed by retroviral transduction of
oncogenes in EpCAMFOS cells generates stem-like tumor cells that
give rise to lethal ovarian tumors

Normal stem cells and progenitor cells are candidates for cells of
origin of T-ICs (2,31). We therefore attempted to generate ovarian
T-ICs by the introduction of oncogenes into sorted EpCAMPFOS cells
with a retroviral gene delivery system. Given that knockdown of p53
induced expansion of stem-like cells in the EpCAMFOS population,
we transfected the sorted EpCAMPOS cells with p53 siRNA before
their infection with a retrovirus encoding c-Myc plus GFP as a marker
(24) or with a retrovirus encoding the K-Ras®!?V mutant plus human-
ized KuO as a marker (25) (Figure 2A). Immunofluorescence analysis
revealed that the efficiency of retroviral infection was higher in cells
transfected with p53 siRNA than in those transfected with control
siRNA (Figure 2B), suggesting that p53 ablation increased the rate
of retroviral infection in EpCAMFPOS cells. We next examined the
ability of the retrovirus-infected EpCAMPOS cells (5 x 10%) to form
ovarian tumors in vivo by transplanting the cells into the ovarian bursa
of syngeneic immunocompetent mice. Only cells depleted of p53 and
infected with both the c-Myc and K-Ras®!?V retroviruses formed
lethal ovarian tumors in vivo (Figure 2C and D), suggesting that
suppression of p53 expression is essential for oncogene-induced
transformation of sorted EpCAMFOS cells. The established ovarian
tumors spread from the ovary to the intraperitoneal and retroperito-
neal organs, resulting in massive abdominal distension by hemor-
rhagic ascites, within 4-5weeks after transplantation (Figure 2E).
These results thus suggested that transient knockdown of p53 together
with forced expression of both c-Myc and K-Ras%!2Y was able to
transform EpCAMPOS cells isolated from adult mouse ovary.

To examine the characteristics of cells derived from the primary
ovarian tumors, we sorted tumor cells positive for both GFP and KuO
(supplementary Figure 2A is available at Carcinogenesis Online) and
assayed these cells for sphere-forming ability. The tumor-derived
cells indeed formed spheres (supplementary Figure 2B is available
at Carcinogenesis Online), with cells of these spheres also forming
new spheres on serial passage in vitro, and they gave rise to histolog-
ically similar tumors on serial allograft passage in vivo (Figure 2F,
supplementary Figure 2C, available at Carcinogenesis Online). Fur-
thermore, Matrigel invasion analysis revealed that tumor-derived cells
show highly invasive character when cells were incubated in
FBS-containing medium (supplementary Figure 2D is available at
Carcinogenesis Online). Thus, the established ovarian tumors contain
stem-like tumor cells and invasive tumor cells.

The established ovarian tumors expressed CA125 (supplementary
Figure 2E is available at Carcinogenesis Online), which is a marker of
human ovarian epithelial cancer (1) and CK8 (supplementary Figure
2F is available at Carcinogenesis Online). RT-PCR analysis also
revealed that the abundance of MUCI6 (CA125) mRNA was in-
creased in primary tumor-derived cells compared with normal Ep-
CAMPOS cells (Figure 2G), indicating that an increase in MUCI16
gene expression is associated with ovarian epithelial tumorigenesis
in this model. We confirmed that the p53 gene was not mutated in the
established ovarian tumor cells by DNA sequence analysis.

Established mouse ovarian tumors harbor EpCAMFTOS stem-like
tumor cells

To investigate whether the established mouse ovarian tumors are or-
ganized as hierarchies of cells sustained by T-ICs, we subjected
tumor-derived cells to flow cytometric analysis with antibodies to
EpCAM. EpCAMFOS tumor cells constituted 5.3-13.8% (mean of
10.4%) of the GFP and KuO double-positive cell population of
primary ovarian tumors (Figure 3A). To compare the tumorigenic
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potential of EpCAMPOS and EpCAMNES tumor cells, we sorted Ep-
CAMPOS and EpCAMNES primary tumor cells and serially trans-
planted them orthotopically into syngeneic mice. EpCAMFOS tumor
cells developed secondary ovarian tumors at a frequency of 83.3%
(five of six) with as few as 10 cells. In contrast, >500 EpCAMNEG
tumor cells were necessary to initiate lethal ovarian tumor formation
(Table I, supplementary Figure 3A is available at Carcinogenesis On-
line). Furthermore, secondary ovarian tumors generated by EpCAM-
FOS primary tumor cells contained a percentage of EpCAMPOS cells
similar to that apparent for primary tumors (Figure 3A). These results
suggested that highly tumorigenic EpCAMPOS tumor cells give rise to
less tumorigenic EpCAMNEG cells in vivo, possibly through
differentiation.

To examine further the change in the EpCAMPOS population in
primary tumor-derived cells, we cultured sorted EpCAMNES or Ep-
CAMPOS tumor cells in vitro for 2 weeks. Although only a few Ep-
CAMPOS tumor cells arose from the EpCAMNEG population,
EpCAMMNEG tumor cells frequently emerged from the EpCAMPOS
population (Figure 3A), suggesting that the established ovarian tu-
mors are hierarchically organized and that EpCAMPOS tumor cells
give rise to EpCAMNES tumor cells. We next investigated the sphere-
forming ability of EpCAMFOS and EpCAMNEC tumor cells sorted
from primary ovarian tumors. The sphere-forming activity of Ep-
CAMPOS tumor cells was markedly greater than that of EpCAMNEG
tumor cells (Figure 3B), suggesting that EpCAMFOS tumor cells are
maintained in an immature state compared with EpCAMNES tumor
cells. Together, these data showed that EpCAMPOS tumor cells are
highly efficient at tumor initiation and possess the ability to
differentiate into EpCAMNES tumor cells.

Given that EpCAMPFOS cells in primary ovarian tumors showed the
characteristics of T-ICs, we next investigated the expression of CD44
and CD117, which were reported to be markers of human ovarian T-
ICs (32), by flow cytometric analysis and quantitative RT-PCR. We
found that EpCAMP®S tumor cells manifested high expression of
CD44 and CD117 compared with EpCAMNEG cells (Figure 3C, sup-
plementary Figure 3B is available at Carcinogenesis Online),
suggesting that these are common markers for human and mouse
ovarian T-ICs.

EpCAM expression enhances the tumor-initiating ability and is
regulated by c-Myc and K-Ras oncogenes in ovarian stem-like cells

To examine whether EpCAM expression impacts tumor-initiating
ability of ovarian tumor cells, we expressed human EpCAM in Ep-
CAMNEG tumor cells (supplementary Figure 3C is available at Car-
cinogenesis Online). Forced expression of EpCAM enhanced tumor
initiation ability in less tumorigenic EpCAMNEC cells (Table I),
suggesting that EpCAM expression plays a role in ovarian tumor
formation.

To elucidate the mechanism underlining both c-Myc and K-
Ras®12V-induced conversion of ovarian stem-like cells, we next in-
vestigated the expression of EpCAM mRNA in ovarian stem-like cells
transduced with c-Myc and K-Ras®!2V. Transduction of both c-Myc
and K-Ras®'2V maintained high expression of EpCAM in ovarian
stem-like cells compared with transduction of c-Myc or K-Ras®12V
alone (supplementary Figure 3D is available at Carcinogenesis On-
line). These results suggested that c-Myc and K-Ras®!2V oncogenes
co-operatively induce EpCAM expression leading to the promotion of
tumor-forming ability in ovarian tumor cells.

EpCAMPOS stem-like tumor cells have a high potential for peritoneal
metastasis

Given that a key clinical characteristic of human ovarian cancer is its
capacity for peritoneal metastasis, we next attempted to generate
a mouse model of such metastasis by intraperitoneal injection of estab-
lished ovarian T-ICs. IntegriSense in vivo imaging, which is able to
detect integrin avP3 expressing newly sprouting vasculature in tumor
and thereby quantify tumor size, revealed that primary tumor-derived
EpCAMFOS cells generated extensive disseminated tumors within
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2 weeks of injection (Figure 4A). In contrast, primary tumor-derived
EpCAMPNEG cells showed little ability to form disseminated tumors
in the peritoneal cavity (Figure 4A). Consistent with the results
obtained with the IntegriSense in vivo imaging system, the total
weight of disseminated tumors generated by EpCAMPOS tumor cells
was significantly higher than that of those generated by EpCAMNEG
tumor cells (Figure 4B). Furthermore, these disseminated tumors

invaded intraperitoneal and retroperitoneal organs including the
omentum, intestine and kidneys (Figure 4C). Together, these obser-
vations suggested that EpCAMFOS tumor cells, but not EpCAMNEG
tumor cells, play a key role in peritoneal dissemination. Transplan-
tation of EpCAMPFOS T-ICs combined with the use of a non-invasive
and quantitative fluorescence imaging system thus proves a useful
model for the study of peritoneal metastasis.
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(ii). EpCAMNES (iii) and EpCAMFOS (iv) cells derived from a primary ovarian tumor were maintained under adherent culture conditions for 2 weeks and then
analyzed for EpCAM expression by flow cytometry. Shaded profiles were obtained with an isotype-matched control antibody. (B) Sphere-forming ability of sorted
EpCAMPOS and EpCAMNEC cells derived from primary tumors. Spheres were imaged by GFP and KuO fluorescence microscopy (scale bars, 500 um), and the
numbers of spheres formed from the indicated numbers of cells per well are presented as means + SDs from three independent expenments The number of spheres
formed with a diameter of >100 um was counted. **P < 0.01. ((C) Flow cytometric analysis of EpCAM, CD44 and CD117 expression in primary tumor-derived
cells. Cells were stained with antibody to EpCAM as well as Wlth antlbodles to CD44 or to CD117.

Given that EpCAMPOS tumor cells showed metastatic ability, we
next checked the expression of epithelial-mechenchymal transition
regulatory genes, Snail, Slug and Twist. The expression level of Snail
was- slightly higher in EpCAMPFOS cells than EpCAMNEG cells,

p53 regulates expansion of ovarian stem-like tumor cells and tumor

~ growth

whereas the expressions of Slug and Twist were not associated with

expression status of EpCAM (supplementary Figure 4 is available at
Carcinogenesis Online). Thus, metastatic behavior of -EpCAMPOS
tumor cells was not simply due to the expression levels of these
epithelial-mechenchymal transition regulatory genes.
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In epithelial ovarian cancer, mutation or loss of p53 function is one of
the most frequent genetic abnormalities (60-80%) (1) and high ex-
pression of EpCAM is correlated with poor prognosis (19). Further-
more, dysfunction of p53 pathway is frequently associated with
undifferentiated histology in several types of epithelial ovarian cancer
(23). Thus, we hypothesized that dysfunction of pS3 pathway contrib-
utes to the expansion of EpCAMFOS stem-like cells and thereby
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Table 1. In vivo tumorigenicity of primary tumor-derived EpCAMPOS-, EpCAMNEC. and hEpCAM-expressing EpCAMNES cells

Primary tumor-derived cells No. of transplanted cells

T-IC frequency (95% CI)

10 000 5000 1000 500 100 10
EpCAMFOS cells — 212 — 4/4 5/6 6.1** (2.6-15.7)
EpCAMMES cells 272 3/3 3/10 0/12 0/10 988.6 (527.7-1852.4)
'hEpCAM-expressing EpCAMNEC cells e e 5/5 4/5 2/5 45.2** (17.0-1204)

Primary tumor-derived EpCAMPOS and EpCAMNES tumor cells were separated by FACS as in Figure 3A. The indicated numbers of EpCAMFOS-, EpCAMNES- or
hEpCAM-expressing EpCAMNES tumor cells were injected into the ovarian bursa of syngeneic mice. The incidence of tumor formation within 6 weeks was scored.
Data represent the number of tumors per number of injections. T-IC frequencies were estimated with the use of ELDA software for limiting dilution analysis.

**P < 0.01
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Fig. 4. Peritoneal metastasis by EpCAMFOS tumor cells. (A) In vivo imaging of the IntegriSense signal in tumor-bearing mice. Representative volume renderings
taken at the same color gating are shown for tumor-bearing mice at 14 days after intraperitoneal injection of primary tumor-derived EprCAMPOS or EpCAMNEG
cells (2 x 10°). Total IntegriSense fluorescence (arbitrary counts) was also assessed at 14 days after cell injection, and the quantitative data are presented as means
+ SDs for five mice. **P < 0.01.(B) Total weight'of di‘ssex'n‘in‘ated tumors determined at 14 days after intraperitoneal injection of cells as in (A). Data are means +
SDs for five mice. **P < 0.01. (C) Paraffin-embedded sections of disseminated tumors generated by EpCAMFOS tumor cells were stained with H&E. Massive
renal and intestinal invasion is apparent. Dotted lines indicate demarcation-of the invasion front. Scale bars: 200 pm (left panel) or 500 pm (right panel).

impacts malignant behavior of epithelial ovarian cancer. To test this -

hypothesis, we next investigated whether p53-ablation might result in
expansion of the EpCAMFOS population among tumor cells and
thereby promote tumor growth (Figure 5A). Quantitative RT-PCR
analysis revealed that transfection of primary tumor-derived cells with
p53 siRNA resulted in depletion of p53 mRNA (Figure 5B). Flow
cytometric analysis showed that the size of the EpCAMFOS population
among these tumor-derived cells was increased by transfection with
p53 siRNA in vitro (Figure 5C), suggesting that'p53 restricts the
expansion of the EpCAMPOS cell population. To examine the effect
of this expansion of the EpCAMPOS population on ovarian tumor

development in vivo, we subcutaneously or orthotopically injected
tumor cells transfected with control or p53 siRNAs into recipient
mice. Tumor cells transfected with p53 siRNA showed enhanced
tumor growth compared with those transfected with control siRNA
(Figure 5D and E). Furthermore, Kaplan—Meier analysis revealed
that the survival of recipients orthotopically injected with tumor
cells transfected with p53 siRNA was reduced compared with that
of those transplanted with tumor cells transfected with control siR-
NA (Figure 5F). These results suggested that the increase of num-
bers of EpCAMFOS stem-like tumor cells by p53 ablation is
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associated with tumor growth and poor prognosis in mouse ovarian
cancer model.

To confirm that the enhancement of tumor growth by p53 knock-
down was indeed due to the expansion of stem-like tumor cells, we
investigated the frequency of stem-like tumor cells that possess
sphere-forming ability. Cells isolated from the secondary tumors
formed by the p53 siRNA-transfected cells yielded a significantly
larger number of spheres compared with those isolated from the sec-
ondary tumors formed by control siRNA-transfected cells (Figure
5G). This result provided further evidence that the enhanced growth
of tumors formed by p53 siRNA-transfected cells was associated with
expansion of stem-like tumor cells. Together, these results suggested
that the expansion of EpCAMFOS stem-like tumor cells by p53 abla-
tion enhances the malignant potential of epithelial ovarian cancer.

Discussion

We have identified a subpopulation of EpCAMPOS cells as candidates
for ovarian stem or progenitor cells that have the ability to yield CK8-
expressing epithelial progeny. Furthermore, we established a mouse
model of ovarian cancer by RNA interference-mediated transient
knockdown of p53 followed by retroviral transduction of c-Myc and
K-Ras®!2V oncogenes in primary mouse ovarian EpCAMPOS cells.
Established mouse ovarian tumors manifested a hierarchical
organization and contained stem-like tumor cells whose expansion
was promoted by additional p53 ablation.

In normal mouse ovary, EpCAM-expressing cells were found to be
localized predominantly in the proximity of the OSE and in the ovar-
ian medulla near blood vessels. The expression of EpCAM in primary
ovarian cells was downregulated after in vitro cultivation under nor-
mal conditions. Furthermore, EpCAMFOS ovarian cells, but not Ep-
CAMPNEG cells, gave rise to CK8-expressing epithelial progeny
in vitro. These findings are consistent with the results of previous
studies showing that EpCAM expression is upregulated in somatic
stem cells and is immediately downregulated during differentiation
(29,33). EpCAMFOS gvarian stem-like cells might therefore play arole
in the maintenance and regenerative repair of the OSE as a result of
their ability to yield CK8-expressing epithelial cells.

We also found that p53 knockdown induced the expansion of
sphere-forming stem-like cells and promoted efficient retroviral trans-
duction. Only EpCAMPFOS cells transfected with p53 siRNA formed
tumors when transduced with the combination of c-Myc and K-
Ras®'2V oncogenes. EpCAMPOS cells with normal pS3 gene expres-
sion thus failed to form tumors even when transduced with both of
these oncogenes. In addition, regardless of the level of pS3 expression,
EpCAMFOS cells transduced with only a single oncogene (c-Myc or
K-Ras®12Y) failed to form tumors. Together, these results indicated
that transient suppression of the p53 pathway predisposes EpCAMFOS
ovarian cells to transformation by c-Myc and K-Ras®!2V, Further-
more, we found that EpCAM expression enhanced the tumor-forming
ability in EpCAMNEG cells, indicating that EpCAM is a functional
marker for mouse ovarian T-ICs. Consistent with our results, it has
been recently reported that the expression of EpCAM confers the
tumor-forming ability to non-tumorigenic human embryonic kidney
293T cells (9). Taken together, c-Myc and K-Ras®1?V oncogenes en-
hance EpCAM expression and thereby promote the conversion of
p53-silenced stem-like cells into T-ICs.

Poorly differentiated human breast tumors were recently shown to
contain a higher number of CSCs than well-differentiated tumors,

suggesting that CSC content affects biological and molecular hetero-

geneity of cancers (34). The tumor suppressor p53 was found to
negatively regulate the self-renewal ability of CSCs as well as to
reduce CSC content in an ErbB2 transgenic model of breast cancer
(30). Furthermore, the absence of functional p53 has been shown to
enhance the yield of induced pluripotent stem (iPS) cells, suggesting
that p53 serves as a gatekeeper of self-renewal (35). In the present
study, we found that RNA interference-mediated depletion of p33
triggers the expansion of EpCAMPOS stem-like tumor cells that play
a key role in ovarian tumor development. In human ovarian cancer,

Generation of mouse ovarian stem-like tumor cells

p53 mutation and EpCAM expression are frequently observed (36),
and loss of p53 function has been associated with the pathogenesis of
high-grade serous or undifferentiated adenocarcinoma of the ovary
(37,38). Consistent with these clinical observations, ovarian carcino-
genesis models based on oncogene-induced transformation of cells in
which p33 is deficient or inactivated have been found to give rise to
the development of undifferentiated tumors (39-43). Together, these
findings suggest that dysfunction of the p53 pathway potentiates the
self-renewal ability of ovarian stem-like tumor cells and thereby
might affect the biological and molecular heterogeneity of ovarian
cancers.

In conclusion, our experimental mouse model should facilitate fur-
ther studies toward a comprehensive understanding of somatic stem
cells and CSCs in ovarian tissue. Ultimately, such studies will be
imperative to determine whether eradication of CSCs is critical for
effective therapy.

Supplementary material

Supplementary Figures 1-4 can be found at http://carcin.oxford
journals.org/
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Clinical Features of Early-Stage Nonhydropic
Mole for Diagnosis of Persistent

Trophoblastic Disease
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and Hidetaka Katabuchi, Mp, PhD

OBJECTIVES: To characterize the clinical features of
“nonhydropic” hydatidiform mole and to investigate re-
gression of serum human chorionic gonadotropin (hCG)
as an aid in detecting persistent trophoblastic disease
after nonhydropic hydatidiform mole.

METHODS: Our study included women with histologi-
cally diagnosed nonhydropic molar pregnancies. Women
did not exhibit macroscopic or characteristic ultrasono-
graphic appearances specific to hydatidiform mole. Re-
gression of serum hCG levels was compared with abor-
tions of nonmolar pregnancies, which were histologically
confirmed.

RESULTS: Among 34 nonhydropic molar pregnancies, 32
complete hydatidiform moles were analyzed, excluding
two partial hydatidiform moles. Compared with nonmo-
lar aborted pregnancies, pre-evacuation hCG levels were
significantly higher in the 32 complete hydatidiform
moles. The 32 molar pregnancies progressed to 24 cases
of spontaneous remission and eight cases of persistent
trophoblastic disease. Among patients with spontaneous
remission, the time at which serum hCG levels became
undetectable and the onset of first postabortion men-
struation were similar to those in patients who had
nonmolar abortions. In all patients who experienced
regression, serum hCG was undetectable after the third
postabortion menstruation. In all patients with persistent
trophoblastic disease, serum hCG levels exceeded 25
milli-international units/mL 4 weeks after evacuation.
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CONCLUSION: Without histological confirmation, it is
difficult to diagnose nonhydropic molar pregnancy based
solely on clinical presentation. Follow-up studies of se-
rum hCG levels 4 weeks after abortion and after the third
postabortion menstruation may aid in detecting impend-
ing persistent trophoblastic disease.

(Obstet Gynecol 2011;118:847-53)

DOI: 10.1097/A0G.0b013e31822adb8a

LEVEL OF EVIDENCE: I

Over the past two decades, early detection of first-
trimester pregnancy because of the widespread
use of transvaginal ultrasonography and increased
sensitivity in detecting reduced levels of human cho-
rionic gonadotropin (hCG) have resulted in earlier
diagnosis of hydatidiform mole. As a result, molar
pregnancies do not necessarily present with classical
symptoms such as enlarged uterus, preeclampsia, and
hyperthyroidism.! The classical sonographic appear-
ance of a complete mole has been described as a
multivesicular intrauterine structure. The ultrasono-
graphic appearance of a first-trimester molar preg-
nancy is nonspecific because the chorionic villi are
not hydropic; therefore, the characteristic vesicular
pattern is not present.? Clinicians may misdiagnose
“nonhydropic” hydatidiform mole as spontaneous
abortion of a nonmolar pregnancy if the aborted
material is not histopathologically examined. There-
fore, hCG derived from trophoblastic tissue is becom-
ing a more important marker for gestational tropho-
blastic disease after nonhydropic hydatidiform mole.
According to the International Federation of Gyne-
cology and Obstetrics 2000 criteria,® persistent tro-
phoblastic disease is diagnosed when a plateau or
increase of consecutive hCG levels is observed after
evacuation of the molar tissue. We report herein the
clinical appearance of a nonhydropic hydatidiform
mole and propose the regression of serum hCG levels
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as an aid in detecting persistent trophoblastic disease
after nonhydropic hydatidiform mole.

MATERIALS AND METHODS
From April 1999 through June 2009, 35 nonhydropic

molar pregnancies were evacuated at Kumamoto Uni-
versity Hospital. These molar pregnancies demon-
strated neither the characteristic multivesicular pattern
on ultrasonographic examinations nor hydropic
changes on macroscopic examination. The histopatho-
logical examination was performed by two pathologists
(F.M. and HK.) who independently examined hema-
toxylin and eosin-stained sections. The participants
were enrolled in the study when the histopathological
diagnosis of two pathologists agreed.

For the diagnosis of molar pregnancy, the patho-
logic criteria of Mazur and Kurman* can be used on
specimens stained by hematoxylin and eosin. A com-
plete mole is diagnosed when there is conspicuous
trophoblastic proliferation, marked villous edema,
and absence of an embryo. A partial mole is diag-
nosed when there is a mixture of edematous villi and
normal-size villi, the presence of an embryo or fetus,
and minimal focal trophoblastic proliferation.’

All patients were monitored by sequential serum
hCG assays after evacuation of molar tissue. Follow-up
of nonhydropic molar pregnancies after evacuation in-
cluded a second evacuation performed 1 week after the
first evacuation to ensure that no residual molar tissue
remained in the uterine cavity.® Patients’ serial serum
hCG levels were followed-up until they decreased to less
than 0.5 milli-international units/mL. Serum hCG
should be undetectable by week 20; if the hCG level
plateaus for 3 weeks, increase for 2 weeks, or exceeds
the levels indicated to at any point during follow-up,
then trophoblastic sequelae, ie, persistent trophoblastic
disease, is diagnosed.

For the control, 24 healthy female volunteers who
experienced spontaneous abortions that were histo-
logically diagnosed as nonmolar pregnancies under-
went serial serum hCG assays (January 2002-January
2007) after dilation and curettage.

Serial serum hCG levels were examined by enzyme
immunoassay using antibodies against the carboxyl-
terminal portion of the B-subunit until the concentration
reached a level lower than the cut-off of 0.5 milli-
international units/mL; hCG regression was analyzed
along with the patient’s clinical information. Results
from nonhydropic molar pregnancies were then com-
pared with the data from 24 abortions that were histo-
logically diagnosed as nonmolar pregnancies.

The participants were recruited under the guide-
lines for protection of patient privacy in case reports,
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medical papers, and research meetings established by
the Japanese Surgery Society Federation to protect
personal information. This study was approved by the
Kumamoto University’s Institutional Review Board.

Statistical significance in parametrical data were
evaluated by Student ¢ test, and nonparametric data
were assessed by Mann-Whitney U test. The values
were deemed statistically significant at P<.05.

RESULTS

We initially determined the regression curve of
plasma concentrations of hCG after a first-trimester
nonmolar abortion until the concentration reached a
level lower than the cut-off level of 0.5 milli-interna-
tional units/mL. The median onset of first menstrua-
tion was 34 days, and that for complete disappearance
of hCG was 60 days. This result is consistent with
previous reports.”®

Of the 35 nonhydropic molar pregnancies, the
histological diagnosis was complete molar pregnancy
in 32 cases, partial molar pregnancy in two cases, and
inconclusive in one case. Three cases (two partial
molar pregnancies and the inconclusive case) were
excluded; thus, 32 patients with complete hydatidi-
form mole were analyzed. Rather than the classical
ultrasonographic signs of hydatidiform mole, the so-
called multivesicular pattern, nonhydropic hydatidi-
form moles appeared as thickened and echogenic
intrauterine layers with an irregular surface without
multicystic structures. Intrauterine anechoic fluid col-
lection was commonly observed (Fig. 1A~C). In some
cases, a cystic structure with irregular contours mim-
icking a gestational sac was seen in the uterine cavity
(Fig. 1D-F), and a complex echogenic mass without
multivesicular filling of the uterus was seen sur-
rounded by several fluid-filled areas (Fig. 1G, H).
However, these ultrasound findings were not always
pathognomonic because similar findings were also
observed in nonmolar aborted pregnancies (Fig. 1I).

In the 32 patients with nonhydropic hydatidiform
mole, no significant differences were observed in
maternal age (mean 30.8 compared with 32.4 years;
P=42), gestational age (mean 8.5 compared with 9.4
weeks; P=.12) at evacuation when compared with the
24 patients with nonmolar aborted pregnancies (Ta-
ble 1). The pre-evacuation serum hCG levels in
patients with early-stage molar pregnancies were
higher than those of nonmolar aborted pregnancies
(median 110,804 compared with 31,205 milli-interna-
tional units/mL).

Of the 32 patients with molar pregnancies, 24
achieved spontaneous remission and eight had persis-
tent trophoblastic disease develop. In the 24 patients
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Fig. 1. Ultrasonographic findings of a nonhydropic hydatidiform mole. Early-stage hydatidiform mole appears as a thickened
and echogenic intrauterine layer with an irregular surface (white arrow). Intrauterine anechoic fluid collection is commonly
observed (A, B, C). In some cases, a cystic structure with irregular contours mimicking a gestational sac is seen in the uterine
cavity (black arrowhead) (D, E, F). A complex echogenic mass without multivesicular filling of the uterus is surrounded by
several fluid-filled areas (white arrowheads) (G, H). Cases in (B) and (E) progressed to persistent trophoblastic disease. A case
of a nonmolar pregnancy demonstrating similar anechoic fluid collection with an irregular surface, mimicking early-stage
hydatidiform mole, is shown as an example (1).

Miyoshi et al. Early-Stage Nonhydropic Molar Pregnancy. Obstet Gynecol 2071.

w1th molar pregnam:les who achieved spontaneous pre-evacuation hCG levels were higher (96,999 com-
remission, gestational age at evacuation was lower  pared with 31,205 milli-international units/mL;
(mean 7.6 compared with 9.4 weeks; P<.001) and ~ P<.01) when compared with patients with nonmolar

Table 1. Comparison of Clinical Features of Patients With Nonmolar Aborted and Early-Stage Molar

~ Pregnancy
Early-Stage Molar Nonmolar Aborted
Pregnancy (n=32) Pregnancy (n=24) P
Maternal age(y) G G G 30.8(27.6-33.9) 32.4 (30.3-34.5) 42*
Gestational age on evacuation (wk) e 8.5(7.7-9.4) 9.4 (8.7-9.9) 2%
Pre-evacuation hCG (milli- mternatronal 110,804 (5,127-4,274,245) 31,205 (1,989-179,611) <.001*

units/mL) [median (range)]

hCG, human chorionic gonadotropin. ~

Data are mean (95% confidence interval) unless otherwise specmed
* Student ¢ test. :

* Mann-Whitney U test.
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Table 2. Clinical Course of Patients With Nonmolar Aborted and Nonhydropic Molar Pregnancy With

Favorable Outcomes

Early-Stage Molar Pregnancy;

Nonmolar Aborted

Spontaneous Remission (n=24) Pregnancy (n=24) P
Gestational age on evacuation (wk) [mean 7.6 (7.1-8.1) 9.4 (9.7-9.9) <.001*
(95% Ch)]
Pre-evacuation hCG (milli-international 96,999 (5,127-413,964) 31,205 (1,989-179,611) <.01*
units/mlL)
Postabortion hCG disappearance (d) 74 (32-126) 60 (20-118) .08*
Onset of the first postabortion menstruation (d) 35(23-104) 34 (25-84) .60*

Cl indicates confidence interval; hCG, human chorionic gonadotropin.

Data are median (range) unless otherwise specified.
* Student t test.
t Mann-Whitney U test.

aborted pregnancies (Table 2). The hCG regression
curve was similar between nonmolar abortion and
classical molar pregnancy with favorable outcomes,
consistent with the previously report.® The time at
which hCG became undetectable did not differ from
that of patients with nonmolar pregnancies (median
74 compared with 60 days; P=.08) and did not
correlate with pre-evacuation hCG levels. After evac-

-
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[}

~
wm

N
(o)

o

First Second Third

Post-abortal menstruation (occurrences)

Cumulative level of patients with serum hCG less
than 0.5 milli-international units per milliliter (%)
o
o

Fig. 2. Cumulative levels for patients with serum human
chorionic gonadotropin (hCG) level less than 0.5 milli-
international units per milliliter in molar pregnancies (spon-
taneous remission) compared with nonmolar aborted preg-
nancies by postabortion menstruation. The solid line
depicts cumulative level for patients with serum hCG less
than 0.5 milli-international Units per milliliter in molar
pregnancies (spontaneous remission). The dashed line de-
picts the cumulative level of patients with serum hCG less
than 0.5 milli-international units per milliliter in nonmolar
aborted pregnancies. Cumulative level of patients with hCG
less than 0.5 milli-international Units per milliliter increases
after each postabortion menstruation. No patients were
found to have a serum hCG more than 0.5 milli-interna-
tional units per milliliter in spontaneous remission, nor did
those patients with nonmolar aborted pregnancies before
the fourth postabortion menstruation.

Miyoshi et al. Farly-Stage Nonhydropic Molar Pregnancy. Obstet
Gynecol 2011.
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uation, the first postabortion menstruation began at
35 days (23-104 days) in patients with molar preg-
nancies and at 34 days (25-84 days) in patients with
nonmolar aborted pregnancies; these values were not
statistically different.

We next examined hCG regression in relation to
postabortion menstruation (Fig. 2). The period from
evacuation to the first postabortion menstruation did not
correlate with pre-evacuation hCG levels. Eight (33%) of
24 patients with molar pregnancies achieved spontane-
ous regression before the second postabortion menstru-
ation, and 17 (71%) achieved spontaneous regression
before the third postabortion menstruation. Thirteen
(54%) of the 24 patients with nonmolar aborted preg-
nancies achieved spontaneous regression by the second
postabortion menstruation, and 19 (79%) achieved spon-
taneous regression by the third postabortion menstrua-
tion. The hCG levels were undetectable in all patients
with spontaneous abortions and molar pregnancies after
the third postabortion menstruation.

Clinical features were compared between persis-
tent trophoblastic disease and spontaneous remission
(Table 3). The mean maternal age was 35.0 years and
the mean gestational age was 11.7 weeks at evacua-
tion. There were no ultrasonographic findings before
evacuation indicating the development of persistent
trophoblastic disease (Fig. 1). However, the pre-evac-
uation hCG levels were higher than those for the 24
molar pregnancies with spontaneous remission (me-
dian 391,505 compared with 96,999 milli-interna-
tional units/mL; P=.01). Serum hCG levels in the
persistent trophoblastic disease patients began to in-
crease at 24.6*10.9 days after evacuation (Fig. 3).
However, mean serum hCG levels each week after
evacuation were significantly higher than those in
patients with molar pregnancies with spontaneous
regression (the distribution overlapped). Seven of
eight patients with persistent trophoblastic disease
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