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Abstract: Objective: Ovarian cancer is one of the most common gynecological malignancies worldwide, and its mor-
tality rate ranks first among gynecologic cancers. Ceramide synthases are closely related to cancer development.
In this study, we investigated the role of ceramide synthase 6 (CerS6) in the development of serous ovarian cancer.
Methods: Expression of CerS6 in cancerous and healthy ovarian tissue was assessed by database analysis and im-
munohistochemistry. The biological role of CerS6 in serous ovarian cancer cells was assessed by CerS6 knockdown
followed by cell counting, colony formation, transwell migration, wound healing, and flow cytometry assays and mea-
surement of tumor proliferation in nude mice. Signaling pathway components were analyzed by Western blotting.
Gene enrichment was analyzed by GSEA and R, and RNA sequencing was used to compare the transcriptomes of
serous ovarian cancer cells with and without CerS6 knockdown. Results: High CerS6 expression in ovarian cancer
tissues was closely related to poor prognosis. Knockdown of CerS6 inhibited serous ovarian cancer cell proliferation,
invasion, and metastasis and promoted their apoptosis. In addition, CerS6 knockdown increased the proportion of
serous ovarian cancer cells in G2/M phase. CerS6 regulates cell cycle through the AKT/mTOR/4EBP1 signaling
pathway, which affects cell proliferation and metastasis. The GSEA, R, and RNA sequencing analyses showed that
knocking down CerS6 significantly affects cell cycle in serous ovarian cancer cells. Conclusions: CerS6 may have
an oncogenic role in ovarian cancer and may represent a new prognostic marker and therapeutic target for serous
ovarian cancer.
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Introduction

Ovarian cancer is one of the three malignant
gynecological tumors. According to the latest
global cancer statistics, ovarian cancer has the
highest mortality rate among gynecological
tumors worldwide [1]. Ovarian cancer cases
have increased worldwide in recent years [2]
and currently account for 2.5% of all malignant
tumors in women each year [3]. In the United
States, approximately 22,530 new cases of
ovarian cancer and 13,980 ovarian cancer-
related deaths occurred in 2019 [1]. In China,
52,100 new cases of ovarian cancer and

22,500 ovarian cancer-related deaths occurr-
ed in 2015 [4]. A recent study reported that
the 5-year survival rate of patients with stage |
ovarian cancer is 90%, whereas the 5-year
survival rate of patients with stage Ill and IV
ovarian cancer is less than 10% [3]. Although
the pathogenesis of ovarian cancer is com-
plex and unclear, epidemiological and genetic
analyses have linked ovarian cancer occur-
rence with specific genetic mutations [5]. The
most common mutations associated with ovar-
ian cancer, such as those in BRCA1, BRCA2,
and p53, are related to defective homologous
recombinant DNA repair [6-9] and are accom-
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panied by changes in the PIBK/AKT/mTOR and
RAS/RAF/MEK signaling pathways [10].

One of the six identifying hallmarks of tumor
cells is abnormal metabolism [11]. Tumor tis-
sues meet the biological energy, biosynthesis,
and redox requirements for rapid growth th-
rough metabolic reprogramming [12]. Cerami-
de synthases, key enzymes in eukaryotic lipid
metabolism that produce ceramide [13], have
recently attracted increasing attention within
the tumor field. The ceramide synthase family
includes six genes (CerS1-6) [14] that are
encoded on different chromosomes and syn-
thesize fatty acyl-CoAs of different chain
lengths [13]. Among them, CerS6, also known
as LASS6, mainly synthesizes C16: O-cera-
mide [15], which promotes cell migration and
metastasis and is an important mediator of
apoptosis [16, 17]. Many recent studies have
shown that CerS6 is involved in the occurren-
ce and progression of a variety of tumors. For
example, CerS6 is highly expressed in breast
cancer [18] and non-small-cell lung cancer [17]
cells. Knockdown of CerS6 in non-small-cell
lung cancer cells attenuates lung metastasis
[17], whereas overexpression of CerS6 in hu-
man head and neck squamous cell carcinoma
xenografts leads to their rapid growth [19].
However, few studies have investigated the
mechanistic role of CerS6 in the development
of ovarian cancer.

In the early stage of this study, we found that
CerS6 is highly expressed in serous ovarian
cancer cells and is associated with poor prog-
nosis. Immunohistochemistry results con-
firmed that high CerS6 expression is closely
related to high-grade and advanced-stage
serous ovarian cancer. Therefore, in the later
stage of this study, we investigated the effect
of CerS6 on the biological functions of serous
ovarian cancer cells in vivo and in vitro and
explored the possible mechanism for its role
in ovarian cancer. Our results indicate that
CerS6 may be a new molecular biomarker for
the prognosis of serous ovarian cancer and
may represent a new therapeutic target for the
treatment of this common malignancy.

Materials and methods
Cell culture and reagents

The human epithelial ovarian cancer cell lines
HO8910PM, OVCAR5, OVCARS, ES-2, SKOV-3,
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0V15, IGROV1, and CAOV-3 were obtained from
the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China), and the cell lines
OVCAR3, OVCARS, and HEK293T were obtain-
ed as gifts from Shanghai Cancer Institute
(Shanghai, China). All cells were cultured ac-
cording to American Type Culture Collection
(ATCC) instructions. An anti-CerS6 antibody
(@b115539, Abcam, Cambridge, UK) was used
for Western blotting and immunohistochemis-
try. Additional Western blotting antibodies rec-
ognizing AKT (#4685), p-AKT (#4060), mTOR
(#2972), p-mTOR (#2971), 4EBP1 (#9644), and
p-4EBP1 (#9451) were obtained from Cell
Signaling Technology (Danvers, MA, USA), and a
primary anti-GAPDH antibody (M1210-2) was
obtained from Sigma (St. Louis, MO, USA).
Secondary antibodies were purchased from
Jackson ImmunoResearch (West Grove, PA,
USA).

Clinical samples and database

Human ovarian cancer tissue and normal ovar-
ian tissue used in this study were obtained
from the Department of Obstetrics and Gy-
necology, Fengxian District Center Hospital
Graduate Student Training Base, Jinzhou
Medical University and the Department of
Obstetrics and Gynecology, The Affiliated
Changzhou No. 2 People’s Hospital of Nanjing
Medical University. None of the patients re-
ceived radiotherapy, chemotherapy, or other
related antitumor therapies before surgery. All
human tissues were obtained with informed
consent, and the study was approved by the
Research Ethics Committee of Fengxian Dis-
trict Center Hospital Graduate Student Training
Base, Jinzhou Medical University. We down-
loaded and analyzed ovarian cancer cohort
data from the Cancer Genome Atlas (TCGA,
https://cancergenome.nih.gov/) and the Gene
Expression Omnibus (GEO, https://www.ncbi.
nim.nih.gov/geo/).

Immunohistochemical staining

Immunohistochemistry was performed as pre-
viously described in [20] with an anti-CerS6
antibody (1:200, ab115539, Abcam). The in-
tensity of CerS6 staining was scored using the
following criteria: 0-5% staining was scored as
0; 6-35% staining as 1; 36-70% staining as 2;
and > 70% staining as 3. A total score < 2 was
considered to represent negative expression,
and a score > 2 was considered to represent
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positive expression. The scoring was perfor-
med in a blinded manner by two senior
pathologists.

Cell transfection and RNA interference

Cells were plated at 70% confluence and trans-
fected with CerS6-specific small interfering
RNA (siRNA) or with nontargeted siRNA (Gene-
Pharma, Shanghai, China) using Lipofecta-
mine® RNAIMAX (13778150, Invitrogen, Wal-
tham, MA, USA) following the manufacturer’s
instructions. The CerS6 siRNA sequences
were as follows: siRNA1 sense, 5-GCAGGC-
UGAGGACCUCUAUTT-3’, anti-sense, 5-AUAGA-
GGUCCUCAGCCUGCTT-3’; siRNA2 sense, 5-
GCGCCAUAGCCCUCAACAUTT-3', anti-sense, 5'-
AUGUUGAGGGCUAUGGCGCTT-3’; siRNA3 sen-
se, b5-GCCACUCACAACUGACCUUTT-3, anti-
sense, 5-ACGUGACACGUUCGGAGAATT-3". For
stable CerS6 knockdown, short hairpin RNA
(shRNA) or negative control (shNC) was cloned
into the pLKO.1 plasmid (Sigma). Lentivirus
packaging was performed in 293T cells ac-
cording to standard protocols [20]. Puromycin
(A1113802, Gibco, Waltham, MA, USA) was
applied to virally infected cells to obtain sta-
ble knockdown cell lines. The CerS6 shRNA
sequence was 5-TTCTCCGAACGTGTCACGT-3’,
and the negative control sequence was
5-TTCTCCGAACGTGTCACGT-3'.

RNA sequencing and quantitative real-time
PCR (qRT-PCR)

Total RNA was extracted from cells using TRI-
zol reagent (9109, Takara, Japan), and reverse
transcription was performed using the Prime-
Script RT-PCR kit (Takara) according to the
manufacturer’s protocol. CerS6 mRNA expres-
sion was detected by gRT-PCR using SYBR
Premix Ex Taq (Takara) on a 7500 real-time
PCR system (Applied Biosystems, Waltham,
MA, USA) with the following cycling settings:
one initial cycle at 95°C for 10 s followed by
40 cycles of 95°C for 5 s and 60°C for 31 s.
Data were normalized to 18S rRNA expression
and represent the averages of three repeat-
ed experiments. The gRT-PCR primers for
CerS6 were as follows: forward, 5-TTCATG-
GTGCGGCTCATCTT-3’; reverse, 5-GCTTGGAG-
AGGCCTTCCAAT-3". The gRT-PCR primers for
18S were as follows: forward, 5-TGCGAGTA-
CTCAACACCAACA-3’; reverse, 5-GCATATCTTC-
GGCCCACARNA-3'.
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Western blotting

Cells were lysed and cell proteins extract-
ed with protein extraction buffer (Sangon,
Shanghai, China). Western blotting analysis
was performed as described previously [20].

Cell proliferation assay (CCK-8 assay)

Cell viability was measured using the Cell
Counting Kit-8 (CCK-8, Dojindo, Japan) accord-
ing to the manufacturer’s instructions. Cells
with the indicated treatments were grown in
96-well plates at 4,000 cells per well. CCK-8
was added to each well and incubated for 1 h
at 37°C. Absorbance at 450 nm was measured
with a microplate reader (M1000 PRO, Tecan,
Zurich, Switzerland).

Colony formation assay

A total of 1000 cells with the indicated treat-
ments were seeded per well into 6-well plates
and cultured for 10 days. The culture medium
was replaced every three days. Individual colo-
nies (> 50 cells per colony) were fixed, stained
with a solution of 1% crystal violet in methanol,
and counted.

In vivo tumor xenograft model

Five- to six-week-old female BALB/c athymic
nude mice were randomly divided into two
groups and inoculated subcutaneously under
the left front flank with 100 pl serum-free
Dulbecco’s Modified Eagle’s Medium (DMEM)
containing 5 x 10° cells (shCerS6 or shNC).
Tumor volumes and body weights of the mice
were monitored at intervals of 3 or 4 days.
Tumor volume was calculated using the follow-
ing formula: volume = (a x b?)/2, where “a” is
the longer diameter and “b” is the shorter diam-
eter. After the mice were sacrificed, tumors
were surgically removed and weighed. Mice
were manipulated and housed according to
protocols approved by the East China Normal
University Animal Care Commission.

Cell migration and invasion assays

For the transwell migration assay, cells with
the indicated treatments were suspended in
200 pl medium without fetal bovine serum
(FBS) in the upper chamber (Corning, NY, USA)
and 600 yl medium with 10% FBS in the lower
chamber. The invasion assay was performed
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with Matrigel-coated filters (BD Biosciences,
San Jose, CA, USA). After incubation at 37°C,
cells were allowed to migrate for 24 h or invade
through Matrigel for 48 h. The migrated and
invaded cells were fixed with 4% paraformalde-
hyde and stained with 0.1% crystal violet. Cells
were counted under a microscope in six ran-
dom fields.

Wound healing assay

Cells with the indicated treatments were
seeded into a 6-well plate and grown to a ne-
arly confluent monolayer, and the wounds were
carefully created by scraping with a pipette tip.
The cultures were photographed with a DM
IRB microscope (Leica, Wetzlar, Germany), and
the number of migrated cells was quantified
using the ImagelJ software (National Institutes
of Health, version 1.52u). The percentage of
cell migration was calculated relative to the
number of migrated wild-type cells, which was
defined as 100%.

Cell apoptosis assay

Adherent cells with the indicated treatments
were detached with 0.25% trypsin without
EDTA in 1 x phosphate-buffered saline (PBS).
Cells were harvested in complete RPMI 1640
medium or DMEM and centrifuged at 1000
rom for 5 min. The collected cells were washed
with 1 x PBS and stained with 50 yg/ml prop-
idium iodide (Pl) and annexin V-FITC (BD
PharMingen, San Jose, CA, USA) following the
manufacturer’s instructions. The percentages
of annexin V (+) and PI (-) cells were analyzed
by flow cytometry using a FACSCalibur system
(BD Biosciences).

Cell cycle assay

Cells with the indicated treatments were plat-
ed in 6-well plates and grown for 24 h, washed
twice with cold PBS, and fixed in cold 70%
ethanol at -20°C overnight. The cells were
then washed twice with PBS and incubated in
PBS containing 10 mg/ml RNase A and 400
mg/ml Pl at room temperature for 30 min. The
cell cycle phase distribution was subsequently
analyzed by flow cytometry using a FACSCalibur
system (BD Biosciences).

Bioinformatics analyses with TCGA data

Gene Set Enrichment Analysis (GSEA) was per-
formed using the Broad Institute web platform,
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and statistical significance (false discovery
rate, FDR) was set at 0.25. Enrichment analy-
ses of genes were performed with the Kyoto
Encyclopedia of Genes and Genomes (KEGG)
or Gene Ontology (GO) canonical pathways
using clusterProfiler in the R package. P-values
were calculated based on hypergeometric dis-
tribution with FDR correction using the
Benjamini method.

Statistical analysis

SPSS 20.0 for Windows (IBM Corp., Armonk,
NY, USA), Microsoft Excel (Microsoft Corp.,
version 2016) and GraphPad Prism (Graph-
Pad Software Inc., version 7.00) software were
used for statistical analysis. Two-tailed Stu-
dent’s t test was used for statistical analysis
unless otherwise indicated. The chi-square
test or Student’s t-test was used for compari-
sons between groups. A P-value < 0.05 was
considered statistically significant. Data are
presented as the mean + SD (*P < 0.05, **P <
0.01, ***P < 0.001).

Results

Database analysis showed that CerS6 was
highly expressed in epithelial ovarian cancer
tissues and was closely related to poor prog-
nosis

We first determined the expression of CerS6
in epithelial ovarian cancer tissue through
database analysis. Our analysis of CerS6
MRNA expression data obtained from the
Bonome Ovarian and Hendrix Ovarian databas-
es on the Oncomine website (https://www.
oncomine.org/resource/main.html) indicated
that CerS6 mRNA expression was significantly
higher in primary ovarian tumors and serous
ovarian tumors than in the normal ovarian
surface epithelium (P < 0.001, Figure 1A and
1B). Our subsequent analysis of independent
ovarian cancer microarray data (GDS3592)
from the GEO database (https://www.ncbi.nim.
nih.gov/sites/GDSbrowser?acc=GDS3592) al-
so revealed significantly higher expression
of CerS6 mRNA in ovarian cancer tissue com-
pared to the normal ovarian surface epithelium
(P = 0.0331, Figure 1C). Further, we analyzed
sequencing data from the ovarian cancer
U133A chip in the TCGA database and found
significantly higher CerS6 mRNA expression in
serous ovary cancer tissue compared to normal
ovarian tissue (P < 0.001, Figure 1D).
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Figure 1. CerS6 was highly expressed in epithelial ovarian cancer tissues and closely related to poor prognosis. A.
Analysis of CerS6 mRNA expression data from the Bonome Ovarian database on the Oncomine website. B. Analysis
of CerS6 mRNA expression data from the Hendrix Ovarian database on the Oncomine website. C. Analyses of CerS6
mMRNA levels in normal ovarian epithelial cells (n = 12) and ovarian cancer epithelial cells (n = 12) from the GEO da-
tabase (GDS3592). D. The mRNA expression of CerS6 is upregulated in tumor tissues compared to normal tissues
from the TCGA database. E. Analysis of overall survival period according to CerS6 expression in 1435 patients with
epithelial ovarian cancer from the Kaplan-Meier plotter database. F. Analysis of progression-free survival according
to CerS6 expression in 1657 patients with epithelial ovarian cancer from the Kaplan-Meier plotter database. G.
Representative immunohistochemical staining of CerS6 expression in benign ovarian serous cystadenoma samples
and serous ovarian cystadenocarcinoma samples. Scale bar: 50 ym. (The values represent mean + SD, *P < 0.05,
**P < 0.01, ***P < 0.001. Experiments were statistically analyzed using two-tailed Student’s t-test).

To determine the relationship between CerS6 1657 cases of epithelial ovarian cancer from
expression and patient prognosis, we divided the Kaplan-Meier plotter database (http://
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Table 1. Correlation of CerS6 expression with patient clinical

characteristics

Immunohistochemical results
showed that CerS6 was close-

Expression of CerS6

ly related to advanced serous

Variable Low High Total X2 P ovarian cancer
Group We sought to verify the data-
Serous Cystadenoma 31 (88.57) 4(11.43) 35 base analysis results des-
Serous Ovarian cancer 44 (40) 66 (60) 110 25.086 0.000 cribed above by using immu-
Total 75(51.72) 70(48.28) 145 nohistochemistry to detect
Age CerS6 expression in tissues
<50 15 (41.67) 21(58.33) 36 from 110 cases of serous
>50 29(39.19) 45(60.81) 74 0.062 0.803 ovarian cancer and 35 cases
Total 44 (40) 66 (60) 110 of benign serous cystadeno-
Lymph node metastasis ma. Fxpressioh of C.er86 was
Present 8(33.33) 16(66.67) 24 significantly higher in serous
Absent 36 (41.86) 50(58.14) 86 0568 0451  ovarian cancertissue than in
Total 44 (40) 66(60) 110 benign ovarian serogs cystad-
enoma (P < 0.001, Figure 1G).
Grade of Serous Further analysis of the rela-
High 33(34.38) 63(65.63) 96 tionship between CerS6 and
Low 11 (78.57) 3(21.43) 14 9.944 0.003 the C||n|Copatho|og|Ca| charac-
Total 44 (40) 66 (60) 110 teristics of serous ovarian
FIGO Stage cancer in this group of cases
[+11 25(52.1) 23(47.9) 48 (Table 1) revealed high CerS6
H1+1V 19 (30.65) 43 (69.35) 62 5.181 0.023 expression in 21% (3/11) of
Total 44 (40) 66 (60) 110 low-grade serous ovarian can-

FIGO: The International Federation of Gynecology and Obstetrics.

kmplot.com/analysis/index.php?p=service&can-
cer=ovar) into groups with high (n = 826) and
low (n = 830) CerS6 expression based on the
median expression level of CerS6 mRNA. Uni-
variate analysis of the overall survival rate
revealed that patients in the high CerS6 ex-
pression group had significantly shorter overall
survival times than those in the low CerS6
expression group (P = 0.0058, Figure 1E). We
then divided 1435 cases of epithelial ovarian
cancer in the Kaplan-Meier plotter database
into groups with high (n = 717) and low (n =
718) CerS6 expression based on the median
expression level of CerS6 mRNA. Univariate
analysis of progression-free survival showed
that patients with high CerS6 expression had a
significantly shorter period of progression-free
survival than patients with low CerS6 expres-
sion (P = 0.0011, Figure 1F). The source of the
1657 cases and 1435 cases were from Kalan-
Meier Plotter database using the seleted
parameters. These data suggest that high
expression of CerS6 is closely related to poor
prognosis in ovarian cancer patients.
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cer cases and in 66% (63/96)
of high-grade serous ovarian
cancer cases, and the differ-
ence between the two groups was statistically
significant (P = 0.003). Moreover, high CerS6
expression was detected in 48% (23/48) of
early-stage (1+2) serous ovarian cancer cases
and in 69% (43/62) of late-stage (3+4) serous
ovarian cancer cases, and the difference be-
tween these groups was also statistically sig-
nificant (P = 0.031). These results suggest that
high expression of CerS6 is closely related to
advanced high-grade serous ovarian cancer.

Knockdown of CerS6 inhibited the proliferation
of serous ovarian cancer cells in vivo and in
vitro

Next, we investigated the effect of CerS6
knockdown in vitro and in vivo. First, we deter-
mined the expression levels of CerS6 in 10
ovarian cancer cell lines (OVCAR5, SNU840,
OVCAR3, IGROV1, 0V15, HO8910PM, SKOV-3,
OVCARS8, ES-2, and CAOV-3) by gRT-PCR and
Western blotting (Figure 2A and 2B). We then
developed three anti-CerS6 siRNAs and test-
ed them in the serous ovarian cancer cell lines
OVCAR3 and OVCARS8, which have high CerS6

Am J Transl Res 2020;12(9):5924-5939



Ceramide synthase 6 in high-grade serous ovarian cancer

Relative mRNA expression of CerSé

5> o &P & & o
M XL F e FO
FFEFTE NS F kpa

C OVCARS8 D
0.008 0.008
3 2
% 0.006 £ 50.006 OVCAR3 OVCARS
c
8L @‘gnm NC si1 si2 si3 NC sil si2 si3
5 e S e B i ok, SR
g gﬂooz 7% Te4% tﬁ.: é CerSe e (e
@ xU — Z 0 85.9% 87% 89.1% v - P .
23 . - s - 7 GAPDH D e -
S 0000 . © ————
'3 < N & o ha & >
- @5 &e‘ @e g&t e@h 3&6
& & F & &
E £ o3
OVCARS ;g )
_— e
shNC shCerS6 252
o 2
7]
CerS6 s v ?‘, @
CAPDH SN F
@ X
= °
s 00
5 NC shCerS6
x©

Figure 2. CerS6 expression in ovarian cancer cell lines. (A and B) Expression of CerS6 in 10 different ovarian can-
cer cell lines was measured by (A) gRT-PCR and (B) Western blotting. (C and D) Expression of CerS6 after siRNA
knockdown in OVCAR3 and OVCARS cells was detected by (C) gRT-PCR and (D) Western blotting. (E) Expression of
CerS6 in OVCARS cell lines carrying shRNA (shCerS6 or shNC) was detected by Western blotting. (The values rep-
resent mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001. Experiments were statistically analyzed using two-tailed

Student’s t-test).

expression (Figure 2C and 2D). We selected
siRNA1 and siRNA2 for use in our in vitro
knockdown experiments. For in vivo knock-
down experiments, we established stable
CerS6 knockdown serous ovarian cancer cell
lines by transducing OVCARS8 cells with lentivi-
rus carrying CerS6 shRNA (shCerS6) or nega-
tive control (shNC) and verified the transduc-
tion efficiency by Western blotting (Figure 2E).

We next determined the effect of CerS6
knockdown on serous ovarian cancer cell pro-
liferation in vitro. After siRNA knockdown of
CerS6 in OVCAR3 and OVCARS cells, the cells
were subjected to CCK-8 and colony for-
mation assays. Knockdown of CerS6 signifi-
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cantly inhibited the proliferation and clone for-
mation abilities of serous ovarian cancer cells
compared to the control group (P < 0.04, Figure
3A-C).

To verify the proliferation results in vivo, we
inoculated nude mice with stable shCerS6
knockdown and shNC control cells and evalu-
ated the resulting tumors. Tumors from the
shNC group had a larger mean volume and
weight than those of the shCerS6 group, and
CerS6 knockdown significantly decreased the
size and inhibited the growth of ovarian tu-
mors (Figure 3D-G). Collectively, these results
show that CerS6 knockdown inhibits the prolif-
eration of serous ovarian cancer cells.

Am J Transl Res 2020;12(9):5924-5939
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Figure 3. CerS6 knockdown inhibited the proliferation of serous ovarian cancer cells in vitro and in vivo. (A and
B) Cell proliferation at 0, 24, 48, 72, and 96 h after CerS6 knockdown in (A) OVCAR3 and (B) OVCARS cells was
determined by CCK8 assay. (C) Effect of CerS6 knockdown on the colony formation ability of OVCAR3 and OVCARS8
cells in vitro. Scale bar: 5 mm. (D) Morphological characteristics of tumors from mice inoculated with OVCARS cells
carrying shNC or shCerS6. (E) Weights and (F) Volumes of tumors from the shNC and shCerS6 groups (n = 6). (G)
Time-course of xenograft growth. The tumor volumes of mice described in (D) were measured every week. (The
values represent mean * SD, *P < 0.05, **P < 0.01, ***P < 0.001. Experiments were statistically analyzed using

two-tailed Student’s t-test).

Knockdown of CerS6 inhibited the invasion
and migration of serous ovarian cancer cells
and promoted their apoptosis

We next investigated the effect of CerS6 kno-
ckdown on the invasion and migration abilities
of serous ovarian cancer cells using transwell
invasion and migration assays. We found that
siRNA knockdown of CerS6 in OVCAR3 and
OVCARS8 cells significantly decreased their
invasive and migratory abilities compared to
the control group (P < 0.001, Figure 4A-F). We
also used a wound healing assay to evaluate
the effect of CerS6 knockdown on the migra-
tion of OVCAR3 and OVCARS8 cells and found
that cell migration ability was significantly
decreased in the CerS6 knockdown group
compared to the control group (P < 0.001,
Figure 4G-l). Thus, knockdown of CerS6 inhib-
ited the invasion and migration of OVCAR3 and
OVCARS serous ovarian cancer cells.

Given its effect on cell proliferation, we next
evaluated the effect of CerS6 knockdown on
serous ovarian cancer cell apoptosis using
flow cytometry. The apoptosis rates of OVCAR3
cells treated with siCerS6-1 and siCerS6-2
were 17.72 + 0.3358% and 30.28 + 0.2139%,
respectively, whereas the apoptosis rate of
the control group was 9.887% + 0.1203%. The
difference between the two groups was sta-
tistically significant (P < 0.001, Figure 4)).
Knockdown of CerS6 also increased apop-
tosis in the OVCARS cell line (Figure 4K). Thus,
CerS6 knockdown significantly promoted the
apoptosis of OVCAR3 and OVCARS serous ovar-
ian cancer cells.

CerS6 regulated the cell cycle by arresting se-
rous ovarian cancer cells in G2/M phase

To further explore the possible mechanistic role
of CerS6 in ovarian cancer, we first used GSEA
and R to analyze differences in gene expres-
sion in the high and low CerS6 expression
groups from the TCGA ovarian cancer data-
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base. In the Reactome gene set analyzed by
GSEA, differentially expressed genes were
mainly related to processes involved in DNA
replication, including strand elongation, G2/M
checkpoints, activation of ATR in response to
replication stress, activation of the prereplica-
tive complex, and lagging strand synthesis
(Figure 5A). These results suggest that CerS6
may regulate ovarian cancer cell cycle function
by affecting processes such as DNA replication
or cell cycle checkpoints.

The R analysis results indicated that the differ-
entially expressed genes in the KEGG pathway
were also mostly related to cell cycle process-
es, including DNA replication, mismatch repair,
nucleotide excision repair, and RNA transport
(Figure 5B). These results also suggest a role
for CerS6 in the cell cycle of serous ovarian
cancer cells.

To verify the above database analysis results,
we then compared the transcriptomes of
OVCARS8 serous ovarian cancer cells with or
without CerS6 knockdown using high-through-
put transcriptome sequencing (RNA-seq) fol-
lowed by GO analysis and KEGG enrichment
analysis of differentially expressed genes.
Knocking down CerS6 significantly affected
the cell cycle of ovarian cancer cells (P < 0.05,
Figure 5C and 5D). In addition, the cluster
analysis heat map showed that CerS6 signifi-
cantly affected cell cycle-related genes such
as CDKN1A, CDK5R1, CDK2AP2, CDC45, and
CDCADb (Figure 5E).

Finally, we used flow cytometry and Western
blotting to detect the effect of CerS6 knock-
down on the cell cycle. The flow cytometry
results showed that the proportion of OVCAR3
and OVCARS cells in G2/M phase of ovarian
cancer increased after knocking down CerS6,
but there was no significant effect on the pro-
portion of cells in G1 phase (Figure 6A).
Western blotting indicated that 48 h after
CerS6 knockdown, the expression of G2/M

Am J Transl Res 2020;12(9):5924-5939
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Figure 4. CerS6 knockdown inhibits invasion and migration and promotes the apoptosis of serous ovarian cancer
cells. (A and B) The level of invasion was probed in the CerS6 knockdown and negative control (NC) groups derived
from (A) OVCAR3 and (B) OVCARS cells. (C) Quantification of invasion rates in OVCAR3 and OVCARS cells. (D and E)
The level of migration was probed in the CerS6 knockdown and NC groups derived from (D) OVCAR3 and (E) OVCARS8
cells. (F) Quantification of migration rates in OVCAR3 and OVCARS cells. (G and H) Representative wound healing
images of CerS6 knockdown (G) OVCAR3 and (H) OVCARS cells at O h and 24 h post-wounding. The cell boundary
is indicated by the black outline. (I) Quantification of wound healing rates in OVCAR3 and OVCARS cells. Data are
means + SD of the wound area relative to the NC group. (J and K) CerS6 knockdown promotes (J) OVCAR3 and (K)
OVCARS cell apoptosis, as detected by cell apoptosis assays. (L) Quantification of apoptosis rates in OVCAR3 and
OVCARS cells. Scale bar: 100 um. (The values represent mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001. Experi-

ments were statistically analyzed using two-tailed Student’s t-test).

phase-related proteins (CDK1 and CCNB1) in
OVCAR3 and OVCARS ovarian cancer cells was
significantly reduced (Figure 6B). Collectively,
these results suggest that CerS6 knockdown
causes serous ovarian cancer cells to arrest at
G2/M and consequently affects their biological
function.

CerS6 promoted the proliferation and invasion
of ovarian cancer cells by activating the AKT/
mTOR/4EBP1 pathway

To investigate the possible mechanism by
which CerS6 affects ovarian tumorigenesis, we
used Western blotting to detect the activa-
tion of the AKT/mTOR signaling pathway in
OVCAR3 and OVCARS8 serous ovarian cancer
cells after CerS6 knockdown. The levels of
p-AKT, p-mTOR, and p-4EBP1 detected by
Western blotting were significantly reduced in
CerS6 knockdown cells compared to the con-
trol cells, whereas expression of AKT, mTOR,
and 4EBP1 was not significantly changed by
CerS6 knockdown (Figure 7). These results
indicate that knockdown of CerS6 can sig-
nificantly inhibit the phosphorylation of AKT,
mTOR, and the downstream molecule 4EBP1
in the AKT/mTOR pathway. Further, we specu-
late that CerS6 may promote the proliferation,
invasion, and metastasis of ovarian cancer
cells by activating the AKT/mTOR/4EBP1
pathway.

Discussion

The main function of ceramide synthases
(CerS) is to synthesize ceramide, which is an
important component of eukaryotic cell mem-
branes [21]. An increasing number of studies
have shown that ceramide synthases play a
significant role in the pathogenesis of cancer.
For example, overexpression of CerS1 and
CerS2 in breast cancer promotes tumor cell
proliferation and is associated with poor prog-
nosis [13, 22]. The mRNA and protein levels of
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CerS4 are upregulated in human liver cancer
tissues and promote the proliferation of liver
cancer cells in vitro and in vivo [23]. The
mMmRNA expression of CerS5 is elevated in
colorectal cancer tissues [24-26], and CerS5
has been identified as a tumor marker [206]
and a prognostic indicator [27] of colorectal
cancer. Studies have also found that CerS6 is
highly expressed in breast cancer, non-small-
cell lung cancer, gastric cancer, and head and
neck cancer [17-19, 21]. However, no published
studies have investigated the role of CerS6 in
ovarian cancer.

In our study, database analysis and immuno-
histochemical assays showed that CerS6 is
highly expressed in serous ovarian cancer tis-
sues and that high CerS6 expression is clo-
sely related to a poor prognosis in patients
with ovarian cancer, which is consistent with
data previously reported in the literature [17-
19, 21]. Studies have also reported that
CerS6 can be used as a prognostic marker of
tumors in gastric cancer and non-small-cell
lung cancer [17, 21]. Our immunohistochemis-
try experiments showed that CerS6 expres-
sion level was closely related to the grade and
stage of ovarian cancer and, further, that
CerS6 expression was significantly higher in
advanced high-grade serous ovarian cancer
than in early stage cancer. Both clinical stage
and grade have been reported to be important
factors affecting the prognosis of ovarian can-
cer, and the prognosis of early-stage low-grade
ovarian cancer is significantly different from
that of late-stage high-grade ovarian cancer
[28-31]. Therefore, we speculate that CerS6
may be a good prognostic marker of high-grade
Serous ovarian cancer.

Research has shown that CerS6 knockdown
reduces gastric cancer cell proliferation, migra-
tion, and invasion [21]. It has also been report-
ed that interference with CerS6 in non-small-

Am J Transl Res 2020;12(9):5924-5939
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cell lung cancer tissues reduces lung cancer
cell invasion and metastasis and promotes
lung cancer cell apoptosis [17]. In this study,
we found that knockdown of CerS6 inhibits the
proliferation, invasion, and metastasis of ser-
ous ovarian cancer cells and promotes their
apoptosis, indicating that CerS6 affects ovari-
an cancer cell proliferation, invasion, and
apoptosis.

Increased tumor self-proliferation ability is the
most basic characteristic of cancer cells and is
often associated with cell cycle dysregulation
[11]. We used RNA sequencing and enrich-
ment analysis of data from the TCGA ovarian
cancer database to determine that changes in
CerS6 expression affect the expression of
genes closely related to the cell cycle. Further,
our cell cycle and Western blotting experi-
ments revealed that CerS6 knockdown signifi-
cantly increased the proportion of ovarian can-
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cer cells in the G2/M phase compared to the
control cells.

The AKT/mTOR/4AEBP1 pathway is an intracel-
lular signaling pathway that is crucial for regu-
lating not only cell cycle and tumorigenesis but
also for cell nutrient absorption, cell prolifera-
tion, invasion, and survival [32, 33]. The AKT/
mTOR/4EBP1 pathway is activated in 70% of
ovarian cancers, which leads to constitutive
activation of signaling cascades associated
with cell growth, proliferation, survival, metabo-
lism, and angiogenesis [34]. Our study reveal-
ed that phosphorylation of AKT, mTOR, and
4EBP1 was significantly decreased after CerS6
knockdown, whereas the levels of non-phos-
phorylated AKT, mTOR, and 4EBP1 were not
significantly changed. Therefore, we speculate
that high expression of CerS6 may significantly
promote the phosphorylation of the key AKT/
mTOR signaling molecules AKT, mTOR, and
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4EBP1, thus promoting the growth and metas-
tasis of ovarian cancer cells.

In summary, CerS6 is highly expressed in high-
grade advanced serous ovarian cancer and is
closely related to poor prognosis. CerS6 pro-
motes ovarian cancer cell proliferation, inva-
sion, and metastasis and inhibits their apopto-
sis. After knockdown of CerS6, the serous ovar-
ian cancer cell cycle was arrested in the G2/M
phase. High expression of CerS6 may promote
the proliferation, invasion, and metastasis of
ovarian cancer cells by activating the AKT/
MTOR/4EBP1 pathway. These results suggest
that CerS6 may be a new prognostic marker
and therapeutic target for serous ovarian
cancer.
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