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Abstract

Background High-grade serous ovarian cancer (HGSOC) is the most common and aggressive subtype of epithelial
ovarian cancer, characterized by rapid progression and poor prognosis. Despite advances in treatment, most cases
are diagnosed at an advanced stage, and current diagnostic markers such as CA-125 have limited utility for early
detection or treatment stratification. This study aimed to investigate the clinical significance and biological Function
of phospholipase C delta 1 (PLCD1) in HGSOC.

Methods PLCD1 expression was assessed by immunohistochemistry (IHC) using tissue microarrays (TMA) comprising
normal, borderline, and HGSOC tissues. Survival analyses were performed using Kaplan-Meier methods. PLCD1
expression in HGSOC cell lines was evaluated by Western blotting. Functional studies were conducted using PLCD1
knockdown and overexpression cell lines. Cell proliferation, invasion, and 3D spheroid assays were used to assess
tumor cell behavior. A xenograft mouse model was used to evaluate the effect of PLCD1 overexpression on tumor
growth in vivo.

Results PLCD1 expression was significantly elevated in HGSOC tissues compared to normal and borderline tissues.
Low PLCD1 expression was associated with significantly worse overall and disease-free survival in patients with
HGSOC (n=101). In vitro, PLCD1 knockdown increased proliferation in OVCA429 cells, while overexpression in
OVCARS3 cells suppressed colony formation. In vivo, PLCD1 overexpression significantly reduced tumor growth in a
xenograft model.

Conclusion PLCD1 functions as a tumor suppressor in HGSOC and is associated with improved clinical outcomes.
These findings suggest that PLCD1 may serve as a prognostic biomarker and potential therapeutic target in ovarian
cancer.
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Introduction
High-grade serous ovarian cancer (HGSOC) is the most
common and aggressive subtype of ovarian cancer, char-
acterized by rapid progression and poor prognosis [1].
It typically originates from the fallopian tubes or sur-
face epithelium of the ovary and frequently metastasizes
throughout the peritoneal cavity [2]. Despite advances in
treatment, including surgical debulking and platinum-
based chemotherapy, most patients eventually experience
recurrence, often accompanied by resistance to standard
therapies [3]. The molecular complexity of HGSOC,
including frequent TP53 mutations and BRCA1/2 gene
alterations, contributes to its poor outcomes and pres-
ents challenges in clinical management [4].
Understanding the underlying molecular mechanisms
of HGSOC is essential for developing effective targeted
therapies and improving patient outcomes. However,
early detection remains a considerable challenge, as most
cases are diagnosed at an advanced stage. Identifying
reliable biomarkers for early detection and prognostica-
tion is therefore of urgent clinical importance.
Phospholipase C delta 1 (PLCD1) is an enzyme
involved in cellular signaling via hydrolysis of phospha-
tidylinositol 4,5-bisphosphate [5]. In cancer biology,
PLCD1 has been implicated in various functions, includ-
ing the modulation of cell proliferation, migration, and

Table 1 Association between PLCD1 expression and
clinicopathological features in ovarian TMAs
PLCD1_Hs_Cy

Variables No. % Mean IHC Score (95% ClI) P value
All 213 100
Histology <0.0001
Normal 68 319 38.63(30.48-46.78)
Borderline 44 207 55.11 (41.05-69.18)
HGSOC 101 474 73.99 (64.50-83.49)
Age 0.877
<55 50 495 73.24(58.02-8847)
>55 51 505 74.73(62.74-86.72)
CA125 0.788
Negative 10 99 71.55(43.01-100.08)
Positive (>35U/ml) 89 88.1 75.84 (65.62-86.06)
N.A 2 20
Stage 0.183
1711 17 168 88.2(66.49-109.91)
/v 84 832 71.1(60.50-81.74)
Grade 0.464
Moderate 47 465 77.8(62.63-92.92)
Poor 54 535 70.7(58.39-83.02)
Chemo response 0.870
Sensitive 78 772 74.2(63.30-85.00)
Resistant 20 198 72.1(47.86-9642)

N.A; Not Available

Histology was analyzed across all TMA tissues; all other variables were assessed
in HGSOC cases only (n=101).
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apoptosis [6, 7]. Aberrant expression of PLCD1 has been
associated with cancer progression and metastasis in
various cancers, including breast and prostate cancers.
Recent studies have reported that PLCD1 exerts notable
antitumor effects in breast cancer, colorectal cancer, and
esophageal squamous cell carcinoma by inhibiting cancer
cell proliferation [6, 8, 9]. Additionally, PLCD1 may influ-
ence the sensitivity of cancer cells to chemotherapy and
radiation. These findings suggest that PLCD1 could serve
as a potential biomarker and therapeutic target for per-
sonalized cancer treatment.

However, the role of PLCD1 in the pathogenesis and
progression of HGSOC remains poorly understood. In
this study, we investigated the expression of PLCD1 in
high-grade serous ovarian cancer tissues using tissue
microarrays (TMA) and analyzed its prognostic value.
Furthermore, we explored the functional role of PLCD1
in HGSOC cell lines using in vitro and in vivo models.
Our results suggest that PLCD1 acts as a tumor suppres-
sor and may serve as a promising biomarker for HGSOC.

Materials and methods

TMAs and patient information

TMAs were obtained from the Korea Gynecologic Can-
cer Bank of Gangnam Severance Hospital, Yonsei Uni-
versity College of Medicine (No. HTB-P2021-5). All
procedures were approved by the Institutional Review
Board of Samsung Medical Center (SMC 2019-12-013).
The TMAs consisted of 68 normal, 44 borderline, and
101 HGSOC tissues. Clinical information, including
treatment and follow-up data, was retrieved from elec-
tronic medical records.

Immunohistochemistry staining and scoring

Paraffin-embedded tissue sections were incubated at
65 °C for 20 min, deparaffinized in xylene for 15 min,
and rehydrated in graded ethanol (100%, 90%, 70%; 5 min
each). Antigen retrieval was performed in 10 mM citrate
buffer (pH 6.0) using microwave Heating for 10 min.
Endogenous peroxidase was quenched in 3% hydrogen
peroxide for 10 min. Sections were then incubated with
anti-PLCD1 (ab154610, Abcam) for 2 h at room tem-
perature, followed by EnVision™ Rabbit/Mouse reagent
(K5007, Agilent Technologies) for 1 h. Signals were
visualized with DAB (K3468, Agilent Technologies) and
counterstained with hematoxylin (S3309, Agilent Tech-
nologies) for 5 min. PLCD1 expression was semi-quan-
titatively assessed by multiplying intensity (0-3) and
proportion scores (0-100%), yielding a final IHC score
(0-300). Patient demographics, clinical characteristics,
and IHC results are summarized in Table 1.
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Cell culture

YDOV-139, YDOV-157, and YDOV-161 cell lines
were established in our laboratory [10-12]. OVCA429,
OVCAA433, and DOV13 cells were maintained in DMEM
(10-013-CV, Corning) supplemented with 10% fetal
bovine serum (FBS; 12483-020, Gibco) and 1% penicillin/
streptomycin (15140, Gibco). OVCAR3 and SKOV3 were
purchased from American Type Culture Collection and
maintained according to the supplier’s protocol. All cell
lines were tested for mycoplasma contamination using
the e-Myco™ plus Mycoplasma PCR detection kit (25237,
iNtRON Biotechnology).

Protein extraction and Western blotting

Cell lysates were prepared using lysis buffer (9803,
Cell Signaling Technology) supplemented with PMSF
(8553, Cell Signaling Technology). Protein concentra-
tions were determined by a BCA assay (Sigma-Aldrich).
Proteins were separated by SDS-PAGE and transferred
onto 0.2 pm nitrocellulose membranes (Pall Corpora-
tion). Protein bands were visualized using western blot-
ting luminol reagent (Santa Cruz Biotechnology, Inc.)
after incubation with an HRP-conjugated secondary
antibody. The primary antibodies used were anti-PLCD1
(ab154610, Abcam), anti-a-actinin (sc-17829, Santa Cruz
Biotechnology, Inc.), and anti-B-actin (ab3854, Abcam).

siRNA-mediated knockdown

OVCA429 cells were seeded in 6-well plate and trans-
fected at ~50% confluency with PLCD1 siRNA (5333-
3, Bioneer) or control siRNA (SN-1002, Bioneer) using
Lipofectamine™ RNAIMAX (13778150, Thermo Scien-
tific) in Opti-MEM (31985-070, Gibco BRL), following
the manufacturer’s instructions. Knockdown efficiency
was assessed 48 h after transfection.

Crystal Violet staining

Cells were seeded in 24-well plates and allowed to adhere
overnight. Cells were fixed with 10% acetic acid and 10%
methanol, and stained with 0.5% crystal violet (C3886,
Sigma-Aldrich) for 1 h. After washing, stained cells were
photographed, and dye was solubilized with 1% sodium
dodecyl sulfate. Absorbance was measured at 595 nm
using a VERSA Max™ microplate reader (Molecular
Devices).

Cell invasion assay

Cell invasion was assessed using a 48-well Micro Chemo-
taxis Chamber (AP48, Neuro Probe). Membranes (PFBS,
Neuro Probe) were coated with Matrigel (354234, BD
Biosciences) for 1 h. Cells (1 x 10°) in serum-free medium
were seeded into the upper chambers, and medium
containing 10% FBS was placed in the lower chambers.
After 24 h, non-invading cells on the upper surface were
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removed, invaded cells on the lower surface were stained
with Differential Quik Stain Kit (38721, Sysmex). Images
were captured using an Axio Imager M2 microscope
(Carl Zeiss; x200), and invaded cells were counted in
three random fields.

Establishment of stable cell lines

The PLCD1 lentiviral ORF ¢cDNA plasmid with c-GFP
tag (pLV-PLCD1-GFPSpark, HG18554-ACGLN) and
Control Plasmid (pLV-C-GFPSpark, LVCV-35) were
purchased from Sino Biological. HEK293T cells (1 x 10°)
were co-transfected with 2 pg lentiviral vector, 2 pg pack-
aging plasmids (pCMV delta, pMDG), and Lipofectamin
2000 (Invitrogen). Viral supernatants were collected at
48 and 72 h, and OVCARS3 cells in 24-well plates were
infected with 500 pL per well. After 24 h, medium was
replaced, and GFP-positive cells were identified by fluo-
rescence microscopy and sorted using FACSAria™ III cell
sorter (BD Biosciences).

3D tumor spheroid assay

OVCARS3 stable cells (0.1x10? cells) were suspended in
a 1:1 mixture of PBS and Matrigel (354234, BD Biosci-
ences), and the mixture was dropped onto a coverslip.
After solidification, coverslips were transferred to dishes
and overlaid with medium containing 10% FBS. Medium
was refreshed every 2 days for up to 9 days. Spheroid
morphology was observed with EVOS® FL Cell Imaging
System (Life Technologies), and viability was assessed by
MTT staining (5 mg/mL, Sigma-Aldrich).

In vivo xenograft tumor model

All animal procedures were approved by the Institutional
Animal Care and Use Committee of Yonsei University
(Approval No. 2024 - 0266). Six-week-old female BALB/c
nude mice (OrientBio Inc.) were anesthetized with
alfaxan (76 mg/kg) and xylazine (10 mg/kg). OVCAR3
stable cells (5x 10° in 1:1 PBS/Matrigel mixture (354234,
BD Biosciences) were injected subcutaneously into both
flanks. Tumor size was measured with digital calipers,
and volume calculated as: volume = length x width®x0.5.
After 35 days, tumors were harvested, volume and
weight recorded, and tissues fixed in 10% formalin
(Sigma-Aldrich).

Public dataset analysis

To validate our findings, we analyzed two indepen-
dent public cohorts obtained from the Gene Expres-
sion Omnibus (GEO): GSE211669 (1n=126) [13] and
GSE102073 (n=85) [14]. Clinical and survival data were
obtained from the supplementary files of each dataset.
PLCD1 expression values were extracted from normal-
ized expression matrices provided by GEO. Patients were
stratified into high and low expression groups according
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to the optimal cutoff values determined by maximally
selected rank statistics (log-rank test).

Statistical analysis

Statistical analysis was performed with GraphPad
Prism 10.0 (GraphPad Software). Data are presented as
mean + standard deviation (SD). Normality was assessed
using Shapiro-Wilk test. Differences between two groups
were evaluated using unpaired t-tests or the Mann-
Whitney U test. Survival was analyzed by Kaplan—Meier
method with log-rank test. P-values<0.05 were consid-
ered significant (* P<0.05, **** P<0.0001).

Results

PLCD1 expression is elevated in HGSOC tissues

We investigated PLCD1 expression by IHC in TMAs
comprising normal, borderline tumor, and HGSOC tis-
sues. PLCD1 was strongly expressed in the cytoplasm
of epithelial cells, with significantly higher expression
observed in HGSOC tissues compared to normal or bor-
derline tissues (Fig. 1A). The mean IHC scores for PLCD1
were 38.63 +33.67 in normal tissues, 55.11 +46.26 in bor-
derline tumors, and 73.99+48.11 in HGSOC tissues. The
difference was statistically significant (P<0.0001), indi-
cating a stepwise increase in PLCD1 expression with dis-
ease progression. This pattern suggests that PLCD1 may
be involved in malignant transformation.

The clinicopathological characteristics of patients
included in the TMA are summarized in Table 1. PLCD1
expression was significantly associated with histologic
classification, but not with age, CA125 level, FIGO stage,
tumor grade, or chemotherapy response. Although the
difference was not statistically significant in Table 1, fur-
ther stratification revealed that PLCD1 expression tended
to be higher in early-stage (I-II) than in advanced-stage
(III-IV) tumors (p =0.280; Supplementary Fig. S1A). This
pattern indicates that PLCD1 upregulation may occur
during the early phases of HGSOC progression, thereby
supporting its potential role as an early detection marker.

To evaluate the clinical relevance of PLCD1 expres-
sion, we analyzed overall survival (OS) and disease-free
survival (DES) in 101 patients with HGSOC (Fig. 1B).
Patients were stratified into high and low PLCD1 expres-
sion groups based on the median IHC score. Kaplan—
Meier analysis showed that patients in the low PLCD1
expression group had significantly worse OS and DFS
than those in the high expression group. For overall sur-
vival, the log-rank test yielded x* = 4.815 with a P-value
of 0.028. The median OS was 66.00+ 11.31 months in the
low-expression group and 171.00+63.53 months in the
high-expression group. The mean OS was 106.26 +14.16
months and 159.35+16.50 months, respectively. For
disease-free survival, the difference was also statistically
significant (x> = 4.027, P=0.045). The median DFS was
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21.00+3.41 months in the low-expression group and
39.00+12.90 months in the high-expression group. The
mean DFS was 64.61 + 13.46 months versus 117.02+17.78
months, respectively. These findings further support
the prognostic significance of PLCD1 expression, sug-
gesting that reduced PLCD1 levels are associated with
shorter survival and more aggressive disease behavior in
HGSOC.

To further validate our findings, we analyzed two inde-
pendent cohorts from public databases GSE211669,
n=126; GSE102073, n=85). In GSE211669, patients with
low PLCD1 expression had significantly shorter OS com-
pared with those with high PLCD1 expression (P=0.048),
and a similar but non-significant trend was observed for
progression-free survival (PES) (P=0.112; Supplementary
Fig. S1B). In GSE102073, patients with low PLCD1 also
showed a tendency toward shorter OS (P=0.051) and
PFS (P=0.151), although the differences did not reach
statistical significance (Supplementary Fig. S1C).

PLCD1 regulates HGSOC cell proliferation in vitro

PLCD1 expression in HGSOC cell lines was confirmed by
Western blotting, which showed relatively low expression
in OVCA429 cells and higher expression in OVCAR3
cells (Fig. 2A). To investigate the functional role of
PLCD1, we established both knockdown and overexpres-
sion cell lines. For the knockdown model, OVCA429 cells
were transfected with PLCD1-targeting siRNA (Fig. 2B).
Densitometric analysis of Western blot bands showed
that PLCD1 protein levels in siPLCDI1-transfected
OVCA429 cells were reduced by approximately 63.50%
compared to the siControl group.

Colony formation assays showed that PLCD1 knock-
down significantly increased the number of colo-
nies. Representative images of the colonies are shown
in Fig. 2C. OD quantification demonstrated that the
siPLCD1 group had higher absorbance than the siCon-
trol group (1.01 vs. 0.69, P=0.016), corresponding to a
1.46-fold increase in cell proliferation (Fig. 2D). However,
in the transwell invasion assay, there was no significant
difference in invasive capacity between the two groups
(Fig. 2E), suggesting that PLCD1 primarily affects prolif-
eration rather than invasion in OVCA429 cells.

For the overexpression model, OVCAR3 cells were
transduced with a lentiviral vector carrying PLCD1 or
an empty control vector. Stable PLCD1-overexpressing
clones were established and verified by Western blotting
(Fig. 3A). In 3D spheroid culture assays, PLCD1 over-
expression significantly reduced colony number from
103.30+2.52 in the empty vector group to 49.50+5.20
in the PLCD1 group (Fig. 3B, P<0.0001). The spheroids
formed by PLCD1-overexpressing cells appeared smaller,
more compact, and less proliferative. As with knockdown
experiments, invasion assays did not show significant



Kim et al. BMC Cancer (2025) 25:1741 Page 5 of 10
Normal Borderline
17 7 1A
I l,
"" ” /I ,'/,,H’ ‘.\"/ )'
ey j ' ’I(ll
P +““l’ 1" !'I"n'
o "'-"' y ,"l' . y
L "
' K I
.‘. L/ " t:f
L -~
.'l’ Y ."’
e /.:, ol ;_, . 4
o '1,‘ ,'2/"‘"'/’4& g
l: 2. o
e S G '"“v-' ....,,';-_ 22
100- ek ok ok
[ * ]
o ' '
o 807 T
T
w— 60— T
(=]
'
o 40+ I
(33
7]
(6] A
Ve 20
0 T T T
Normal Bordeline HGSOC
10 1.0 1
~Low ~low
rHigh “rHigh
08+ 03
E 05 - § 06
E 04 S 04
02 02 =
P =0.028 P =0.045
0n ] 1 I ] 0.0 T T T T
] 50 100 150 200 20 300 0 50 100 150 200 250 300
Month Month

Fig. 1 PLCD1 overexpression was observed in HGSOC tissues. (A) Representative IHC images of PLCD1 expression in normal, borderline, and HGSOC tis-
sues (magnification x40; scale bar, 50 um). The mean IHC scores are presented as bar graphs for normal (n=68), borderline (n=44), and HGSOC (n=101)
tissues. Statistical significance was determined by unpaired t-test (* P<0.05, **** P<0.0001). (B) Kaplan-Meier survival curves for 101 patients stratified by
PLCD1 expression. The curves show differences in OS and DFS between low and high PLCD1 expression groups. Statistical analysis was performed using

the log-rank test

differences between the two groups (Fig. 3C). Together,
these findings suggest that PLCD1 suppresses cell prolif-
eration in HGSOC cells in vitro.

PLCD1 overexpression reduces tumor growth in vivo
To evaluate whether PLCD1 overexpression affected
tumor growth in vivo, we used an OVCAR3-derived

xenograft model. OVCARS3 cells were transduced with
either PLCD1 or an empty lentiviral vector. The result-
ing cells were used to establish two groups: the PLCD1
group (n=11) and the Empty group (n=4), which were
injected subcutaneously. From 30 day after injection,
the tumor growth rate in the PLCD1 group was reduced
compared to the Empty group (Fig. 4A). Representative
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images of the harvested tumors are shown in Fig. 4B. On
day 35, the mean tumor volume in the PLCD1 group was
928.25 +335.38 mm®, compared to 1652.74+715.97 mm®
in the Empty group, and the difference was statistically
significant as determined by the Mann—Whitney U test
(P=0.037; Fig. 4C, left). Final tumor weight was also
lower in the PLCD1 group (0.69 +0.28 g) compared to the
Empty group (0.96+0.15 g), although the difference was

not statistically significant (Fig. 4C, right). These results
suggest that PLCD1 overexpression may suppress tumor
growth in vivo.

Discussion

The present findings reveal a potential tumor-suppres-
sive function of PLCD1 in HGSOC, as evidenced by its
elevated expression in tumor tissues and its association
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Fig. 3 PLCD1 overexpression suppressed HGSOC cell proliferation in vitro. (A) OVCAR3 cells were transduced with a GFP-PLCD1 vector or empty control
and PLCD1 expression was assessed by Western blotting. PLCD1 and a-actinin lanes were obtained from independent blots performed on different days
under identical experimental conditions. a-actinin served as a common loading control across blots. (B) Representative images of spheroids formed from
PLCD1-overexpressing and control OVCAR3 cells (scale bar, 200 um). Spheroids were cultured for 9 days. (C) Invasion assay of OVCAR3 cells transduced
with PLCD1 or empty vector. Representative images (left) and quantification of invaded cells (right). Data are shown as mean+SD (ns: not significant;
Mann-Whitney U test)
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with favorable clinical outcomes. While PLCD1 has PLCDI expression in early-stage (I-II) compared with
been reported to be inactivated through promoter advanced-stage (III-IV) tumors. This trend suggests
methylation in several malignancies, including breast, that PLCDI1 upregulation may occur at an early phase of
leukemia, esophageal, and gastric cancer [15-18], its HGSOC, further supporting its potential utility for early
biological role in HGSOC has not previously been detection.

characterized. Our data show that PLCD1 expression Previous studies have demonstrated that low PLCD1
is significantly higher in HGSOC tissues compared to  expression correlates with poor prognosis in various can-
normal or borderline tissues, suggesting that it may play  cers, including renal cell carcinoma, chondrosarcoma,
a role in tumor development and progression. These and colorectal cancer [6, 7, 9]. Our results are consis-
findings indicate that PLCD1 could serve as a novel tent with these findings, as reduced PLCD1 expression
marker in HGSOC. In addition, although not statisti- in HGSOC was significantly associated with shorter
cally significant, we observed a tendency for higher overall and disease-free survival. To further substantiate
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these observations, we analyzed two independent public
cohorts (GSE211669 and GSE102073). Consistent with
our data, patients with low PLCD1 expression showed
significantly shorter OS in GSE211669, and a similar
trend was observed in GSE102073 despite not reach-
ing statistical significance. Although PFS outcomes were
not statistically significant in either cohort, both data-
sets showed a tendency toward poorer survival in the
low PLCD1 group. Importantly, to our knowledge, this
is the first study to demonstrate the prognostic relevance
of PLCD1 expression in a gynecologic malignancy. This
suggests that PLCD1 may serve as a clinically relevant
biomarker in HGSOC, with potential implications for
patient stratification and treatment decisions.

To corroborate our in vivo observations, we conducted
complementary in vitro studies using two HGSOC cell
lines, OVCA429 and OVCAR3. PLCD1 knockdown in
OVCA429 cells significantly increased cell prolifera-
tion, while PLCD1 overexpression in OVCAR3 cells sup-
pressed cell growth. In addition, xenograft experiments
demonstrated that PLCD1 overexpression reduced
tumor burden in vivo. Together, these findings suggest
that PLCD1 regulates HGSOC cell proliferation in vitro
and may contribute to tumor suppression in vivo. Pre-
vious studies have reported that PLCD1 is frequently
silenced via promoter methylation and exerts tumor-sup-
pressive effects by modulating oncogenic signaling path-
ways such as WNT/B-catenin and EGFR-FAK-ERK [5,
6]. Additionally, PLCD1 overexpression has been shown
to induce DNA damage, resulting in cell cycle arrest
and apoptosis [7]. Notably, both WNT/B-catenin and
EGFR-FAK-ERK signaling cascades are aberrantly acti-
vated in HGSOC and contribute to tumor progression,
chemoresistance, and poor prognosis [19, 20], suggest-
ing that PLCD1 may counteract these oncogenic signals.
Taken together, these observations support the mecha-
nistic basis of the tumor-suppressive role of PLCD1 in
HGSOC. Our study has certain limitations, including
the relatively modest sample size of our primary cohort
(n=101) and the lack of direct mechanistic validation of
the signaling pathways potentially regulated by PLCD1.
These aspects were partially addressed through indepen-
dent GEO cohort analyses and references to mechanistic
studies in other malignancies; however, future large-scale
clinical cohorts and direct mechanistic investigations are
required to validate these interactions.

Collectively, our results support the tumor-suppressive
function of PLCD1 in HGSOC and highlight its poten-
tial utility as both a diagnostic and prognostic biomarker.
Further mechanistic studies are warranted to elucidate
the precise pathways through which PLCD1 exerts its
effects.

Page 9 of 10

Conclusion

In conclusion, our study provides the first evidence that
PLCD1 acts as a tumor suppressor in HGSOC. These
findings suggest that PLCD1 may serve as a clinically
meaningful biomarker for diagnosis and prognosis, and
potentially a therapeutic target in ovarian cancer.
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