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Promotive role of recombinant HE4 protein in proliferation
and carboplatin resistance in ovarian cancer cells
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Abstract. Available evidence on the proliferation-promoting
effect of HE4 remains controversial, and few studies have been
carried out on the molecular mechanism of chemoresistance
mediated by HE4. The aim of the present study was to inves-
tigate the influence of exogenous recombinant HE4 protein on
proliferation and resistance to carboplatin in ovarian cancer
cells. The human ovarian cancer cell line (SKOV-3) was
exposed to recombinant HE4 protein (0-1 pg/ml) for different
durations based on the schemes. Cell viability was evaluated
by Cell Counting Kit-8 and colony formation assays. Cell cycle
distribution and apoptosis were analyzed by flow cytometry.
Markers of apoptosis (Bax and Bcl-2) were assessed by western
blotting. Furthermore, Affymetrix microarray analysis was
performed to investigate transcriptome profiling. The differ-
ential expression of four genes was verified by quantitative
real-time PCR. The HE4 protein enhanced cell viability,
promoted accumulation of cells in the G2/M phase and attenu-
ated carboplatin-induced apoptosis. HE4 markedly decreased
the Bax/Bcl-2 ratio. Candidate genes (387) (236 upregulated
and 151 downregulated) were obtained by microarray analysis.
Among those upregulated, several Gene Ontology (GO) terms
related to cell cycle regulation and proliferation were signifi-
cantly overrepresented and those within the downregulated
dataset included genes involved in several aspects of the DNA
damage response such as positive regulation of apoptosis.
No information concerning the EGFR-MAPK pathways in a
recent report on HE4 was acquired. The mRNA expression of
the candidate genes determined by quantitative real-time PCR
was significantly correlated with the microarray data. The
present study indicates that the HE4 protein plays a promo-
tive role in the proliferation and resistance to carboplatin in
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ovarian cancer cells, implicating the value of HE4 to predict
tumor growth potential and resistance to platinum-based
chemotherapy in epithelial ovarian cancer (EOC).

Introduction

Epithelial ovarian cancer (EOC) causes the highest rates
of mortality among genital tract malignancies in women. It
is most often diagnosed at the advanced stage of peritoneal
carcinomatosis with a poor prognosis (5-year survival rate
30-35%). Screening and early detection could probably reduce
the mortality rate.

HE4 was originally identified in the epithelium of the
distal epididymis using northern blot analysis and in situ tran-
script hybridization in 1991 (1,2). The HE4 gene resides on
human chromosome 20q12-13.1, a region that harbors a locus
of 14 genes encoding protein domains that have homology
with whey acidic protein (WAP) (3). Two functions attributed
to this family of proteins are the regulation of proinflamma-
tory mediators and anti-bacterial or anti-fungal activity (4,5).
There is a growing body of evidence demonstrating the tumor-
promoting roles of WAP domain family members (6,7). Among
these WAP genes is secretory leukocyte protease inhibitor
(SLPI), which is also overexpressed in ovarian cancer (6,8).
Hoskins ef al (8) reported that SLPI stimulated ovarian cancer
invasion, modulated in part by its serine protease inhibitory
activity. Significantly, comparative genomic hybridization
studies have shown that 20q13 is among the most frequently
amplified chromosomal regions in ovarian cancers (9-11). HE4
contains WAP domains (12). Based on structural and sequence
similarities with those from other WAP family members, it
was suggested that the protein may exert antiprotease activity.
LeBleu et al (13) identified HE4 as a protease inhibitor using
mouse models of renal fibrosis disease for the first time.

Expression of the HE4 gene is highly restricted in normal
human tissues, being largely limited to the epithelium of the
respiratory tracts, oral and reproductive tracts, and HE4 is
not expressed in normal ovarian surface epithelium (14,15).
HE4 has been reported to be upregulated in several types of
cancers including those of the ovary (16), endometrium (17),
lung (18,19), breast (7,15), stomach and pancreas (20). The
expression of HE4 in ovarian cancer was initially reported
in 1999 (16), and it was subsequently cleared as a new
biological marker of ovarian cancer in 2003 (21). Since then
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it has been shown to be potentially useful for remission
monitoring (22-24) and has been approved by the US Food
and Drug Administration (FDA) for that use. Current studies
are focusing on the clinical application of HE4 in EOC as a
biomarker, and the diagnostic and predictive value of HE4 in
EOC have been confirmed (25,26). Several studies have aimed
to establish a role for HE4 in cell proliferation using overex-
pression and knockdown analyses (27-29), although the results
are controversial. Notably, few studies have been carried out
on the predictive value of HE4 on platinum resistance and the
molecular mechanism of chemoresistance mediated by HE4.

In the present study, we focused on the effects of the
recombinant HE4 protein on cell proliferation and carbo-
platin resistance in SKOV-3 cells, with the aim of providing
a theoretical foundation for HE4 to be used as a predictor
for tumor growth potential and resistance to platinum-based
chemotherapy in EOC.

Materials and methods

Chemicals and reagents. The recombinant HE4 protein, which
was expressed and purified in eukaryotic cells, was purchased
from Sino Biological, Inc. (Beijing, China; cat. 12609-HO8H).
Carboplatin and dimethyl sulfoxide (DMSO) were purchased
from Sigma (St. Louis, MO, USA). McCoy's 5A Modified
Medium, fetal bovine serum (FBS) and TRIzol reagent
were purchased from Invitrogen (Carlsbad, CA, USA). The
SYBR-Green PCR Master Mix kit was purchased from
Toyobo (Osaka, Japan). The Cell Counting Kit-8 (CCK-8) was
purchased from Dojindo (Kumamoto, Japan).

Cell cultures and treatments. The ovarian cancer cell line
SKOV-3 was purchased from the Cell Culture Collection
of Shanghai (Shanghai, China) and was propagated in
McCoy's 5A Modified Medium with 10% FBS. The cell
cultures were maintained in an incubator at 37°C in a humidi-
fied atmosphere with 95% air and 5% CO,.

CCK-8 assay. SKOV-3 cells were seeded into 96-well plates
(2x10° cells/well) and cultured with serum-free McCoy's 5A
Modified Medium for 24 h. After treatment with the HE4
protein at different concentrations (0.083, 0.2 or 1 ug/ml) or
isometric serum-free medium for 48 h, 10 pl of the tetrazolium
substrate was added to each well (starting volume of culture
media, 100 pl). The plates were incubated at 37°C for 2 h, and
a microplate reader was used to determine the absorbance of
each group at 450 nm. For each group, three wells were used
to calculate the average absorbance value. Finally, curves or
column graphs were drawn to compare the cell proliferation
between the groups.

SKOV-3 cells were seeded into 96-well plates (5x10°
cells/well) and cultured in McCoy's SA Modified Medium
with 10% FBS for 48 h. After exposure to carboplatin (10,
25, 50, 100, 200 and 400 pg/ml) or isometric DMSO for
different duration (24, 48 and 72 h), 10 ul of the tetrazolium
substrate was added to each well (starting volume of culture
media, 100 pl). The plates were incubated at 37°C for 2 h, and
a microplate reader was used to determine the absorbance of
each group at 450 nm. For each group, 3 wells were used to
calculate the average absorbance value. The growth inhibitory
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rate and the IC;, value were evaluated using SPSS statistical
software (version 17.0) (SPSS, Inc., Chicago, IL, USA).

Colony formation assay. SKOV-3 cells were seeded into
6-well plates (1x10° cells/well) and were cultured in serum-free
medium that contained the recombinant HE4 protein at
different concentrations (0.083, 0.2 and 1 pg/ml) or isometric
serum-free medium. After 2 days, the cells were cultured in
medium with 10% FBS and the HE4 protein at the concentra-
tions mentioned above; the medium was replaced every 2 days.
Two weeks later, the total number of colonies in each plate was
determined and analyzed using ImagelJ software (National
Institutes of Health, Bethesda, MD, USA) version 1.31v. Each
experiment was repeated three times for each group, and the
results were subjected to statistical analysis.

Flow cytometry (FCM) for analysis of the cell cycle. SKOV-3
cells were seeded into 6-well plates (12x10* cells/well) and
were cultured in McCoy's 5SA Modified Medium with 0.5%
FBS for 24 h. After treatment with the recombinant HE4
protein (0.2 ug/ml) or isometric serum-free medium for
24 h, the cells were collected and fixed with 2 ml of 70%
ethanol at 4°C for 2 h. Then, the cells were washed with 1X
phosphate-buffered solution (PBS) and incubated for 15 min at
room temperature in 1X PBS containing 100 xg/ml RNase A
and 50 pg/ml propidium iodide (PI). DNA content and cell cycle
analyses were performed using FACScan (Becton-Dickinson,
Franklin Lakes, NJ, USA). Each experiment was repeated
three times for each group, and the results were subjected to
statistical analysis.

FCM for analysis of apoptosis. SKOV-3 cells were plated
into 6-well plates (15x10* cells/well) and were cultured in
McCoy's SA Modified Medium with 0.5% FBS for 24 h. After
being incubated with the recombinant HE4 protein (0.2 ug/ml)
or isometric serum-free medium for 24 h, the cells were
treated with carboplatin (50 xg/ml) or isometric DMSO for
24 h. The cells were then collected, fixed and washed with
1X PBS and were incubated for 15 min at room temperature
in 1X PBS containing 100 pg/ml RNase A and 50 pg/ml PI.
DNA content and cell cycle analyses were performed using
FACScan. Based on PI staining, the hypodiploid peak (sub-G1
peak) on the DNA histogram was considered to be an indicator
of apoptosis. We therefore quantified the sub-G1 peak area.
Each experiment was repeated three times for each group, and
the results were subjected to statistical analysis.

Western blotting. The SKOV-3 cells were prepared as previ-
ously described in apoptosis assay. Briefly, cells were seeded
into 6-well plates (15x10* cells/well) and were cultured in
McCoy's SA Modified Medium with 0.5% FBS for 24 h. After
being treated with the HE4 protein (0.2 ug/ml) or isometric
serum-free medium for 24 h, carboplatin (50 g/ml) or isometric
DMSO was added, respectively. The cells were harvested at
48 h post-treatment. Proteins were separated by SDS-PAGE
and transferred to nitrocellulose membranes. Expression of the
target proteins was determined using the following primary
antibodies: Bax (1:200) and Bcl-2 (1:200) (both from Cell
Signaling Technology, USA). The protein expression levels
were visualized using the enhanced chemiluminescence
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Table I. Primers used for quantitative real-time PCR.
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GenBank

accession no. Gene Forward primer

Reverse primer

NM_001039667

NM_053056 CCND1 5-GGATGCTGGAGGTCTGCG-3'

NM_001145966  MKI67 5'-ACGAGACGCCTGGTTACTATC-3'

NM_001191 BCL2L1 5'-GCAGGTATTGGTGAGTCGGATCGC-3'
2MG 5'-ATGAGTATGCCTGCCGTGTGAAC-3'

ANGPTL4 5'-GACCAAGGGGCATGGAGCTT-3'

5'-CAGGGGACCTACACACAACAGCA-3'
5-GGAGTTGTCGGTGTAGATGC-3'
5'-GCTCATCAATAACAGACCCATTTAC-3'
5'-CACAAAAGTATCCCAGCCGCCG-3'
5-TGTGGAGCAACCTGCTCAGATAC-3'

ANGPTLA, angiopoietin-like 4; CCND1, cyclin D1; MKI67, antigen identified by monoclonal antibody Ki-67; BCL2L1, BCL2-like 1.

method. The intensity of each protein band was quantified
using ImageJ 1.31v and normalized relative to the actin protein
expression level.

Microarray profiling and data analysis. For microarray
analysis, the SKOV-3 cell samples were treated with the
recombinant HE4 protein (0.2 yg/ml) or isometric serum-free
medium after starvation. At 12 h post-treatment, the cells were
rinsed once with ice-cold PBS and lysed, and total RNA was
isolated using TRIzol reagent. The two samples were sent to
Gene Tech, Ltd. (Shanghai, China) for microarray hybridiza-
tion and detection. We used the PrimeView Human Gene
Expression Array, which covers >36,000 transcripts, variants
and expressed sequence tags. All the samples were normalized
and summarized using the robust multichip analysis (RMA)
normalization method, which includes background correction,
normalization and calculation of the expression values. The
data analysis was performed using Partek Genomics Suite 6.6
software. Genes were filtered on the basis of call, fold-change
and P-value. All genes with a signal more than +1.5-fold and
P-value <0.05 were chosen to be statistically altered by HE4. A
Gene Ontology (GO) term enrichment analysis was performed
using DAVID version 6.7 (http:/david.abcc.ncifcrf.gov/). The
Kyoto Encyclopedia of Genes and Genomes (KEGG) was used
to identify the biological pathways in which the differentially
expressed genes are involved.

Real-time quantitative polymerase chain reaction. Template
cDNA was synthesized from total RNA that was isolated
from the SKOV-3 cell samples. All the PCR reactions were
performed using the SYBR-Green PCR Master Mix kit.
Briefly, each PCR reaction contained 1X Master Mix, 1 ul of
the diluted cDNA, and 250 nM forward and reverse primers.
PCR was performed over 40 cycles (95°C for 20 sec and 60°C
for 30 sec) following an initial 3-min enzyme activation step at
95°C. The primers that were used in the present study for PCR
validation are listed in Table I. Each experiment was repeated
three times for each group, and 2-microglobulin (f2-MG)
was used as an endogenous control (reference) gene.

Statistical analysis. SPSS version 17.0 (SPSS, Inc., Chicago,
IL, USA) software was used for the statistical analysis. The
data are expressed as means + standard deviation (SD). The
statistical significance of the differences between the groups

A

35 kDa .
25kDa D

HE4

15 kDa .

B Deglycosylation
- + - 4
25 kDa =
L .
1502 — - 4D
10 kDa ==

Figure 1. Using chemical methods and mass spectrometry, we confirmed that
the recombinant protein sample was HE4 with an intact glycosylation modi-
fication. (A) The molecular mass of the sample was found to be ~20 kDa.
(B) The sample was treated with a deglycosylation enzyme (PNGase) and
was then observed at the 15-kDa position in 12% SDS-PAGE.

was evaluated using one-way analysis of variance (ANOVA),
followed by a least significant difference (LSD) test. P<0.05
was considered to indicate a statistically significant result.

Results

Validation of the recombinant protein product. The recombi-
nant HE4 protein product was validated before the experiments
were initiated. SDS-PAGE, stained with Coomassie blue dye,
revealed that the molecular mass was ~20 kDa (Fig. 1A),
which was consistent with previous reports (13). Next, glyca-
tion modification was tested, and the recombinant protein
was treated with a deglycosylation enzyme (PNGase), which
indicated that the migration of the protein was concentrated
at the 15-kDa position on SDS-PAGE (Fig. 1B). Therefore, the
protein could be expressed and could undergo glycosylation
modification, which is consistent with the characteristics of
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Figure 2. Recombinant HE4 protein promotes proliferation and cell cycle progression. (A) Cell proliferation assay. The HE4-treated cells exhibited enhanced
viability when compared with the control cells. Statistical significance; “P<0.05, “P<0.01. (B) The HE4 protein increased colony formation. The cells that were
treated with HE4 protein (0.2 yg/ml) formed significantly more colonies compared with the control cells. Statistical significance; “P<0.05. (C) Representative

images of the treated cells are shown.

HEA4 as a glycoprotein. We further confirmed that the recombi-
nant protein was HE4, according to protein mass spectrometry
(data not shown).

According to the manufacturer's instructions, the
initial concentration of the recombinant HE4 protein was
250 pg/ml. Based on several in vitro trials involving recombi-
nant proteins (30) and the results of preliminary experiments,
the HE4 original solution was diluted 250-fold (1 pg/ml),
1,250-fold (0.2 pug/ml) and 3,000-fold (0.083 pg/ml), respec-
tively, for follow-up experiments.

Recombinant HE4 protein stimulates cell proliferation.
Uncontrolled proliferation is a feature of malignant cancer that
potentially contributes to cancer progression. To ascertain the
effects of the recombinant HE4 protein on cell proliferation,
we performed a CCK-8 assay using SKOV-3 cells. As shown
in Fig. 2A, compared with the control cells, the HE4-treated
cells exhibited enhanced viability at 48 h. It is notable that the
highest viability level was found in cells exposed to 0.2 pg/ml
HEA4 protein (P<0.01).

Next, we carried out colony formation assays. As shown
in Fig. 2B and C, adding the recombinant HE4 protein
(0.2 pug/ml) to SKOV-3 cells resulted in the formation of
significantly more colonies compared with the control cells
(P<0.05).

These results indicated that the HE4 protein promoted the
proliferation of SKOV-3 cells, and the optimal concentration of
HEA4 protein used in the CCK-8 and colony formation assays
was 0.2 ug/ml.

Recombinant HE4 protein promotes cell cycle progression.
We examined the effects of HE4 on cell cycle distribution

using SKOV-3 cells. DNA content and cell cycle distribu-
tion were determined by FCM. As shown in Fig. 3A and B,
a significantly increased number of cells in the G2/M phase
(P<0.01) and a decreased number of cells in the GO/G1 phase
(P<0.01) were observed in the HE4 protein-treated group.
This result confirmed that the HE4 protein promotes cell cycle
progression.

Recombinant HE4 protein represses carboplatin-induced
apoptosis. We firstly performed a cell proliferation assay
to determine the viability of cells exposed to carboplatin
(0-400 pg/ml) and the growth inhibitory effects of carboplatin
on SKOV-3 cells were evaluated. As shown in Fig. 4A, the
SKOV-3 cells were relatively sensitive to carboplatin. Based
on an analysis of the cell growth inhibition rate performed
using SPSS statistical software (version 17.0), the IC, value
was 27.6+1.053 pg/ml.

Next, we tested whether the HE4 protein could attenuate
carboplatin-induced apoptosis. Considering that HE4 may
mediate the protective effect against apoptosis, we performed
preliminary experiments for analysis of apoptosis with different
concentrations of carboplatin (30 and 50 yg/ml) combined
with HE4 (0, 0.2 ug/ml), and the optimal concentration of
carboplatin was determined to be 50 yg/ml (data not shown).
In follow-up experiments, SKOV-3 cells were treated with
the combination of carboplatin (50 xg/ml) with HE4 protein
(0.2 ug/ml) or with carboplatin alone (50 pgg/ml). As shown
in Fig. 4B and C, the percentage of cells in the sub-G1 phase
was decreased in the group treated with carboplatin combined
with HE4, compared with the group treated with carboplatin
alone (P<0.01), indicating that the HE4 protein attenuated
carboplatin-induced apoptosis.
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Figure 3. (A and B) Recombinant HE4 protein significantly increased the number of cells in the G2/M phase and reduced the number of cells in the GO/
G1 phase. Statistical significance ("P<0.01).
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Figure 4. Recombinant HE4 protein represses carboplatin-induced apoptosis. (A) The influence of carboplatin on cell viability. (B and C) The number of cells
in the sub-G1 phase decreased in the cells treated with the combination of carboplatin (50 yg/ml) and HE4 protein (0.2 pg/ml) (“P<0.01). (D) Bax and Bcl-2
protein expression was assessed by western blotting. (E) Normalization of Bax and Bcl-2 expression to f-actin. “P<0.01 vs. CBP50+HE4; "P<0.01 vs. CBP50.
(F) The Bax/Bcl-2 ratio. ®P<0.05 vs. CBP50; "P<0.01 vs. CBP50.
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We further assessed markers of apoptosis (Bax and Bcl-2)  in apoptosis (Fig. 4D and E). Our results indicated that the
by western blotting in order to confirm the role of HE4  expression of the anti-apoptotic protein Bcl-2 was markedly
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Figure 5. Identification and analysis of differentially expressed genes. (A) The data were analyzed using GO terms. The representative biological processes
are indicated. The n values below the graphs indicate the number of genes that were used in these analyses. The genes that were not included correspond to
unknown genes or genes without GO terms. (B) Pathway analysis using the KEGG database. Four involved pathways are shown. GO, Gene Ontology; KEGG,

The Kyoto Encyclopedia of Genes and Genomes.

increased in the group treated with carboplatin combined
with HE4, compared with the group treated with carbo-
platin alone (P<0.01). In contrast to Bcl-2, the expression of
the pro-apoptotic protein Bax was markedly reduced in the
combination-treatment group compared with the group treated
with carboplatin alone (P<0.01). HE4 markedly decreased the
Bax/Bcl-2 ratio (P<0.01) (Fig. 4F).

Gene expression profile of the SKOV-3 cell line. To identify
genes altered by HE4 in SKOV-3 cells, mRNA expression in
these cells incubated in the absence and presence of HE4 protein
(0.2 pg/ml, 12 h) was analyzed using PrimeView Human Gene
Expression Array. The HE4 treatment significantly (P<0.05)
altered the expression of 387 genes in the SKOV-3 cells (236
upregulated and 151 downregulated) (Table II).

Identification and analysis of differentially expressed genes.
The GO project is an international system of classification in
which the major biological processes, cellular components or
molecular functions of genes and their products are described
using a controlled vocabulary GO terms (31). The GO annota-
tion of our data set indicated that the differentially expressed
genes in the SKOV-3 cells after treatment with HE4 were
involved in many processes, such as cell cycle regulation
(12.9%), signal transduction (10%), cell proliferation (6.8%),
apoptosis (7.1%), DNA repair (3.8%) and the stress response
(5.9%) (Fig. 5A).

The KEGG database was utilized to determine the asso-
ciations between genes and pathways. The present analysis

revealed that the genes altered by HE4 are involved in several
pathways. Overall, 4.12% of the genes are involved in cancer
pathways, and 2.94% of the genes are associated with the cell
cycle. Additionally, 1.18 and 2.35% of the genes are associ-
ated with bladder cancer and small-cell lung cancer pathways,
respectively (Fig. 5B).

Quantitative real-time PCR validation. We next determined
the differential expression of four genes, CCNDI, K167,
BCL2L1 and ANGPTL4, using quantitative real-time PCR
with independent RNA samples to confirm the validity of
the microarray results. In the majority of the samples, the
results were significantly correlated with the microarray data
(Table II and Fig. 6), and it was notable that the relatively low
concentrations of HE4 (0.2 pg/ml) significantly altered the
mRNA expression of all the four genes at the 24 h time point
(P<0.05).

Discussion

An increasing number of investigations validate the diagnostic
and predictive value of HE4 in EOC. A previous study by
our group (32) showed that the HE4-positive staining was
found more frequently in the epithelium of serous ovarian
carcinomas, compared with borderline and benign tumors
by immunohistochemical methods, and a positive correlation
between expression of HE4 protein and clinical stage was
suggested. It is being accepted recently that HE4 may play a
critical role in promoting the malignancy of ovarian cancer
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Table II. Overview of the relevant differentially expressed genes following treatment with recombinant HE4 protein (0.2 pg/ml)

using microarray analyses.

RefSeq ID Gene title Gene symbol Fold-change
NM_006289 Talin 1 TLNI1 2.57297
NM_006281 Serine/threonine kinase 3 STK3 2.24695
NM_002526 5'-Nucleotidase, ecto (CD73) NTSE 2.05391
NM_001039535 Spindle and kinetochore associated complex subunit 1 SKA1 2.03459
NM_022897 RAN binding protein 17 RANBP17 2.0061
NM_016107 Zinc finger RNA binding protein ZFR 2.00455
NM_004759 Mitogen-activated protein kinase-activated protein kinase 2 MAPKAPK?2 1.98081
NM_006041 Heparan sulfate (glucosamine) 3-O-sulfotransferase 3B1 HS3ST3B1 1.96157
NM_001145966 Antigen identified by monoclonal antibody Ki-67 MKI67 1.95639
NM_016343 Centromere protein F, 350/400 kDa (mitosin) CENPF 1.9259
NM_001142650 Heterogeneous nuclear ribonucleoprotein L-like HNRPLL 1.92383
NM_001032283 Thymopoietin TMPO 1.91932
NM_000916 Oxytocin receptor OXTR 1.90076
NM_144508 Cancer susceptibility candidate 5 CASC5 1.8975
NM_004412 tRNA aspartic acid methyltransferase 1 TRDMT1 1.88795
NR_002976 Small nucleolar RNA host gene 12 (non-protein coding) SNHG12 1.8766
NM_152562 Cell division cycle associated 2 CDCA2 1.87068
NM_ 144643 Sodium channel and clathrin linker 1 SCLT1 1.8599
NM_001032283 Thymopoietin TMPO 1.85677
NM_174931 Coiled-coil domain containing 75 CCDC75 1.84617
NM_001161429 RAN binding protein 3-like RANBP3L 1.82972
NM_020772 Nuclear fragile X mental retardation protein interacting protein 2 NUFIP2 1.81732
NM_001164239 DEAH (Asp-Glu-Ala-His) box polypeptide 16 DHX16 1.8158
NM_000346 SRY (sex determining region Y)-box 9 SOX9 1.78461
NM_000222 v-Kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog KIT 1.66719
NM_006785 Mucosa associated lymphoid tissue lymphoma translocation gene 1 MALT1 1.54842
NM_001191 BCL2-like 1 BCL2L1 1.54115
NM_053056 Cyclin D1 CCND1 1.53673
NM_004958 Mechanistic target of rapamycin (serine/threonine kinase) MTOR 1.50036
NM_000051 Ataxia telangiectasia mutated ATM -1.52656
NM_004052 BCL2/adenovirus E1B 19 kDa interacting protein 3 BNIP3 -1.73822
NR_027183 Hypothetical LOC729678 LOC729678 -1.80157
NM_001161520 Component of oligomeric golgi complex 5 COG5 -1.80739
NM_019058 DNA-damage-inducible transcript 4 DDIT4 -1.81411
NM_032932 RABI11 family interacting protein 4 (class II) RABI11FIP4 -1.81574
NM_022783 DEP domain containing 6 DEPDC6 -1.82032
NM_000096 Ceruloplasmin (ferroxidase) CpP -1.8246
NM_017429 [-carotene 15,15'-monooxygenase 1 BCMOl -1.82869
NM_001085486 Selenoprotein P, plasma, 1 SEPP1 -1.83777
NM_001164586 Immunoglobulin-like and fibronectin type III domain containing 1 IGFN1 -1.83843
NM_005622 Acyl-CoA synthetase medium-chain family member 3 ACSM3 -1.84541
NM_002133 Heme oxygenase (decycling) 1 HMOX1 -1.85928
NM_004586 Ribosomal protein S6 kinase, 90 kDa, polypeptide 3 RPS6KA3 -1.88341
NM_ 145238 Zinc finger and SCAN domain containing 20 ZSCAN20 -2.02897
NM_005622 Acyl-CoA synthetase medium-chain family member 3 ACSM3 -2.09509
NM_004864 Growth differentiation factor 15 GDF15 -2.12152
NM_003325 HIR histone cell cycle regulation defective homolog A HIRA -2.6158
NM_001039667 Angiopoietin-like 4 ANGPTLA4 -2.65737
NM_002612 Pyruvate dehydrogenase kinase, isozyme 4 PDK4 -3.32334
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Figure 6. Quantitative real-time PCR analysis of the expression of (A) CCNDI, (B) K167, (C) BCL2L1 and (D) ANGPTL4 genes found differentially expressed

in the microarray results. Statistical significance; "P<0.05.

cells as well. Lu er al (33) showed that proliferation was
significantly inhibited in a SKOV-3 stable strain with silenced
HEA4, suggested that HE4 enhanced proliferation by activating
the EGFR-MAPK pathway. Moore et al (27) showed that
HE4 overexpression promoted xenograft tumor growth in
a mouse model for ovarian cancer. However, other reports
have presented opposing views. Gao et al (28) reported that
the upregulation of HE4 led to the significantly reduction in
the number of colonies in ovarian cancer cell lines SKOV-3
and ES-2. Kong et al (29) suggested that HE4 protein plays a
protective role in SKOV-3 cells by inhibiting cell proliferation.
The present study indicated that recombinant HE4 protein
enhanced cell viability and promoted accumulation of cells
in the G2/M phase. The findings confirm the proliferation-
promoting activity of HE4. Contrary to results obtained in our
cell model, Kong et al (29) showed that neither conditioned
medium containing HE4 nor recombinant HE4 protein had an
effect on proliferation in SKOV-3 cells. It should be noted that
our research team performed serum starvation on cells 24 h
before the HE4 treatment. Serum starvation is accepted as a
method to synchronize cells, and it can help to reduce errors
among different groups to some extent.

Apart from differential diagnosis and prediction of recur-
rence and overall survival in EOC (25,26), application of HE4
for other purposes such as a predictor of platinum resistance
has not been extensively investigated. Angioli et al (25)
suggested that evaluating the serum HE4 values during first-
line chemotherapy could predict chemotherapy response in
EOC patients. Hynninen et al (34) showed that assessment of
serum HE4 could improve the reliability of response evalu-
ation during chemotherapy for serous EOC compared with
CA125. To date, there have been few studies on the role of HE4
in enhancing the resistance to drug chemotherapy in ovarian

cancer cells. Moore et al (27) showed that HE4 overexpression
induced resistance to cisplatin in a mouse model for ovarian
cancer. Previous experiments conducted in our laboratory
showed that the expression of HE4 antigen was significantly
higher in the drug-resistant group, and the expression of HE4
and the pathological stage were both independent risk factors
for drug resistance in EOC (unpublished data). In the present
study, we showed that HE4 could attenuate apoptosis induced
by carboplatin through decreasing the mitochondrial Bax/
Bcl-2 ratio; as HE4 markedly increased Bcl-2 expression while
inhibiting Bax expression. This finding provides new insight
into the role of HE4 in carboplatin resistance in ovarian cancer
cells.

Microarray analysis of SKOV-3 genes altered by HE4
identified 236 genes as upregulated and 151 genes as downreg-
ulated. The significantly and consistently upregulated genes
were genes involved in cell cycle regulation and proliferation
mainly MTOR, CCNDI, KIT and K167, thus indicating cell
proliferation to be crucially targeted by HE4 protein. This
suitably agrees with our findings that HE4 protein is very
significant in promoting the proliferation of ovarian cancer
cells. Among those within the downregulated dataset include
genes involved in several aspects of the DNA damage response
such as positive regulation of apoptosis, ATM and BNIP3.
This result is consistent with our finding that HE4 protein
attenuated carboplatin-induced apoptosis.

We also performed quantitative real-time PCR to analyze
the expression of four genes, CCNDI, KI67, BCL2L1
and ANGPTLA4, to confirm the validity of the microarray
results and the results were significantly correlated with the
microarray data. We observed that after 24 h, the mRNA
expression of all four genes was significantly altered in the
cells treated with a relatively low concentration of the HE4
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protein (0.2 ug/ml), and the concentration was consistent with
the optimal concentration in the CCK-8 and colony formation
assays. We chose these four genes since the expression of their
mRNA differed clearly from those of the control group and
they were related to cell cycle regulation, proliferation and
apoptosis based on Gene Ontology (GO) terms. It is important
that the elevated expression of BCL2L1 (also known as Bcl-xL),
an essential anti-apoptotic regulator, was confirmed by quanti-
tative real-time PCR. We also demonstrated that HE4 protein
regulated the expression of the Bcl-2 family members Bax
and Bcl-2 using western blotting. We speculate that regulation
of Bcl-2 family members is a downstream event that occurs
after HE4 treatment in SKOV-3 cells. Further biological
experiments are required to elucidate the exact roles of HE4
in attenuating carboplatin-induced apoptosis. Unfortunately,
the current analysis did not reveal any information concerning
signaling pathways such as EGFR-MAPK, which were
reported in recent articles on HE4 (29,33). We hypothesize
that HE4 may initiate signaling within the cell by binding to
a receptor protein, altering the mRNA levels of critical target
genes associated with cell proliferation and apoptosis; and then
inducing biological effects, including enhanced proliferation
and resistance to apoptosis induced by carboplatin. Additional
research is needed to confirm this hypothesis.

In summary, the present study indicated that the HE4
protein played a promotive role in the proliferation and resis-
tance to carboplatin-induced apoptosis in the ovarian cancer
cell line SKOV-3. An analysis of the function and regulation
of the candidate genes screened by microarray will help to
determine underlying signaling pathways and target genes
coordinated in the cellular response to HE4. Our findings
also provide a theoretical foundation for HE4 to be used
as a predictor for tumor growth potential and resistance to
platinum-based chemotherapy in EOC.
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