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An increasing number of studies have clarified the functional
roles of RNA-binding proteins (RBPs) in driving post-tran-
scriptional mechanisms of cancer progression. In this study,
we integrated data from the RBP database andGene Expression
Omnibus (GEO) data with RNA sequencing (RNA-seq) data
from 10 ovarian cancer tissues and 8 normal ovarian tissues
and identified an RBP, CUGBP- and ETR-3-like family 2
(CELF2). We found that CELF2 expression was downregulated
in ovarian cancer and positively correlated with the overall sur-
vival (OS) and progression-free survival (PFS) of patients with
ovarian cancer. Altered CELF2 expression led to changes in the
proliferation, migration, and invasion of ovarian cancer cells
in vitro and in vivo. CELF2 expression increased the stability
of its target, FAM198B, by binding to AU/U-rich elements
(AREs) in the 30 untranslated region (30 UTR). FAM198B
knockdown restored the CELF2-mediated suppression of pro-
liferation and migration. We also found that CELF2/
FAM198B may repress ovarian cancer progression by inhibit-
ing the mitogen-activated protein kinase/extracellular-regu-
lated protein kinase (MAPK/ERK) signaling pathway. Finally,
a curcumin-induced increase in CELF2 expression resulted in
increased ovarian cancer cell sensitivity to cisplatin. Our study
elucidated a novel mechanism by which the CELF2/FAM198B
axis regulates proliferation and metastasis in ovarian cancer,
providing novel, potential therapeutic targets for ovarian
cancer.
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INTRODUCTION
Over the past few decades, the incidence of ovarian cancer has
increased rapidly, and this disease poses a major threat to women’s
health worldwide.1 Patients are usually diagnosed with ovarian cancer
at a late stage, and the development of chemoresistant forms will
occur in over 70% of patients after initial treatment with cisplatin-
based chemotherapy for an extended period of time, resulting in
the highest mortality rate among gynecological tumors.2 Therefore,
studies aiming to explore the underlying mechanisms involved in
the tumorigenesis of ovarian cancer and therapeutic targets to over-
come chemoresistance are essential. Post-transcriptional regulatory
This is an open access article under the CC BY-NC-
processes mediated by trans-acting factors, such as RNA-binding
proteins (RBPs), microRNAs (miRNAs), and long noncoding
RNAs (lncRNAs) play important roles in these oncogenic fitness
traits,3–5 among which the functional roles of RBPs are less well
defined.

RBPs are proteins that regulate the abundance and functions of RNA
transcripts at multiple post-transcriptional levels, including RNA
splicing, localization, polyadenylation, modification, stability, and
translation.6,7 Because of these critical roles, functional defects in
these proteins have been increasingly identified as major regulators
of cancer. For ovarian cancer, several studies have investigated the
regulation of several cellular processes by pivotal RBPs. For instance,
a recent report illustrated a novel post-transcriptional network that
links ovarian cancer progression and immunomodulation within
the tumor microenvironment through RBP SORBS2-mediated tran-
script stabilization.8 More recently, studies from other groups have
suggested that the RBP LIN28A, a key factor that maintains the plu-
ripotency of stem cells, regulates the biological behaviors of ovarian
cancer cells through ROCK2.9 However, only a small proportion of
them have been well elucidated.

In the present study, we performed an integrated transcriptomic anal-
ysis to identify key prognosis-related RBPs in ovarian cancer and
discovered an RBP named CUGBP- and ETR-3-like family 2
(CELF2), which can function as a tumor suppressor. CELF2 is asso-
ciated with the proliferation, migration, and metastasis of ovarian
cancer cells in vivo and in vitro. More interestingly, we found that
CELF2 stabilizes FAM198B mRNAs by binding to its AU/U-rich el-
ements (AREs) within the 30 untranslated region (30 UTR). Moreover,
CELF2/FAM198B may suppress ovarian cancer progression via the
mitogen-activated protein kinase/extracellular-regulated protein
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kinase (MAPK/ERK) signaling pathway. Finally, a traditional Chinese
medicine, named curcumin, may increase the sensitivity of ovarian
cancer cells to cisplatin by upregulating CELF2.

RESULTS
Identification of the RBP CELF2 as a Key Prognostic Tumor

Suppressor in Ovarian Cancer Using an Integrated

Transcriptomic Analysis

We first conducted RNA sequencing (RNA-seq) in 10 ovarian cancer
tissues and 8 normal ovarian tissues to explore the differentially ex-
pressed genes in ovarian cancer; we used p <0.05, a fold-change value
R2, and false discovery rate (FDR) <0.05 as the screening criteria. A
total of 6,764 differentially expressed genes were identified, among
which 4,656 were upregulated, and 2,108 were downregulated.
Next, we profiled the expression of 1,542 RBP genes annotated in
the RBP database10 and downloaded previously published RNA-seq
data obtained from gene microarray profiles (Gene Expression
Omnibus [GEO]: GSE14407) from the GEO database, which consists
of 12 ovarian cancer specimens and 12 normal ovarian surface epithe-
lial samples.11 Furthermore, Venn diagrams revealed 28 key dysregu-
lated RBPs in these three categories (Figure 1A). A heatmap was
created for these 28 RBPs, of which 16 were upregulated, and 12
were downregulated. Among the 12 RBPs that were downregulated
in ovarian cancer, CELF2, which ranked in the top 2 RBPs, according
to the fold-change value, attracted our attention, since its expression
was positively correlated with the overall survival (OS; p = 0.023) and
progression-free survival (PFS; p < 0.001) of patients with ovarian
cancer, according to bioinformatics analyses (n = 1,287; http://
kmplot.com/analysis/index.php?p=service). However, NR0B1
(ranked top 1) expression did not display a prognostic predictive
value for the OS (p = 0.1) or PFS (p = 0.29) of patients with ovarian
cancer (Figures 1B and S1).

Downregulation of CELF2 Is Associated with a Shorter Survival

of Patients with Ovarian Cancer

After selecting CELF2 as the core RBP in ovarian cancer, we then
examined the expression of the CELF2 mRNA in ovarian cancer sam-
ples from the web server Gene Expression Profiling Interactive Anal-
ysis (GEPIA; http://gepia.cancer-pku.cn/) and found that CELF2
expression was significantly downregulated in ovarian cancer tissues
(N = 426; data from The Cancer Genome Atlas [TCGA]) compared
with normal ovarian tissues (N = 88; data from Genotype-Tissue
Expression [GTEx]; Figure S2A). Moreover, in four other publicly
available datasets of ovarian cancer, CELF2 expression was uniformly
downregulated in ovarian cancer tissues compared with normal
Figure 1. CELF2 Expression Is Downregulated in Ovarian Cancer and Predicts
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tissues (Figure S2B). Next, we compared the expression of the
CELF2 mRNA in a cohort of 50 fresh-frozen ovarian cancer speci-
mens and 50 normal ovarian surface epithelial specimens collected
at our center using qRT-PCR. Consistent with the findings reported
in these datasets, the expression of the CELF2 mRNA was downregu-
lated in ovarian cancer tissues (p = 0.0005; Figure 1C). Western blot
analyses of six randomly selected ovarian cancer tissues and six
normal ovarian tissues revealed reduced levels of the CELF2 protein
in tumor tissues (Figure 1D).

CELF2 expression was further validated by immunohistochemistry
(IHC) through tissue microarrays (TMAs) from a larger cohort of
74 normal tissues (ovarian surface epithelial tissues or fallopian tube
specimens) and 165 ovarian cancer specimens. According to the
immunoreactivity scoring system (IRS), CELF2 expression was
divided into four grades: negative, weakly positive, moderately posi-
tive, and strongly positive, respectively. A total of 74.32% of normal
tissues showed strong positive results, whereas 2.70%, 8.11%, and
14.86% were negative, weakly positive, and moderately positive,
respectively. However, among patients with ovarian cancer, the pro-
portion of patients classified as strongly positive was 12.12%, whereas
23.03%, 31.51%, and 33.33% of patients were classified as negative,
weakly positive, and moderately positive, respectively (Figure 1E).
The statistical analysis of the data showed a significant difference be-
tween the normal tissues and ovarian cancer tissues (p < 0.01). Repre-
sentative images of negative, weakly positive, moderately positive, and
strongly positive CELF2 expression in ovarian cancer tissues are
shown in Figure 1F.We classified negative andweakly positive expres-
sion as low expression groups (90 cases) and classifiedmoderately pos-
itive and strongly positive expression as high expression groups (75
cases). The analysis of the clinical characteristics of patients with
ovarian cancer revealed that CELF2 expression was associated with
the International Federation of Gynecology and Obstetrics (FIGO)
stage (p = 0.013) and diaphragmatic metastasis (p = 0.035; Table
S1). Moreover, Kaplan-Meier survival curves revealed shorter OS
(p = 0.0096) and PFS (p = 0.0014; Figure 1G) for patients whose tumor
tissues showed CELF2 downregulation, and CELF2 was also an inde-
pendent prognostic factor for ovarian cancer, according to the Cox
regression analysis (Tables S2 and S3). Taken together, CELF2 may
represent a prognostic marker for ovarian cancer.

CELF2 Suppresses the Proliferation and Migration of Ovarian

Cancer Cells In Vitro

To validate whether CELF2 was previously described as a tumor sup-
pressor, we first examined the levels of CELF2 in 11 ovarian cancer
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cell lines by western blot and qRT-PCR. CELF2 was expressed at rela-
tively low levels in CAOV-3 and SK-OV-3 cells and high levels in
A2780 and OVCAR-8 cells (Figure 2A). Next, CAOV-3 and SK-
OV-3 cells were transfected with lentiviruses for stable CELF2 over-
expression, and two short hairpin RNAs (shRNAs; Sh1 and Sh2)
were used to knock down CELF2 in A2780 and OVCAR-8 cells.
The efficiency of overexpression and knockdown was verified (Fig-
ure 2B). Cell Counting Kit 8 (CCK-8) assays showed that CELF2 over-
expression reduced cell proliferation, whereas CELF2 knockdown ex-
erted the opposite effect (Figure 2C). These results were also
confirmed by colony-formation assays (Figure 2D). Transwell assays
were employed to assess the alterations in migration caused by
CELF2. CELF2 overexpression impeded migration, whereas CELF2
knockdown exhibited a significant increase in migration (Figure 2E).
The wound-healing assay produced similar results (Figures S3A–
S3D). In vitro results indicate the negative regulation of CELF2 in
ovarian cancer cell proliferation and migration.

CELF2 Inhibits Ovarian Cancer Tumorigenesis and Metastasis

In Vivo

To further verify the effects of CELF2 in vivo, SK-OV-3 cells stably
overexpressing CELF2 or a vector were injected subcutaneously
into BALB/c nude mice. The volumes of the tumors that developed
from the CELF2-overexpressing SK-OV-3 cells were smaller than
the negative control (NC) group (Figure 3A). The average tumor
weight was decreased in the CELF2 group (Figure 3B). Additionally,
staining for the proliferation marker Ki-67 was reduced in tumor tis-
sues overexpressing CELF2 (Figure 3C). Next, SK-OV-3 cells stably
expressing CELF2 or a vector were intraperitoneally injected into
BALB/c nude mice. The extent of peritoneal metastasis was examined
by bioluminescence imaging at 4 weeks postinoculation. CELF2 over-
expression reduced tumor metastasis (Figure 3D). After sacrifice, the
number of detectable metastatic nodules was reduced in the CELF2
group (Figure 3E). Collectively, these results demonstrate the anti-
tumor effects of CELF2 in vivo.

CELF2 Increases the Stability of the FAM198B mRNA in Ovarian

Cancer

Given that RBPs mediate post-transcriptional regulation of target
genes via a variety of mechanisms, their target genes include
mRNA, lncRNA, circular RNA (circRNA), and miRNA,6 among
which the most important is mRNA. Although CELF2 had been pre-
viously identified as an RBP, its mRNA targets are largely unknown.
We performed high-throughput RNA immunoprecipitation (RIP)
sequencing (RIP-seq) in A2780 cells to identify potential mRNAs
that were directly bound by the CELF2 protein and to identify addi-
tional mRNAs regulated by CELF2 in ovarian cancer. We identified
2,464 mRNA targets of the CELF2 protein using the criteria of p <
0.05, a fold-change value >2, and FDR < 0.05. Then, we performed
RNA-seq and identified 191 genes that were differentially expressed
above the threshold level in CELF2-overexpressing SK-OV-3 cells
compared with the expression in NC cells; these genes included 61
upregulated genes and 130 downregulated genes (Figure S4A).
Merged with RIP-seq data, we identified 23 genes as potential regula-
172 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
tors of ovarian cancer downstream of CELF2. Among the 23 novel
putative mRNA targets that were potentially bound and dysregulated
by CELF2, eight transcripts were also dysregulated in the GEPIA
database; this gene set comprised TCF4, IL4I1, FBN1, FAM198B,
CXCL16, CHAC1, C7orf55-LUC7L2, and BMP4 (Figures 4A and
S4B). FAM198B was a particularly interesting target, because it dis-
played the greatest enrichment in the RIP-qPCR data (Figure 4B).
We further confirmed that the FAM198B transcript was present in
the CELF2 immunocomplex and input but not in the control immu-
noglobulin G (IgG) immunoprecipitates of the RIP-qPCR product
(Figure S4C). Moreover, CELF2 overexpression increased, and
CELF2 knockdown decreased the levels of the FAM198B mRNA
and protein (Figure 4C). As CELF2 has been identified as a regulator
of mRNA stability, we hypothesized that CELF2 might change the
transcript abundance of FAM198B through an effect on its stability.
We found that FAM198B transcripts exhibited longer half-lives in
CELF2-overexpressing CAOV-3 and SK-OV-3 cells following actino-
mycin-D (Act D; 5 mg/mL) treatment. The opposite result was
observed after the knockdown of CELF2 in A2780 and OVCAR-8
cells (Figure 4D), indicating that CELF2 increased the stability of
the FAM198B mRNA through a post-transcriptional mechanism.

CELF2 Binds to AREs within the FAM198B 30 UTR in Ovarian

Cancer Cells

It is well recognized that CELF2 could predominantly bind to AREs in
the 30 UTR of their target mRNAs,12,13 and we investigated whether
CELF2 could bind to the 30 UTR of FAM198B. To test this idea,
the University of California, Santa Cruz (UCSC), Genome Browser
(http://genome.ucsc.edu/) was used to analyze FAM198B mRNA
and provided a series of AREs in its 30 UTR. As shown in the sche-
matic, the 30 UTR of FAM198B mRNA was divided into seven sec-
tions, WT1, -2, -3, -4, -5, -6, and -7. Additionally, NC, which does
not contain a binding site, was chosen as the NC (Figures 5A and
S5). We performed a dual-luciferase assay in CAOV-3 cells and
A2780 cells to functionally confirm the ARE regions that were
required for CELF2 binding to FAM198B mRNA. The luciferase ac-
tivity of the reporters carrying WT3 and WT4 was increased upon
CELF2 overexpression and decreased when CELF2 was knocked
down. In contrast, no alterations in luciferase activity were observed
following cotransfection with WT1, -2, -5, -6, or -7 (Figure 5B) or
with site-directed mutant 3 and mutant 4 (Figure 5C). Generally,
these data indicated that CELF2 binds to AREs in the 30 UTR-WT3
and 30 UTR-WT4 sites of FAM198B mRNA to enhance FAM198B
expression.

FAM198B Is a New Player with a Tumor-Suppressive Role in

Ovarian Cancer

Although CELF2 stabilizes FAM198B by binding to its 30 UTR in
ovarian cancer, the function of FAM198B has rarely been discussed.
FAM198B expression was significantly decreased, and a positive cor-
relation was identified between the expression of CELF2 and
FAM198B in the GEPIA dataset of ovarian cancer (Figures S6A
and S6B). Next, we detected the FAM198B mRNA levels in the afore-
mentioned cohort of 50 ovarian cancer tissues and 50 normal tissues

http://genome.ucsc.edu/


Figure 2. Effects of CELF2 on the Proliferation and Migration of Ovarian Cancer Cells In Vitro

(A) Western blot and qRT-PCR analyses of CELF2 expression in 11 ovarian cancer cell lines. (B) qRT-PCR and western blot analyses of CELF2 levels following CELF2

overexpression and knockdown. (C–E) CCK-8 (C), colony-formation (D), and Transwell assays (E) (scale bars, 40 mm) were performed to assess the changes in the pro-

liferation and migration induced by CELF2. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 3. Overexpression of CELF2 Inhibited Proliferation and Metastasis In Vivo

(A) Xenografts were established in BALB/c nude mice by subcutaneously injecting CELF2-overexpressing SK-OV-3 cells (CELF2) or vector-expressing cells (NC) and

xenograft tumor growth curves of the CELF2 and NC groups (right panel). (B) Final tumor weights of xenograft tumors at sacrifice. (C) Representative images of H&E staining

and IHC staining for CELF2 and the proliferation marker Ki-67 in fixed and embedded xenograft tumors (scale bars, 100 mm). (D) Representative images of luciferase signals

(left panel) and quantification of photon flux in abdominal cavity metastatic luciferase foci (right panel) after the intraperitoneal injection of CELF2-overexpressing SK-OV-3

cells (CELF2) or vector-expressing cells (NC) in BALB/c nude mice. (E) Representative images of abdominal cavity metastases derived from two groups after sacrifice (left

panel) and quantification of the number of metastatic nodules of tumors in the abdominal cavities (right panel). Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, and

***p < 0.001.
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Figure 4. CELF2 Stabilized the FAM198B Transcript

(A) Venn diagram illustrating the overlap of 23mRNA targets of CELF2 identified using the RIP-seq and RNA-seq analysis (left panel); eight transcripts were also dysregulated

in the GEPIA database (right panel). (B) qRT-PCR analysis of eight transcripts obtained from RIP with anti-CELF2 and IgG control antibodies in A2780 cells. (C) Levels of the

(legend continued on next page)

www.moleculartherapy.org

Molecular Therapy: Nucleic Acids Vol. 23 March 2021 175

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
using qRT-PCR and protein levels through TMAs using IHC ana-
lyses. Levels of the FAM198B mRNA and protein were decreased in
ovarian cancer tissues (Figures 6A and S6C), and FAM198B mRNA
expression levels exhibited a positive correlation with the expression
of the CELF2 mRNA (p = 0.0004; Figure 6B). Moreover, FAM198B
expression correlated with a shorter OS of patients with ovarian can-
cer (p = 0.014; Figure 6C). We used small interfering RNA (siRNA) to
knock down FAM198B expression in A2780 and OVCAR-8 cells and
to examine the effect of FAM198B on the phenotype of ovarian cancer
cells in vitro (Figure 6D). Based on the results of the CCK-8 prolifer-
ation assay and the colony-formation assay, downregulation of
FAM198B increased the viability of A2780 and OVCAR-8 cells (Fig-
ures 6E and 6F). As shown in Figure 6G, cell migration was increased
when FAM198B activity was silenced in A2780 and OVCAR-8 cells.
In summary, FAM198B functions as a tumor suppressor in ovarian
cancer and suppresses ovarian cancer cell proliferation and
migration.

FAM198B Knockdown Ameliorates the CELF2-Mediated

Suppression of Growth and Migration

As we found that CELF2 directly binds to FAM198B, we next inves-
tigated the coregulation of ovarian cancer cell proliferation and
migration by CELF2 and FAM198B. CELF2-overexpressing CAOV-
3 and SK-OV-3 cells were transfected with siRNAs targeting
FAM198B (siFAM198B#1 and siFAM198B#2), and then qRT-PCR
and western blots were performed to assess the knockdown efficiency
(Figures 7A and 7B). The CCK-8 and colony-formation assays
showed that overexpression of CELF2 restrained cell growth, whereas
knockdown of FAM198B reversed this effect, indicating that a reduc-
tion in FAM198B expression ameliorated the CELF2-mediated sup-
pression of cell growth (Figures 7C and 7D). Consistent with these
findings, the suppression of cell migration by CELF2 overexpression
was reversed after FAM198 was downregulated (Figure 7E). Together,
these results suggest that FAM198B is a critical downstream target of
CELF2.

CELF2/FAM198B Suppresses the Activity of the MAPK/ERK

Pathway in Ovarian Cancer Cells

To explore the putative downstream signaling pathways of the
CELF2/FAM198B axis that may mediate tumor-suppressive capac-
ities in ovarian cancer cells, Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway enrichment analyses were conducted for
these differentially expressed genes from the RNA-seq results
mentioned above in SK-OV-3-CELF2 and SK-OV-3-NC cells (Fig-
ure 7F). Among the enriched pathways, the MAPK signaling pathway
attracted our attention since a previous report showed that FAM198B
inhibits the invasion and metastasis of lung cancer by inhibiting the
MAPK/ERK signaling pathway,14 and the MAPK/ERK signaling
FAM198B mRNA and protein in CELF2-overexpressing CAOV-3 and SK-OV-3 cells and

western blotting, respectively. (D) After treatment with 5 mg/mL Act D, total RNA was

expressing CAOV-3 and SK-OV-3 cells and CELF2-knockdown A2780 and OVCAR-8 c

***p < 0.001; NS, not significant.

176 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
pathway has a well-established role in promoting the proliferation
and metastasis of ovarian cancer cells.15,16 We analyzed the phos-
phorylation status of ERK (p-ERK) as a surrogate marker of activa-
tion of this pathway. As shown in Figure 7G, p-ERK protein expres-
sion was decreased when CELF2 was overexpressed in CAOV-3 and
SK-OV-3 cells, whereas downregulation of CELF2 in A2780 and OV-
CAR-8 cells had the opposite effect. However, total ERK expression
did not change substantially in all groups. Additionally, FAM198B
knockdown reversed the CELF2 overexpression-induced decrease
in p-ERK levels (Figure 7H). These data suggest that CELF2/
FAM198B may repress ovarian cancer development partially through
inhibition of the MAPK/ERK signaling pathway.

CELF2 Mediates Curcumin-Induced Improvements in the

Efficacy of Cisplatin in Ovarian Cancer

Based on previous findings, RBP-, miRNA-, and lncRNA-mediated
post-transcriptional regulatory processes also play important roles
in regulating the sensitivity to chemotherapeutic agents.17–19 For
the ovarian cancer cells displayed in Figure 8A, the 50% inhibitory
concentration (IC50) of cisplatin was measured. Compared with the
IC50 value of the NC group, the IC50 values of CELF2-overexpressing
CAOV-3 and SK-OV-3 cells were decreased, and the values of
CELF2-knockdown A2780 and OVCAR-8 cells increased after treat-
ment with different concentrations of cisplatin, suggesting that the
upregulation of CELF2 may be a promising strategy to increase the
sensitivity of ovarian cancer cells to cisplatin. Previous reports found
that curcumin may increase the expression of CELF2,20 but the real
effect needs to be verified in ovarian cancer. Western blot analyses re-
vealed a dose-dependent increase in CELF2 levels in CAOV-3 and
A2780 cells after treatment with curcumin (Figure 8B). We then
tested whether curcumin mimicked the effect of CELF2 upregulation
on increasing the sensitivity of ovarian cancer to cisplatin. Based on
the IC50 values (Figure S7), concentrations of curcumin below the
IC50 values (10 mM and 20 mM) were administered to CAOV-3 and
A2780 cells, respectively, and the cells were treated with cisplatin
and curcumin in subsequent experiments. Notably, the IC50 values
of cisplatin in CAOV-3 and A2780 cells decreased after the addition
of curcumin (Figure 8C). Moreover, based on the results of the col-
ony-formation assay, the combination of cisplatin and curcumin pro-
duced a greater inhibition of proliferation than either drug alone in
CAOV-3 and A2780 cells (Figure 8D). Taken together, curcumin
may increase the sensitivity of ovarian cancer cells to cisplatin by tar-
geting CELF2.

DISCUSSION
As the role of RBPs in cancer emerges, the ability of RBPs to interact
with thousands of RNAs makes it an appropriate group of proteins to
be selectively dysregulated in cancer.21 An interesting hypothesis is
CELF2 knockdown A2780 and OVCAR-8 cells were analyzed using qRT-PCR and

extracted at 0, 4, 8, and 12 h. The half-lives of FAM198B mRNA in CELF2-over-

ells were measured. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, and



Figure 5. CELF2 Binding to the 30 UTR of FAM198B mRNA

(A) Schematic of various regions in the 30 UTR of the FAM198BmRNA. (B and C) The relative luciferase activity of the reporter containing each region of the FAM198B 30 UTR
(B) or a mutated sequence of CELF2 target binding sites (C) was measured as a ratio of luciferase activity induced by CELF2 overexpression or knockdown to the luciferase

activity of a control vector with no additional 30 UTR sequence. Data are presented as mean ± SEM. ***p < 0.001.
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that dysregulation of members of the RBP family may collectively
contribute to the transcriptomic imbalance in tumor cells, thus
driving oncogenicity.22 The transcriptomes of ovarian cancer and
normal ovarian tissues were sequenced, and the data were combined
with the analysis of the existing public database to test this hypothesis;
28 RBPs exhibited concordant differential expression in ovarian
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http://www.moleculartherapy.org


Figure 6. FAM198B Is a Tumor Suppressor in Ovarian Cancer

(A) Relative expression of the FAM198B mRNA in a cohort of 50 ovarian cancer specimens and 50 normal ovarian surface epithelial specimens determined using qRT-PCR.

(B) Correlation of the expression of the CELF2 and FAM198B mRNAs in ovarian tumors (n = 50) from our cohort. (C) Association between FAM198B expression and the OS

(p = 0.014) of patients with ovarian cancer in an online database. (D) FAM198B was knocked down by two siRNAs. (E–G) CCK-8 (E), colony-formation (F), and Transwell

assays (G) (scale bars, 40 mm) were performed to assess the changes in the proliferation and migration following FAM198B modulation. Data are presented as mean ± SEM.

**p < 0.01 and ***p < 0.001.
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cancer, providing evidence supporting the hypothesis that altered
RBPs may be involved in the coordinated networks and contribute
to ovarian cancer tumorigenicity. Furthermore, combined with the
fold change and the survival analysis of genes in ovarian cancer, we
identified CELF2 as a key prognostic RBP for further study.

The CELF2 gene is located on chromosome 10p, a region frequently
lost in human cancers,23,24 suggesting that the region encoding
CELF2 potentially encodes tumor suppressors. The role of CELF2
as a tumor suppressor has been studied in multiple types of cancer,
including colon cancer,25 pancreatic cancer,20 lung cancer,26 gastric
cancer,27 and breast cancer.28 However, the functional role of
CELF2 in ovarian cancer has not yet been identified. The present
study was the first to report the decreased expression of CELF2 in
ovarian cancer. We further demonstrated that ovarian cancer patients
with high levels of CELF2 had better outcomes than those with low
levels, indicating that CELF2 might serve as a potential biomarker
for prognostic evaluation in ovarian cancer.

As an RBP, CELF2 should have the ability to modulate various post-
transcriptional events. We investigated additional downstream target
genes that bind to and are regulated by CELF2, and the combination
of RIP-seq and RNA-seq analyses further identified FAM198B as a se-
lective target gene, which is a newly discovered gene. Hsu et al.14

described FAM198B as a prognostic marker in lung adenocarcinoma
that inhibits the metastasis of lung adenocarcinoma by blocking ERK-
mediated matrix metalloproteinase-1 (MMP-1) expression. Our
study found that FAM198B also acted as a tumor-suppressor gene,
which was downregulated in ovarian cancer, and inhibition of
FAM198B improved the proliferation and migration capacity of
ovarian cancer cells. Moreover, we found that CELF2 could regulate
FAM198B expression by stabilizing its mRNA. Previous studies indi-
cated that CELF2 could regulate target gene expression by strongly
binding to AREs in the 30 UTR of its target mRNAs.12,13,29 Consistent
with this, we also demonstrated that the 30 UTR of FAM198B mRNA
contains two functional CELF2 binding sites, as confirmed by muta-
tional analysis, which contributed to the stability of FAM198B
mRNA. To date, most studies have investigated the mechanism by
which CELF2 regulates target genes by alternative splicing.30–32 How-
ever, the regulation of mRNA stability by CELF2 is less well charac-
terized. In the present study, we revealed a novel mechanism in which
CELF2 functions as an important post-transcriptional regulator to
stabilize the FAM198B transcript by binding directly to target AREs
in the 30 UTR of the FAM198B mRNA. Moreover, FAM198B knock-
down reversed the tumor growth inhibition mediated by CELF2 over-
expression, further confirming that the mechanism by which CELF2
Figure 7. CELF2 Inhibited Ovarian Cancer Cell Progression in a FAM198B-Med

(A and B) CELF2-overexpressing CAOV-3 and SK-OV-3 cells were transfected with siRN

(E) (scale bars, 40 mm) were performed to assess changes in proliferation and migratio

differentially expressed genes targeted by CELF2. (G) Western blot analysis of ERK an

analysis of ERK and p-ERK levels after the knockdown of FAM198B in CELF2-overexpr

**p < 0.01, and ***p < 0.001.
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suppresses tumor growth, at least partially, depends on its ability to
induce FAM198B expression in ovarian cancer.

The MAPK/ERK cascade generally participates in cell proliferation,
metastasis, and survival in most malignant tumors.15,33 Mounting ev-
idence has indicated the pivotal role of MAPK/ERK signaling during
tumor development and progression.34,35 In the present study, we
provide evidence that CELF2 inhibited p-ERK, and FAM198B knock-
down restored p-ERK, indicating that the CELF2/FAM198B axis may
play a role in regulating p-ERK. Nevertheless, the detailed mechanism
remains to be determined. CELF2 and FAM198B may be used to
target the ERK pathway in the future.

In line with these findings, the present study also proved that CELF2
could be used as a therapeutic target in ovarian cancer. Recurrent and
metastatic ovarian cancer is often resistant to standard cisplatin-
based chemotherapy,36,37 and strategies to increase the sensitivity of
cisplatin are very important to improve the prognosis of patients
with ovarian cancer. Our results indicated that overexpression of
CELF2 could sensitize cells to cisplatin, whereas knockdown of
CELF2 had the opposite effect. On the other hand, it has been found
that curcumin, a common Chinese herbal medicine, increases the
expression of CELF2 in pancreatic cancer.20 Curcumin is an active
ingredient in the spice turmeric, which has been demonstrated to
have therapeutic efficacy for many cancer types.38–40 In ovarian can-
cer, owing to its effective anticancer effect, curcumin and its deriva-
tives have been put into several clinical trials.41 Notably, recent
studies have demonstrated that curcumin acts synergistically with
conventional chemotherapeutic drugs to eradicate resistant cancer
cell lines.42,43 As shown in the study by Zhang et al.,44 curcumin re-
stores MEG3 levels and decreases the extracellular vesicle-mediated
transfer of miR-214 in ovarian cancer cells, thereby reducing cisplatin
resistance, suggesting that curcumin is a strong chemosensitizer that
may improve the therapeutic potential of cisplatin. Similar findings
were also found in vitro in this study. Combination therapy represents
a potentially promising strategy to treat resistant ovarian cancer. Cur-
cumin was found to dysregulate the expression of several drug-resis-
tance proteins, such as ATP-binding cassette drug transporters,45 P-
glycoproteins,46 and multi-drug-resistant (MDR) proteins,47 which
resulted in the sensitivity of tumor cells to chemotherapy. In this
study, we identified a novel mechanism by which a therapy
combining curcumin and cisplatin improves the response of ovarian
cancer cells to cisplatin treatment via CELF2 upregulation. Since
cisplatin is currently one of the most effective chemotherapeutic
drugs used for treating ovarian cancer, new treatment strategies based
on curcumin and drugs targeting CELF2 or FAM198B may be an
iated Manner

As targeting FAM198B. (C–E) CCK-8 (C), colony-formation (D), and Transwell assays

n. (F) KEGG analysis showing the main signaling pathways associated with these

d p-ERK levels after the overexpression or knockdown of CELF2. (H) Western blot

essing CAOV-3 and SK-OV-3 cells. Data are presented as mean ± SEM. *p < 0.05,



Figure 8. Curcumin Enhanced the Efficacy of Cisplatin in Ovarian Cancer by Upregulating CELF2

(A) The IC50 value of cisplatin was determined in CELF2-overexpressing CAOV-3 and SK-OV-3 cells and CELF2 knockdown A2780 and OVCAR-8 cells. (B) CAOV-3 and

A2780 cells were treated with increasing curcumin concentrations and then subjected to western blotting. (C) The IC50 value of cisplatin was measured after the addition of

curcumin to CAOV-3 and A2780 cells. (D) A colony-formation assay was performed to assess the proliferation of CAOV-3 and A2780 cells after the addition of cisplatin and

curcumin alone and in combination. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
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enticing candidate for improving the rate of response to cisplatin in
ovarian cancer patients.

Conclusions

In the present study, we used a combination of computational,
biochemical, and functional approaches to identify key RBPs in
ovarian cancer and characterized a novel mechanism by which
CELF2 increased the stability of the FAM198B mRNA to subse-
quently restrain ovarian cancer progression by inhibiting p-ERK,
providing new insights into the theoretical basis of tumorigenesis
and elucidating the importance of CELF2 and FAM198B in ovarian
cancer progression and gene-targeted precision therapy for individ-
uals with ovarian cancer. Notably, whereas this study focuses on
CELF2, the RNA-seq results described here identified multiple
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 181
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dysregulated RBPs in ovarian cancer, which may serve as a tractable
platform for the identification of new roles of RBPs in ovarian cancer.
MATERIALS AND METHODS
Please see a complete description of Materials and Methods in the
Supplemental Materials and Methods.
Cell Culture

The human ovarian cancer cell lines OVCAR-4, OVCA433, HO-
8910, A2780, IGROV1, ES-2, CAOV-3, SK-OV-3, OVCAR-8,
TOV21G, and OVCA429 were obtained from Shanghai Cell Bank
Type Culture Collection (Shanghai, China), and all cell lines were
authenticated by short tandem repeat (STR) profiling and tested for
mycoplasma contamination. Cells were cultured in high-glucose Dul-
becco’s modified Eagle’s medium (DMEM; Gibco, CA, USA), supple-
mented with 10% fetal bovine serum (FBS; Gibco, CA, USA) and a 1%
penicillin-streptomycin (Gibco, CA, USA) solution. The cells were
maintained at a specific density and seeded into 6-, 24-, or 96-well cul-
ture plates at the appropriate cell density 1 day before treatment.
Tissue Samples

The use and collection of the samples were reviewed and approved by
the Institutional Ethics Committee of the Fudan University Shanghai
Cancer Center, and informed consent was obtained from each pa-
tient. Formalin-fixed, paraffin-embedded samples and frozen speci-
mens of ovarian cancer and normal ovarian tissues were obtained
from Fudan University Shanghai Cancer Center. All ovarian cancer
specimens analyzed in this study were high-grade serous ovarian car-
cinoma (HGSOC) specimens, the most common and deadly form of
ovarian epithelial cancer. No chemotherapy or radiation therapy was
administered prior to tumor excision. All samples were examined by
experienced pathologists who confirmed the disease diagnosis.
Plasmids and siRNA

The CELF2 overexpression plasmid was constructed by cloning the
full-length CELF2 cDNA into the pCDH-CMV-MCS-EF1-puro vec-
tor (System Biosciences, CA, USA). Plasmids carrying shRNAs tar-
geting CELF2 were generated using the U6-MCS-CMV-ZsGreen1-
PGK-Puro vector (LncBio, Shanghai, China). The above plasmids,
along with FAM198B-targeted siRNA and matched empty vector
controls, were all purchased from Lncbio (Shanghai, China). All frag-
ments were confirmed by sequencing. The target sequences of the
CELF2 shRNAs and FAM198B siRNAs are listed in Table S4.
RNA Extraction and qRT-PCR

Total RNA was extracted from cells and samples using the TRIzol re-
agent (Life Technologies, CA, USA), according to the manufacturer’s
protocol. qRT-PCR was conducted using TB Green PCR Master Mix
(TaKaRa, Dalian, China) in an ABI 7900HT Real-Time PCR system
(Applied Biosystems, USA). The relative quantification was normal-
ized to b-actin with the 2�DDCT formula. The primers used for qRT-
PCR are listed in Table S5.
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Western Blot and Antibodies

Western blotting was performed as described in our previous study.48

The following antibodies were used in the present study: anti-CELF2
(1:2,000; Abcam, MA, USA), anti-FAM198B (1:2,000; Sigma-Aldrich,
MO, USA), anti-ERK1/2 (1:3,000; Proteintech, IL, USA), anti-p-
ERK1/2 (1:3,000; Proteintech, IL, USA), and anti-glyceraldehyde 3-
phosphate dehydrogenase (GAPDH; 1:5,000; Proteintech, IL, USA).

RIP Assay

The RIP assay was performed using the Magna RIP RNA-Binding
Protein Immunoprecipitation Kit (Millipore, MA, USA), according
to the manufacturer’s protocol. Briefly, A2780 cells were lysed with
RIP lysis buffer (Millipore, MA, USA) and then incubated with
5 mg of rabbit polyclonal anti-CELF2 (Abcam, MA, USA) or rabbit
IgG isotype control (Sigma-Aldrich, MO, USA) at 4�C overnight.
The RNA-protein immunocomplexes were brought down by protein
A/G magnetic beads, followed by RNA purification. cDNA genera-
tion and qRT-PCR were performed as described earlier. The fold
enrichment for each target was measured by comparing the CT values
of the CELF2-immunoprecipitated fraction to the IgG isotype frac-
tion and normalized using the DCt formula. For sequencing, rRNAs
were depleted using the TruSeq Stranded Total RNA Library Prep Kit
(Illumina, CA, USA). The cDNA libraries were quantified using an
Agilent Bioanalyzer 2100 (Agilent Technologies, USA) and
sequenced on an Illumina HiSeq sequencer according to the manu-
facturer’s instructions at CloudSeq (Shanghai, China).

Tumor Xenograft Models

All animal studies were approved by the Institutional Animal Care
and Use Committee of Fudan University. 5- to 6-week-old female
nude mice (BALB/c) were purchased from Shanghai Slack Laboratory
(Shanghai, China) and housed under specific pathogen-free (SPF)
conditions at the animal care facility of the Experimental Animal
Center of School of Pharmacy. For tumor formation, 8 � 106

CELF2-overexpressing and vector-transfected SK-OV-3 cells were
suspended in 0.1 mL of sterile PBS, and cells were subsequently in-
jected subcutaneously into the flanks of randomly selected mice
(n = 5 per group). Tumor volumes were measured every 5 days after
the appearance of tumors, and the tumor volume was calculated as
(length � width2) � 0.5. After 4 weeks, the mice were sacrificed,
and the tumors were harvested, weighed, and analyzed using IHC an-
alyses. An orthotopic model was generated by intrabursal injection of
ovarian cancer cell lines to assess the peritoneal metastasis of ovarian
cancer. After 4 weeks, BALB/c nude mice were intraperitoneally in-
jected with 10 mL of D-luciferin (15 mg/mL)/g of body weight for
the in vivo imaging analysis, and the mice were anesthetized and
imaged using an In Vivo Imaging System (IVIS) Lumina system
(Xenogen, MA, USA). The number of metastatic nodules was counted
at sacrifice.

Statistics

All data are presented as the mean ± SEM from at least three indepen-
dent experiments. Statistical analyses were performed using
IBM SPSS 23.0 and GraphPad Prism 7 software. Student’s t tests or
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one-way ANOVA were applied to assess differences between or
among different groups. The chi-square test was used to analyze
the relationship between the level of the CELF2 protein and clinico-
pathological parameters. Spearman correlation analysis was per-
formed to assess the relationship between different factors. OS and
PFS curves were plotted using the Kaplan-Meier method and
analyzed using the log-rank test. Univariate and multivariate regres-
sion analyses, based on the Cox proportional hazards model, were
used to analyze the risk factors for patient prognosis. The results of
all statistical analyses were reported as p values from two-tailed tests,
and p <0.05 was considered statistically significant (*p < 0.05, **p <
0.01, and ***p < 0.001).

Accession Number

RNA-seq and RIP-seq data were deposited into figshare.49
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