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MicroRNA-dependent inhibition of WEE1 controls
cancer stem-like characteristics and malignant
behavior in ovarian cancer
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Cancer stem-like cells (CSCs) have been suggested to be respon-
sible for chemoresistance and tumor recurrence owing to their
self-renewal capacity and differentiation potential. Although
WEE1 is a strong candidate target for anticancer therapies,
its role in ovarian CSCs is yet to be elucidated. Here, we show
thatWEE1 plays a key role in regulating CSC properties and tu-
mor resistance to carboplatin via a microRNA-dependent
mechanism. We found that WEE1 expression is upregulated
in ovarian cancer spheroids because of the decreased expression
of miR-424 and miR-503, which directly target WEE1. The
overexpression of miR-424/503 suppressed CSC activity by in-
hibiting WEE1 expression, but this effect was reversed on the
restoration of WEE1 expression. Furthermore, we demon-
strated that NANOG modulates the miR-424/503-WEE1 axis
that regulates the properties of CSCs. We also demonstrated
the pharmacological restoration of the NANOG-miR-424/
503-WEE1 axis and attenuation of ovarian CSC characteristics
in response to atorvastatin treatment. Lastly, miR-424/503-
mediated WEE1 inhibition re-sensitized chemoresistant
ovarian cancer cells to carboplatin. Additionally, combined
treatment with atorvastatin and carboplatin synergistically
reduced tumor growth, chemoresistance, and peritoneal seed-
ing in the intraperitoneal mouse models of ovarian cancer.
We identified a novel NANOG-miR-424/503-WEE1 pathway
for regulating ovarian CSCs, which has potential therapeutic
utility in ovarian cancer treatment.

INTRODUCTION
Epithelial ovarian cancer is themost fatal type of gynecological tumor,
and the mortality rate of this disease has not shown any significant
reduction over the last 30 years.1,2 Most patients exhibit high respon-
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siveness to current platinum-based chemotherapies; however, in
terms of long-term survival and cure rates, these treatments are unsat-
isfactory. This is primarily due to the progressive acquisition of treat-
ment resistance and development of the disease into a recurrent
form.3–6 In addition, ovarian cancer exhibits lethal metastatic
behavior. This behavior is attributed to a specific subpopulation of
cancer cells, namely, ovarian cancer stem-like cells (CSCs), which
are closely associated with ovarian cancer chemoresistance, recur-
rence, and metastasis.4–8 Therefore, ovarian CSC-targeting strategies
are fundamental for overcoming the limitations of the current thera-
pies against ovarian cancer.

CSCs have been shown to elicit an enhanced DNA damage response
(DDR), which facilitates radiation resistance and chemoresistance.9–
11 For example, CD133+ glioma stem cells induced radiation resis-
tance in gliomas through the activation of the DNA damage check-
point response, and the resistance could be reversed by treatment
with debromohymenialdisine, an inhibitor of the checkpoint kinases
Chk1 and Chk2.10 In addition, the inhibition of Chk1 sensitized
pancreatic CSCs to chemotherapeutics.11 These findings strongly sug-
gest that targeting cell-cycle regulators in CSCs could be a promising
: Nucleic Acids Vol. 29 September 2022 ª 2022 The Author(s). 803
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. WEE1 upregulation in ovarian cancer spheroids regulates cancer stem cell-like properties

Comparison of WEE1 protein (A and B) and mRNA (C) expression in adherent and spheroid cultures of various ovarian cancer cell lines and primary ovarian cancer cells. (D)

Representative images of spheroids after WEE1 knockdown in SKOV3 cells. The sizes of spheroids in primary ovarian tumor cells and various ovarian cancer cell lines

(SKOV3, OVACAR3, and OVCAR8) after WEE1 knockdown. Scale bars: 100 mm. (E) Representative images of SKOV3 spheroids after treatment with 200 nM adavosertib.

(legend continued on next page)
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therapeutic strategy for CSC eradication; therefore, it is critical to
determine whether cell-cycle regulators play a key role in regulating
ovarian CSCs.

WEE1, a protein kinase, is one of the key factors that regulate the
G2-M cell-cycle checkpoint. In particular, the role of WEE1 is crucial
in p53 mutant cancer cells, in which the G1 checkpoint fails to arrest
cell-cycle progression in response to DNA damage, unlike in normal
cells. These cancer cells primarily rely on the G2 checkpoint for DNA
damage repair, which is the underlying mechanism that allows cancer
cells to overcome the cytotoxicity caused by DNA-damaging reagents.
In addition,WEE1 upregulation is associated with a short relapse-free
period and poor overall survival (OS) in patients with various types of
cancer, including glioblastoma, hepatocellular carcinoma, and breast
and ovarian cancers.12–16 Therefore, therapeutic strategies targeting
WEE1 and small molecule inhibitors of the G2 checkpoint have
been developed to sensitize cancer cells to conventional DNA-
damaging agents and radiotherapy; this would help induce cancer-
specific synthetic lethality.17,18 However, even though studies have
demonstrated that WEE1 is a strong candidate target, its role in
ovarian cancer progression and stemness has not yet been elucidated.

MicroRNAs (miRNAs) are small non-coding RNAs comprising 21–
22 nucleotides. miRNAs post-transcriptionally regulate gene expres-
sion by binding to the seed sequence at the 30 untranslated region
(UTR) of the target mRNAs and either inhibit their translation or
induce their decay. Each miRNA targets a dozen to a hundred
mRNAs because of the imperfect base pairing, and a single mRNA
may be regulated by multiple miRNAs.19,20 miRNAs are extensively
involved in cellular processes, including development, organogenesis,
apoptosis, proliferation, and differentiation.21 The dysregulation of
miRNA expression causes the onset of several diseases; multiple miR-
NAs are known to be differentially regulated in diverse cancer types,
including breast, colon, pancreatic, and ovarian cancer.22–27 Recent
studies have shown that miRNAs regulate cancer stem cell-like prop-
erties, such as self-renewal, tumorigenicity, and drug resistance.28–30

Statins are competitive inhibitors of 3-hydroxy-3-methyl-glutaryl
(HMG)-CoA reductase. They are commonly used as cholesterol-
lowering drugs and effectively reduce cardiovascular disease risk.31

Interestingly, accumulating evidence suggests that statins also present
activity against various types of cancer and improve the effectiveness
of chemotherapeutic agents.31,32 Furthermore, statins regulate the
expression of various cell-cycle regulatory genes and miRNAs in
several types of cancer cell.33,34 However, their effect on ovarian
CSC regulation and the mechanism underlying the statin-mediated
regulation of WEE1 and miRNAs is largely unknown.

In the present study, we sought to define the role of WEE1 in regu-
lating the cancer stem cell-like properties of ovarian cancer cells.
The sizes of the spheroids formed from SKOV3, OVACAR3, and OVCAR8 cells treated

bar: 100 mm. Fluorescence-activated cell sorting analysis of the CD133+ (F) and ALD

knockdown. *p < 0.05, **p < 0.01, ***p < 0.001 for comparisons indicated by unpaired
RESULTS
WEE1 upregulation in ovarian cancer spheroids regulates

cancer stem cell-like characteristics

To investigatewhetherWEE1 controls the cancer stem cell-like charac-
teristics in ovarian cancer, we compared theWEE1 expression levels in
three-dimensional suspension cultures with those in two-dimensional
adherent cultures of multiple ovarian cancer cell lines and primary
ovarian tumor cells, which are known to be enriched in CSCs.35,36

The WEE1 mRNA and protein expression levels were increased to a
considerable extent in the three-dimensional suspension cultures of
epithelial ovarian cancer cell lines (SKOV3, OVCAR3, OVCAR5,
and OVCAR8) and primary ovarian cancer cells, which indicated the
involvement ofWEE1 in the formation of ovarian cancer cell spheroids
(Figures 1A–1C). To determine whetherWEE1 is involved in the regu-
lation of cancer stem cell-like characteristics, we tested the effect of
WEE1 knockdown (Figures S1A and S1B) on spheroid formation in
primary ovarian cancer cells and epithelial ovarian cancer cell lines
(SKOV3, OVCAR3, and OVCAR8). WEE1 knockdown significantly
suppressed spheroid formation (Figure 1D), as did adavosertib, a
WEE1 inhibitor, in SKOV3, OVCAR3, andOVCAR8 cells (Figure 1E).
A striking feature of ovarian cancer spheroids is the enrichment of the
population with CSC markers such as CD133 and ALDH1.37–39 The
CD133+ population in primary ovarian cancer cells and SKOV3 cells
was significantly decreased on WEE1 knockdown in spheroids (Fig-
ure 1F). Consistently, the percentage of ALDH1+ cells decreased signif-
icantly in the WEE1-knockdown spheroids compared with control
spheroids (Figure 1G). These results provide evidence thatWEE1 inhi-
bition decreases the abundance of CD133+ andALDH1+ cells and sup-
presses spheroid formation in ovarian cancer cells.
WEE1 upregulation in ovarian cancer spheroids is associated

with miR-424 and miR-503 suppression

Given the involvement of WEE1 expression in the promotion of can-
cer stem cell-like characteristics in ovarian cancer spheroids, we
investigated the mechanism underlying the upregulation of WEE1
expression in spheroids. Accumulating data suggest the important
role of miRNA-mediated regulation in different cellular contexts,
such as in laryngeal carcinoma,40 melanoma,41 and glioma.42 We hy-
pothesized that WEE1 upregulation in ovarian cancer spheroids
might be mediated by miRNAs that affect the stability of WEE1
mRNA. To test this hypothesis, we first examined whether the knock-
down of argonaute 2 (AGO2), a key component of the RNA-induced
silencing complex, affected WEE1 expression in SKOV3 cells. AGO2
knockdown significantly increased WEE1 expression, indicating that
WEE1 expression is subject to miRNA-mediated regulation in
ovarian cancer cells (Figures 2A and 2B).

Next, we attempted to identify the specific miRNAs potentially
involved in the regulation of WEE1 expression in ovarian cancer
with 200 nM adavosertib were significantly smaller compared with the control. Scale

H1+ (G) population in primary ovarian cancer cells and SKOV3 cells after WEE1

two-tailed Student’s t test. Error bars, standard error of the mean.
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Figure 2. miR-424 and miR-503 directly target WEE1 in ovarian cancer cells

(A and B) WEE1 protein expression after AGO2 siRNA transfection in SKOV3 cells. (C) Mature miR-424 and miR-503 expression in SKOV3 and OVCAR8 adherent cells and

spheroids. (D) Linear correlation between miR-424 and miR-503 expression. Inverse correlation between WEE1 mRNA expression and miR-424/miR-503 expression in

ovarian tumor tissues. Relationships between variables were determined by the Pearson correlation coefficient.WEE1 protein (E and F) andmRNA (G) expression in response

(legend continued on next page)
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spheroids. An miRNAmicroarray had been previously performed us-
ing ovarian cancer cell spheroids, and five differentially regulated
miRNAs were identified.43 Among these, only miR-424 was substan-
tially downregulated in ovarian cancer spheroids,43 and using in silico
analysis it was predicted that miR-424 would target the 30 UTR of
WEE1 (Figure S2). We previously reported that miR-424 and miR-
503 are derived from a single transcript, exhibit substantial identity
in their seed sequences, and perform similar functions in different
cellular contexts.44,45 In addition, previous studies have reported
miR-424 and miR-503 as tumor suppressors in several cancer types
and have shown that their levels are significantly decreased in ovarian
cancers.46–48 Accordingly, we investigated whether the expression
levels of both miR-424 and 503 are affected in ovarian cancer spher-
oids. We found a significant reduction in both miR-424 and miR-503
expression levels, suggesting their potential involvement in the upre-
gulation ofWEE1 expression in ovarian cancer spheroids (Figure 2C).
To further investigate the interaction between miR-424/503 and
WEE1, wemeasured the miR-424/503 andWEE1 levels in ovarian tu-
mor tissues. Given that miR-424 and miR-503 are transcribed as a
single transcript, there was a highly significant linear correlation be-
tween the expression levels of miR-424 and miR-503. We also found
that the WEE1 levels were inversely correlated with the levels of miR-
424 and miR-503 (Figure 2D). These findings were verified by anal-
ysis of publicly available ovarian cancer datasets from the National
Center for Biotechnology Information (GEO: GSE30161); an inverse
correlation between WEE1 levels and levels of miR-424/503 was
confirmed (Figure S3A). Furthermore, Kaplan-Meier survival anal-
ysis demonstrated that a higher level of WEE1 expression was corre-
lated with worse progression-free survival (PFS; hazard ratio [HR],
3.04; 95% CI, 1.46–6.33; p = 0.0019) and OS (HR, 2.93; 95% CI,
1.34–6.44; p = 0.0053) (Figure S3B), while a higher level of miR-
424/503 expression revealed a trend in PFS (HR, 0.65; 95% CI, 0.3–
1.39; p = 0.26) and OS (HR, 0.56; 95% CI, 0.26–1.22; p = 0.14) (Fig-
ure S3C). Because the data showed an inverse correlation between the
levels of miR-424/503 and WEE1 in ovarian cancer spheroids and
ovarian tumor tissues, we speculated that WEE1 might be a direct
target of miR-424/503. To evaluate the miR-424/503-mediated regu-
lation of WEE1 in ovarian cancer cells, we first determined the effects
of miR-424/503 overexpression on WEE1 expression in primary
ovarian cancer cells and SKOV3 cells. We found that miR-424/503
overexpression in both cell types led to a significant decrease in the
mRNA and protein expression of WEE1 (Figures 2E–2G and S4A),
whereas the inhibition of endogenous miR-424/503 upregulated
WEE1 mRNA and protein expression in ovarian cancer cells
(Figures 2H–2J and S4B).

To further determine whether miR-424/503 regulates WEE1 expres-
sion by binding directly to the WEE1 30 UTR, we generated luciferase
reporter constructs using the 30 UTR sequence of WEE1. We found
to the overexpression of miR-424, miR-503, or both (miR-424/503) in primary ovaria

transfection with anti-miR-424/503 in SKOV3 and OVCAR8 cells. (K) Targeting of theWE

cells. Luciferase activity data for constructs with the wild-type and mutant 30 UTR con

unpaired two-tailed Student’s t test or one-way analysis of variance (ANOVA) with Bon
that miR-424 and miR-503 overexpression significantly suppressed
the reporter activity, whereas this effect was completely abrogated
with the mutant WEE1 30 UTR (Figure 2K). Collectively, these find-
ings suggested that miR-424 and miR-503 are downregulated in
ovarian cancer spheroids, and WEE1 is directly targeted by miR-
424 and miR-503 in ovarian cancer cells.

miR-424 and miR-503 exert tumor-suppressive effects in vitro

and in vivo

To determine the functional roles of miR-424 and miR-503 in ovarian
cancer cells, we first tested the effects of miR-424 and miR-503 on cell
proliferation, migration, and colony formation in two-dimensional
adherent cultures of multiple ovarian cancer cell lines. As shown in
Figures 3A and S5A, miR-424 and miR-503 overexpression reduced
the viability of adherent SKOV3, OVCAR3, OVCAR5, and
OVCAR8 cells at 48 h after transfection. In addition, the results of
the colony formation assay revealed the inhibition of colony formation
in SKOV3 and OVCAR8 cells transfected with miR-424 or miR-503
compared with the control groups (Figures 3B and S5B). We next
investigated the roles of miR-424 and miR-503 in the migration of
SKOV3 cells. The overexpression of miR-424 and miR-503 signifi-
cantly reduced migration in their respective groups compared with
that in the controls (Figures 3C and S5C). To determine whether
miR-424/503 also exert a tumor-suppressive effect in vivo, we estab-
lished stable SKOV3 cell lines expressing miR-424 and miR-503,
which showed robust miR-424 and miR-503 expression (data not
shown). Nude mice bearing miR-424/503-overexpressing SKOV3
xenografts presented with fewer tumors and amarkedly smaller tumor
size than mice injected with control cells (Figure 3D), which further
validated our in vitro findings that miR-424/503 exert tumor-suppres-
sive effects. Finally, to assess the therapeutic effect of miR-424/503
overexpression on SKOV3 tumor regression, we intratumorally in-
jected lentivirus-expressing miR-424/503 into established SKOV3-
derived tumors. The tumors in the miR-424/503-expressing lentivirus
group showed decreased size at day 12 compared with those in the
control lentivirus group, and no significant changes were observed
in bodyweights among the different groups (Figures 3E and S6). These
data demonstrate that lentivirus-mediated overexpression of miR-
424/503 is an effective therapeutic strategy for ovarian cancer.

miR-424 and miR-503 suppress cancer stem cell-like

characteristics in ovarian cancer cells

On confirming that miR-424 andmiR-503 directly regulateWEE1 and
suppress tumor progression in ovarian cancer, we further investigated
the regulative effect of miR-424 and miR-503 on the properties of
CSCs. Consistent with the findings of WEE1 knockdown, miR-424
and miR-503 overexpression markedly decreased spheroid formation,
whereas the inhibition of endogenous miR-424/503 significantly
increased spheroid formation (Figures 4A, 4B, S7A, and S7B). In
n cancer cells and SKOV3 cells. (H–J) WEE1 protein and mRNA expression after

E1 30 untranslated region (UTR) via miR-424 andmiR-503 overexpression in SKOV3

structs are shown. *p < 0.05, **p < 0.01, ***p < 0.001 compared with controls by

ferroni’s multiple comparison test. Error bars, standard error of the mean.
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Figure 3. miR-424 and miR-503 act as tumor suppressors in vitro and in vivo

(A) Cell viability after the overexpression of miR-424 andmiR-503 in adherent SKOV3 cells. (B) Colony formation was determined using crystal violet staining 14 days after the

miR-424 and miR-503 overexpression in adherent SKOV3 cells. Representative images of the (C) migration assay after miR-424/503 overexpression in adherent SKOV3

cells. Scale bar: 200 mm. (D) Incidence and size of subcutaneous tumors in nude mice at 14 days after injection with control or miR-424/503-overexpressing SKOV3

cells. The graphs show significantly decreased tumor size in mice injected with miR-424/503-overexpressing cells compared with that in mice injected with control cells.

*p < 0.05, **p < 0.01, ***p < 0.001 compared with controls by unpaired two-tailed Student’s t test or two-way ANOVA with Bonferroni’s multiple comparison test. Error bars,

standard error of the mean. (E) Therapeutic efficacy of lentivirus-expressing miR-424/503 on established xenografts compared with the Virus Scramble xenografts.

**p < 0.01, ***p < 0.001 by mixed model for repeated data with Bonferroni’s multiple comparison test.
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addition, miR-424 and miR-503 decreased the viability of spheroid
cells (Figures 4C, S7C, and S7D), as observed inmonolayers.Moreover,
miR-424 and miR-503 overexpression significantly decreased the per-
centage of ALDH1+ and CD133+ populations in primary ovarian tu-
mor cells and SKOV3 cells (Figures 4D and 4E). Lastly, we examined
whether WEE1 overexpression could reverse the effects of miR-424
and miR-503 on spheroid formation. We found that the effects of
miR-424 and miR-503 overexpression were abrogated in response to
concurrent WEE1 overexpression. As shown in Figures 4F and S8,
the co-transfection of miR-424/503 and Flag-WEE1 restored the
WEE1 protein level and rescued spheroid formation in ovarian cancer
cells, which were initially attenuated bymiR-424 andmiR-503. Collec-
808 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
tively, these data indicate thatmiR-424/503overexpression can impede
ovarian cancer growth and suppress tumor recurrence by inhibiting
cancer stem cell-like characteristics in ovarian cancer cells.

miR-424/503 help reduce chemoresistance and suppress

peritoneal seeding

Ovarian cancer spheroids display greater protection from apoptosis
and higher drug resistance when treated with chemotherapeutic
drugs compared with monolayer ovarian cancer cells.49 Hence we
investigated whether miR-424 and miR-503 could help overcome
spheroid-related chemoresistance. The spheroid formation assay
showed that spheroid formation from SKOV3 cells expressing
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Figure 4. miR-424 and miR-503 inhibit cancer stem cell-like properties in ovarian cancer cells

The sizes of spheroids after the overexpression (A) or inhibition (B) of miR-424/503 in primary ovarian tumor cells and SKOV3 cells. Scale bars: 100 mm. (C) Cell viability after

the overexpression of miR-424 andmiR-503 in SKOV3 spheroids. (D and E) Fluorescence-activated cell sorting analysis of the CD133- and ALDH1+ subpopulation in primary

ovarian cancer cells and SKOV3 cells after miR-424/503 overexpression. (F) Representative images of SKOV3 spheroids, and WEE1 protein expression levels after con-

current miR-424/503 and WEE1 overexpression. Scale bar: 250 mm. **p < 0.01, ***p < 0.001 compared with controls by unpaired two-tailed Student’s t test or one-way

ANOVA with Bonferroni’s multiple comparison test. Error bars, standard error of the mean.

www.moleculartherapy.org
miR-424 and miR-503 decreased more significantly than that from
control cells (Figure 5A), which was consistent with the results ob-
tained using the transient overexpression of miR-424 and miR-503
(Figure 4A). Moreover, spheroid formation from control SKOV3 cells
was not significantly affected by carboplatin treatment, whereas that
from SKOV3 cells expressing miR-424 and miR-503 was reduced
substantially on carboplatin treatment (Figure 5A), indicating that
miR-424 and miR-503 enhanced the dissociation of the established
spheroids in response to this treatment. Interestingly, the reduction
in spheroid formation was associated with the induction of apoptosis,
because the level of active caspase-3 increased in response to carbo-
platin treatment (Figure S9). Collectively, these findings support the
critical role of the miR-424/503 signaling pathway in determining
the cancer stem cell-like characteristics and countering CSC-related
chemoresistance in ovarian cancer. The in vitro studies demonstrated
that the overexpression of miR-424 and miR-503 prevented spheroid
formation and, in combination with chemotherapeutics, significantly
enhanced spheroid dissociation. To investigate the relevance of these
findings in vivo, we examined the effects of miR-424 and miR-503
overexpression in an intraperitoneal (i.p.) ovarian cancer model. As-
cites development was significantly inhibited in the miR-424/503
overexpression and miR-424/503 overexpression/carboplatin combi-
nation groups compared with that in the control group (data not
shown). We observed extensive peritoneal metastasis in control
mice compared with that in miR-424/503-overexpressing and/or car-
boplatin-treated mice, because the spread of the tumors to the perito-
neal cavities decreased in the latter (Figure 5B). The tumor burden,
which is measured by counting the number of tumor nodules, was
significantly lower in the miR-424/503 overexpression group than
in the control group, and tumor seeding was substantially inhibited
in the miR-424/503 overexpression/carboplatin combination group
(Figure 5B). Notably, WEE1 expression was persistently increased a
week after vehicle or carboplatin treatment in the SKOV3 tumors.
Conversely, WEE1 expression was markedly decreased in the
Molecular Therapy: Nucleic Acids Vol. 29 September 2022 809
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Figure 5. Effect of miR-424/503 expression on the reduction of chemoresistance

(A) Representative images of SKOV3 spheroids in the four different groups. miR-424/503 overexpression enhanced the dissociation of spheroids under carboplatin (CBP)

treatment. Scale bar: 250 mm. (B) Representative images of the peritoneal cavities of mice at 4 weeks after implantation. Total tumor number graphs show decreased

peritoneal metastasis in the CBP, miR-424/503, and CBP/miR-424/503 groups compared with the control group. The CBP/miR-424/503 significantly lowered the tumor

number compared with the CBP or miR-424/503 group. Based on a = 0.05, the effect size of the four groups (n = 32) is 2.57, and the power is 0.99 or higher. **p < 0.01,

(legend continued on next page)
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miR-424 and miR-503 overexpression group (Figure 5C), which indi-
cated the importance of the miR-424/503-WEE1 axis in peritoneal
implantation metastasis and overcoming chemoresistance in ovarian
cancer. Finally, to further clarify the relationship between miR-424/
503-mediated WEE1 expression and CSC-like phenotype in vivo,
we carried out double-immunostaining analysis of ALDH1 and
WEE1 in the SKOV3 tumors. Morphometric analysis of fluorescence
intensities for ALDH1, WEE1, and ALDH1/WEE1 (co-localization)
demonstrated that the control tumors showed high expression of
WEE1 and ALDH1. WEE1 expression was significantly correlated
with ALDH1 expression. Of note, about 65% of ALDH1+ tumor cells
showed WEE1 expression as indicated by co-localization in the con-
trol group. Fluorescence intensities for ALDH1, WEE1, and ALDH1/
WEE1 (co-localization) showed significant decreases in the miR-424/
503 overexpression and miR-424/503 overexpression/carboplatin
combination group. These results further supported our findings
in vitro, which had demonstrated that WEE1 expression is closely
correlated with CSC properties in ovarian cancer (Figure 5D).

NANOG upregulates WEE1 expression by suppressing miR-424

and miR-503 expression

Next, we attempted to identify an upstream regulator that might be
involved in the regulation of the miR-424/503-WEE1 axis. Previous
studies have shown that the transcription factor NANOG expression
was significantly associated with reduced chemosensitivity and poor
OS and disease-free survival. In addition, the inhibition of NANOG
expression decreased WEE1 expression in human colorectal cancer,
suggesting a significant involvement of NANOG in the miR-424/503-
WEE1 axis.50,51 Hence it was hypothesized that NANOG may
contribute to the regulation of cancer stem cell-like characteristics in
ovarian cancer cells via modulation of the miR-424/503-WEE1 axis.
To confirm the potential involvement of NANOG in the regulation of
cancer stem cell-like characteristics via the miR-424/503-WEE1 axis,
wemeasured the NANOG expression level in ovarian cancer spheroids.
Both mRNA and protein levels of NANOG were increased in the
SKOV3 and OVCAR8 spheroids (Figures 6A–6C). To determine
whether NANOG is involved in the regulation of miR-424/503 and
WEE1 expression, we examined the effects exerted by NANOG overex-
pression onmiR-424/503 andWEE1 expression in ovarian cancer cells.
We found that miR-424 and miR-503 expression were significantly
downregulated in response to NANOG overexpression (Figure 6D).
We also found that WEE1 expression was significantly upregulated in
response to NANOG overexpression in ovarian cancer cells, which
indicated the involvement of NANOG in the regulation of miR-424/
503-mediated WEE1 expression (Figures 6E and 6F). These findings
were verified by analysis of publicly available ovarian cancer datasets
from the National Center for Biotechnology Information (GEO:
GSE30161); an inverse correlation between NANOG levels and levels
***p < 0.001 by one-way ANOVA with Bonferroni’s multiple comparison test. (C) Hem

different groups. Scale bar: 50 mm. (D) Representative fluorescence profiles for ALDH1,

424/503 groups compared with that in the control group. The graphs show significan

localization) in the miR-424/503 overexpression and miR-424/503 overexpression/car

Scale bar: 50 mm. *p < 0.05, ***p < 0.001 by one-way ANOVA, with Bonferroni’s post
ofmiR-424/503was confirmed, whereasWEE1 andNANOGhad a sig-
nificant positive correlation (Figure S3A). Finally, to further investigate
the relationship betweenNANOGand themiR-424/503-WEE1 axis,we
examined whether the NANOG-mediatedWEE1 upregulation is regu-
lated by miR-424/503. We found that the increase inWEE1 expression
observed with NANOG overexpression was reduced on the concurrent
overexpression of miR-424 and miR-503 (Figures 6G and 6H), which
indicated that in ovarian cancer cells, NANOG-regulatedWEE1 expres-
sion is mediated, at least in part, by miR-424 and miR-503. Finally, we
examined the expression of pri-forms of miR-424/miR-503 to evaluate
whether NANOG regulates transcription of miR-424 and 503 or post-
transcriptional maturation. We found that both the pri (Figure S10A)
and mature forms (Figure 6D) of miR-424 and miR-503 were signifi-
cantly downregulated by NANOG overexpression, suggesting that the
transcription of these miRNAs, rather than their post-transcriptional
maturation, is regulated by NANOG. We also found the robust
reduction of luciferase reporter driven by putative promoter region of
miR-424/503 by NANOG overexpression (Figure S10B). Collectively,
these findings suggest that NANOG regulates miR-424 and miR-503
expression, which in turn directly regulates the WEE1 expression in
ovarian cancer. However, further investigations are required to clarify
the precise mechanism by which NANOG regulates miR-424 and
miR-503 expression in ovarian cancer.

Atorvastatin regulates cancer stem cell-like characteristics in

ovarian cancer cells by modulating the NANOG-miR-424/503-

WEE1 axis

To further validate the role of theNANOG-miR-424/503-WEE1axis in
regulating cancer stem cell-like characteristics in ovarian cancer cells,
we attempted to design a pharmacological strategy to restore the altered
NANOG-miR-424/503-WEE1 axis in ovarian cancer spheroids.

Data from previous studies on endothelial cells showed that the expres-
sions of miR-424 and miR-503 are closely regulated by apelin/APJ
signaling. Statins can augment apelin/APJ signaling, which suggests
that statins may regulate miR-424/503 expression as well.44,52 In addi-
tion, several studies have demonstrated the therapeutic potential of sta-
tins; they can inhibit tumor growth and metastasis in various types of
cancer, including melanoma, breast cancer, and ovarian cancers,53–55

and downregulate pluripotency markers such as NANOG and
OCT-4 in embryonic stemcells and breast cancer cells.56,57We assessed
the effect of atorvastatin on miR-424 and miR-503 expression and
found that the expression levels of miR-424 and miR-503 in ovarian
cancer spheroids were restored in response to atorvastatin treatment
(Figure 7A). To confirm the role of the NANOG-miR-424/503-
WEE1 axis, we evaluated whether atorvastatin can inhibit NANOG
and WEE1 expression. The upregulation of NANOG and WEE1
expression in ovarian cancer spheroids was reversed on treatment
atoxylin and eosin staining and immunostaining for WEE1 in tumors from the four

WEE1, and ALDH1/WEE1 colocalization in the CBP, miR-424/503, and CBP/miR-

tly decreased fluorescence intensities for ALDH1, WEE1, and ALDH1/WEE1 (co-

boplatin combination group compared with that in mice injected with control cells.

hoc test.
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Figure 6. NANOG upregulates WEE1 expression by downregulating miR-424 and miR-503 expression

(A–C) Protein and mRNA levels of NANOG in SKOV3 and OVCAR8 adherent cells and spheroids. (D) Mature miR-424 and miR-503 expression in response to NANOG

overexpression. (E and F) WEE1 protein expression in response to NANOG overexpression. (G and H) WEE1 protein expression in response to miR-424/503 over-

expression with concurrent NANOG overexpression. *p < 0.05, **p < 0.01, ***p < 0.001 compared with controls by unpaired two-tailed Student’s t test or one-way ANOVA

with Bonferroni’s multiple comparison test. Error bars, standard error of the mean.
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with atorvastatin (Figures 7B–7D). Next, we examined whether ator-
vastatin regulates the cancer stem cell-like properties of ovarian cancer
cells. Atorvastatin significantly decreased the viability of spheroid cells
and inhibited spheroid formation from primary ovarian tumor cells
and SKOV3 cells (Figures 7E and 7F).Moreover, to investigate whether
atorvastatin inhibits ovarian cancer stem cell-like properties, we exam-
ined the typical characteristics of CSCs, such as their self-renewal
potential and expression of representative CSC markers.58 The self-
renewal potential was determined using the in vitro limiting dilution
assay. The graph showed that atorvastatin treatment induced the serial
exclusion of self-renewing cells (Figure 7G), which indicated that the
self-renewing activity of ovarian CSCs was inhibited. In addition, ator-
vastatin significantly decreased the percentage of ALDH1+ cells among
primary ovarian cancer cells and SKOV3 cells (Figure 7H). Collectively,
the results suggest that atorvastatin attenuates cancer stem cell-like
properties in ovarian cancer cells by engaging the NANOG-miR-424/
503-WEE1 signaling axis.

Combination of atorvastatin and carboplatin suppressed tumor

growth and peritoneal seeding in a mouse model of i.p. ovarian

cancer

The in vivo studies demonstrated that miR-424 and miR-503 overex-
pression/carboplatin combination treatment substantially inhibited
812 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
the tumor seeding (Figure 5B); we also confirmed that the expression
levels of miR-424 and miR-503 in ovarian cancer spheroids were
restored on atorvastatin treatment (Figure 7A). Furthermore, we
demonstrated that atorvastatin suppresses the cancer stem cell-like
characteristics in ovarian cancer cells by modulating the NANOG-
miR-424/503-WEE1 axis. We evaluated the combinatorial effect of
atorvastatin and carboplatin on tumor growth and peritoneal seeding
in an i.p. mouse model of SKOV3 cells. First, to confirm the safety of
atorvastatin, carboplatin, and their combined treatment, we mea-
sured the body weight of each mouse. During the drug treatment,
no significant changes were observed in body weights among the
different groups, indicating that the combination of atorvastatin
and carboplatin exerted no obvious side effects (Figure S11). Next,
we examined ascites development in mice inoculated i.p. Ascites
development was significantly inhibited in the group treated with car-
boplatin compared with that in the control group and was also sub-
stantially inhibited in the atorvastatin/carboplatin combination group
(Figures 8A and 8B). In addition, the atorvastatin/carboplatin combi-
nation substantially reduced peritoneal seeding compared with that in
the control group in the mouse model of i.p. SKOV3 ovarian cancers
(Figure 8C). To better convey broad applicability, we replicated the
experiment in an i.p. mouse model of OVCAR3, OVCAR5, and
OVCAR8 cells, obtaining a similar result (Figures 8C and S12).
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Figure 7. Atorvastatin regulates ovarian cancer stem cell-like properties by modulating the NANOG-miR-424/503-WEE1 axis in SKOV3 spheroids

(A) Mature miR-424 and miR-503 expression in SKOV3 spheroids in response to treatment with 10 mM atorvastatin. NANOG and WEE1 mRNA (B) and protein (C and D)

expression in SKOV3 spheroids in response to treatment with 10 mM atorvastatin. (E) Viability of SKOV3 spheroids after treatment with 10 mM atorvastatin for 24 h. (F)

Representative images of SKOV3 spheroids after treatment with 10 mMatorvastatin. The sizes of the spheroids formed fromSKOV3 cells treatedwith 10 mMatorvastatin were

significantly smaller compared with the control. **p < 0.01, ***p < 0.001 compared with controls by unpaired two-tailed Student’s t test (A–E). Error bars, standard error of the

mean. (G) Limiting dilution assay showing the decreased self-renewal activity of SKOV3 spheroids in response to treatment with 10 mM atorvastatin. **p < 0.01 for groups

(control, atorvastatin), cells/well, and groups � cells/well by two-way ANOVA with Bonferroni’s multiple comparison test. (H) Fluorescence-activated cell sorting analysis of

ALDH1+ SKOV3 spheroids after treatment with 10 mM atorvastatin. Scale bar: 100 mm. ***p < 0.001 compared with controls by unpaired two-tailed Student’s t test. Error

bars, standard error of the mean.
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Carboplatin significantly inhibited tumor growth even when admin-
istered alone, and the combination of atorvastatin and carboplatin
further inhibited tumor growth (Figures 8D and 8E). Furthermore,
we demonstrated that miR-424/503 expression in the tumors
increased in the atorvastatin and atorvastatin/carboplatin combina-
tion groups, but in comparison with the results of the control group,
miR-424/503 expression showed no significant change in the carbo-
platin group (Figure 8F). We also found that WEE1 and NANOG
expression in the tumors decreased in the atorvastatin and atorvasta-
tin/carboplatin combination groups but remained unaffected in the
carboplatin group (Figures 8G and 8H).

These results suggest that in the peritoneal metastasis model of
ovarian cancer developed using spheroids, tumor metastasis was sup-
pressed, and sensitivity to carboplatin was improved after treatment
with atorvastatin because of the inhibition of the typical cancer
Molecular Therapy: Nucleic Acids Vol. 29 September 2022 813
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stem cell-like properties through the regulation of the NANOG-miR-
424/503-WEE1 signaling axis.

DISCUSSION
Clinically recurrent ovarian cancer, which is mostly incurable, is cate-
gorized on the basis of platinum-free interval (PFI), which is the most
important predictive factor for the response to subsequent lines of
chemotherapy. Patients with a PFI of more than 6 months after the
initial platinum-based therapy are considered platinum sensitive,
whereas patients with a PFI of less than 6 months are considered plat-
inum resistant.59 While treating a platinum-sensitive recurrent dis-
ease, poly (adenosine diphosphate [ADP]–ribose) polymerase
(PARP) inhibitors are considered standard-of-care maintenance
therapy for patients who have not been previously treated with this
kind of drug.60–63 However, platinum-resistant recurrent ovarian
cancer has a poor prognosis. More effective treatment of platinum
resistance or, preferably, its prevention or reversal remains a priority.
Accumulating evidence indicates that CSCs are emerging as critical
mediators of drug resistance in ovarian cancer.5,64 Furthermore,
numerous studies have reported that the expression level of WEE1
increased in different cancer types, such as breast cancer,13,65 ovarian
cancer,16,66 colorectal cancer,67 gastric cancer,68 malignant mela-
noma,15 and sarcoma.69 In ovarian cancer, WEE1 expression is signif-
icantly higher after exposure to chemotherapy, and high WEE1
expression was significantly correlated with poor survival outcomes,
suggesting the role of WEE1 as a novel prognostic marker and ther-
apeutic target in ovarian cancer.16 WEE1 expression imparts cells
with the ability to survive under stressful conditions and maintain a
stem-like state.14,70,71 In this respect, the role of WEE1 in CSCs and
drug resistance in ovarian cancer were investigated in this study.
Here, we showed that WEE1 plays a key role in regulating the action
of CSCs and tumor resistance to carboplatin via a miRNA-dependent
mechanism in ovarian cancer. The findings suggested that the resis-
tance of CSC populations to DNA-damaging treatments can be over-
come by WEE1 inhibition. Moreover, miR-424/503-mediated WEE1
inhibition re-sensitized chemoresistant ovarian cancer cells to carbo-
platin. In the i.p. ovarian cancer xenograft model, miR-424/503 over-
expression significantly reduced the peritoneal metastasis of tumors
and improved survival compared with that achieved using carbopla-
tin treatment alone. These results indicated that the functional mod-
ulation of the miR-424/503-WEE1 axis may help suppress platinum
resistance in CSCs for improving outcomes after a platinum-resistant
Figure 8. Combined treatment with carboplatin and atorvastatin inhibited ovar

(A) Representative images of ascites development at 4 weeks after tumor implantation. (B

atorvastatin/carboplatin (CBP) treatment groups compared with that in the CBP treatme

ANOVA with Bonferroni’s multiple comparison test. Error bars, standard error of the mea

and atorvastatin/CBP groups. (C) Representative images of the peritoneal cavities of mic

CBP groups compared with that in the control group and quantification of peritoneal me

atorvastatin/CBP group had higher metastasis-suppressive ability than the CBP and ato

and the power is 0.99 or higher. The sum of all visible tumor weights in each mouse was

**p < 0.01, ***p < 0.001 by one-way ANOVA with Bonferroni’s multiple comparison tes

*p < 0.05, **p < 0.01 compared with controls by unpaired two-tailed Student’s t test. (G a

xenograft tumors for four groups. Scale bars: 50 mm. *p < 0.05, **p < 0.01, ***p < 0.00
relapse, which constitutes a major obstacle in the clinical manage-
ment of ovarian cancer.

Adavosertib (AZD1775), a highly selective WEE1 inhibitor, was
developed with the aim of sensitizing tumor cells lacking functional
p53 expression to various DNA-damaging agents and radiotherapy
by abrogating the G2 DNA damage checkpoint.72,73 Preclinical
studies on adavosertib demonstrated the induction of cell death and
sensitization of tumor cells to gemcitabine, carboplatin, and cisplatin
treatment in ovarian cancer.74–76 The increase in activity was also
shown to depend on the p53 status, with greater selectivity toward
p53-defective cells. High-grade serous carcinomas (HGSCs), the
cause of 70% of ovarian carcinoma-related deaths, are characterized
by TP53 gene mutations, which are detected in more than 95% of
the cases.77 The WEE1 inhibitor adavosertib might be a potential
therapeutic agent against HGSC. Recent clinical trials for adavosertib
in combination with DNA-damaging agents have shown encouraging
results against relapsed ovarian cancer. In a randomized phase II
study of platinum-sensitive recurrent disease (ClinicalTrials.gov:
NCT01357161), combining adavosertib with paclitaxel and carbopla-
tin improved response (objective response rate [ORR], 74.6%) and
PFS (median, 7.9 months; HR, 0.63; p = 0.080).78 In a double-blind,
randomized phase II study of platinum-resistant disease (Clinical-
Trials.gov: NCT02151292), combined treatment with adavosertib
and single-agent gemcitabine improved response (ORR, 23.0%, p =
0.038), PFS (median, 4.6 months; HR 0.55; p = 0.015), and OS (me-
dian, 11.4 months; HR 0.56; p = 0.017).79 Notably, this was the first
randomized trial to report a significant improvement in OS and
PFS in a platinum-refractory and platinum-resistant disease. The
improvement of OS is important in ovarian cancer trials; however,
it remains challenging to achieve this clinically. Among the targeted
therapies used for recurrent ovarian cancers in clinical settings,
only bevacizumab (an anti-vascular endothelial growth factor anti-
body [Ab]) combined with standard platinum-based chemotherapy
significantly improved the median OS in patients with platinum-sen-
sitive recurrent ovarian cancer;80 no significant improvements were
observed in patients with platinum-resistant recurrent ovarian
cancer.81 Meanwhile, published phase II studies of recurrent ovarian
cancer therapy combining adavosertib andDNA-damaging agents re-
ported significant improvements in the median OS of patients with
platinum-resistant recurrent disease, but not platinum-sensitive
recurrent disease. The mitotic lethality rationale of adavosertib, based
ian cancer in the ovarian cancer xenograft mouse model

) Graphs showing significantly decreased ascites development in the atorvastatin or

nt group (n = 8) (measurement >1 cc). *p < 0.05 compared with controls by one-way

n. The standard deviation is zero because the number of cases is one in atorvastatin

e showing a reduction in peritoneal tumors in the CBP, atorvastatin, and atorvastatin/

tastases. (D and E) Comparative images and tumor weight analysis showed that the

rvastatin groups. Based on a = 0.05, the effect size of the four groups (n = 32) is 4.35,

used as its tumor weight, and each point represents tumor volumes from eight mice.

t. (F) Mature miR-424 and miR-503 expression in xenograft tumors for four groups.

nd H) Hematoxylin and eosin staining and immunostaining for WEE1 and NANOG in

1 by one-way ANOVA with Bonferroni’s multiple comparison test.
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on overriding the G2 checkpoint, is that adavosertib will sensitize
p53-defective tumor cells to DNA-damaging agents without
affecting normal cells with wild-type p53. In fact, the p53-dependent
antitumor effects of adavosertib have been identified in several cancer
types.72–74,82 Consistently, in platinum-sensitive ovarian cancer, the
clinical benefit (ORR and PFS) of adavosertib has also been reported
in patients with different TP53 mutation subtypes.78 However, in
platinum-resistant ovarian cancer, adavosertib treatment did not
yield different results based on the p53 status, despite the superior
clinical benefit, including significant OS improvement.79 Because
adavosertib showed significant association with OS improvement in
platinum-resistant relapsed disease with CSC enrichment, and no as-
sociation between the p53 status and clinical benefit was reported,
adavosertib may be expected to suppress CSCs involved in platinum
resistance beyond its role in the mechanism underlying cell-cycle
checkpoint deregulation.

It is well known that miRNAs play a role in cell-cycle differentiation,
self-renewal, invasion, and the survival ability of CSCs. For example,
miR-34a induces cell-cycle arrest and apoptosis and inhibits tumor
growth by negatively regulating various cell-cycle regulators and
CSC markers in glioblastomas and CD44+ prostate cancer cells.83,84

Members of the miR-15a/15b/16/195/424/497/503 family share the
same seed sequence and have been shown to cooperatively regulate
multiple cell-cycle genes leading to regulation of cell proliferation.85,86

Specifically, miR-16 and miR-424 inhibit CCNE1, CCND3, and
CDK6 to induce cell-cycle arrest and have strong inhibitory effects
on cell growth.85 In addition, the miRNAs of the miR-15/16/195/
424/497 family sensitize cisplatin-resistant cells to apoptotic cell
death by directly targeting cell-cycle kinases, including WEE1 and
CHK1.87 Nevertheless, the regulatory roles of the members of the
miR-15 family in ovarian CSCs remain unclear. A previous study
showed that miR-424 was downregulated only in ovarian cancer
spheroids.43 In our prior study, we showed that miR-424 and miR-
503 are derived from the same primary transcript and perform similar
functions because of substantial identity in their seed sequences.44,45

In addition, several studies have revealed the roles of miR-424 and
miR-503 as tumor suppressors and highlighted their inhibitory effect
on cancer cell proliferation, angiogenesis, and chemoresistance in
several gynecological cancers.48,88,89 The expression of these miRNAs
is downregulated in ovarian cancer and correlates with the OS of
patients46,90; however, the mechanism underlying anti-neoplastic
regulation by miR-424 and miR-503 in recurrent ovarian cancer re-
mains unclear. In this study, we focused on these miRNAs to elucidate
the regulatory roles in ovarian CSCs. We found that the upregulation
of WEE1 in ovarian cancer spheroids is associated with decreased
miR-424 and miR-503 expression. The overexpression of miR-424
and miR-503 inhibits tumorigenic functions, including colony
formation and cell proliferation, and reduces chemoresistance to
carboplatin in ovarian cancer cells. In an i.p. ovarian cancer model,
miR-424/503 overexpression significantly reduced the peritoneal
metastasis of the tumor and improved survival compared with that
achieved with only carboplatin treatment. Our findings further
emphasize the important role of miR-424 and miR-503 in ovarian
816 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
CSCs and demonstrate that miR-424 and miR-503 suppress cancer
stem cell-like properties by directly targetingWEE1 in ovarian cancer,
overcoming chemoresistance, and suppressing peritoneal implanta-
tion metastasis. However, further research is needed to fully deter-
mine the potential roles of miR-15, miR-16, miR-195, and miR-497
in the context of ovarian CSCs because the members of the miR-
15/16/195/424/497 family share several common targets including
WEE1.

Disruption of miRNA expression is associated with the pathogenesis
of multiple diseases91; thus, restoration of the abnormal expression of
miRNAs may serve as a promising option in the treatment of various
diseases. Here, we showed that the intratumoral injection of lenti-
virus-expressing miR-424/503 into established ovarian tumors effec-
tively induced tumor regression. Overall, our current study provides
the foundation for a potentially novel therapeutic strategy to pursue
miRNAs as therapeutic agents for ovarian cancer, a disease that still
faces an exceedingly high mortality rate. Although miRNA-based
therapeutics provide an attractive anticancer approach, the main lim-
itation in the clinical application is the specific delivery of miRNAs to
cancer cells. Therefore, it is critically important to develop targeted
therapeutic agent delivery systems such as engineered nanoparticles.
Small-molecule-based therapy that can restore the expression of miR-
NAs to the normal level through modulation of transcription factor
or signaling pathways can also be an alternative strategy.

NANOG is a transcription factor involved in the development and re-
programming of adult embryonic stem cells.92 In addition, NANOG
induces the malignant transformation of normal cells into cancer
cells.93 High NANOG expression was shown to be associated with
epithelial-to-mesenchymal transition (EMT), chemoresistance, and
poor prognosis in ovarian cancer.66,94 Furthermore, NANOG is
closely associated with the properties of CSCs, and spheroid-forming
ovarian cancer cells exhibit high NANOG expression.64,95,96 Mecha-
nistic investigations of the role of NANOG on the stemness of human
colorectal cancer cells revealed that NANOG inhibition decreased
WEE1 expression, suggesting the potentially crucial involvement of
NANOG in the miR-424/503-WEE1 axis.51 In the present study,
we further demonstrated that the expression of NANOG, which is
elevated in ovarian cancer spheroids, reduced the expression of
miR-424 and miR-503, thereby leading to an increase in WEE1
expression. Transcription factors linked to CSCs, such as NANOG,
OCT4, and SOX2, act as transcriptional activators or repressors,
and the activities of these transcription factors are ultimately
controlled by co-activators and co-repressors. Although a number
of prior studies have focused on the role of NANOG as a transcrip-
tional activator in various contexts, several studies have shown that
NANOG can also act as a transcriptional repressor by interacting
with multiple transcription factors, including OCT4, SOX2, GLI-1,
nuclear factor kB (NF-kB), and STAT3, and associating with multiple
repressor proteins, such as NCOR1/2, NuRD, and Sin3.97–99 In addi-
tion, NANOG and the repressor proteins co-occupy NANOG-target
genes to control gene transcription and cell fate. Therefore, elucida-
tion is required of the unique repressor proteins interacting with
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NANOG to regulate the expression of miR-424/503 in the context of
ovarian CSCs. In addition, given that NANOG, OCT4, and SOX2
together communicate with distinct repression complexes to control
gene transcription, we also need to characterize the mechanism un-
derlying the regulation of miR-424/503 expression and functions in
ovarian CSCs via NANOG, OCT4, and SOX2 interaction. Although
our current study focused on the novel role ofWEE1 as part of a “tun-
ing” mechanism for the regulation of ovarian CSC-like properties,
linking the decreased expression of miR-424 and -503 to WEE1 up-
regulation in ovarian cancer spheroids, and the role of NANOG in
the transcriptional regulation of miR-424/503 expression has been
partly demonstrated, we need to conduct further experiments to fully
elucidate the regulatory mechanism of the miR-424/503-WEE1 axis
mediated by NANOG in the context of ovarian CSCs.

Statins, known to inhibit cholesterol synthesis, exhibit anticancer ef-
fects, such as cell death induction and EMT inhibition, because choles-
terol is a structural component of the cell membrane and is necessary
for cellular proliferation and migration.100 In addition, the inhibition
of the mevalonate pathway by statins is associated with the reduced
risk of cancer recurrence.101,102 However, the effect of statins on
ovarian CSCs is not well understood yet. Here, the role of statins as
anticancer agents and their effects on the miR-424/503-WEE1 axis
were evaluated. Atorvastatin induces cytotoxicity in SKOV3 cells
and modulates the miR-424/503-WEE1 axis by suppressing
NANOG expression, which leads to the inhibition of spheroid forma-
tion. Statins have been shown to suppress the expression of cancer
stemness markers only in cells with abnormal genome integrity.57

In this study, the levels of known CSC markers expressed in ovarian
CSCs, spheroid formation, spheroid cell viability, and the self-renew-
ing activity of ovarian CSCs were decreased by atorvastatin, suggest-
ing this drug attenuates cancer stem-like properties by regulating the
miR-424/503-WEE1 axis in ovarian cancer cells. Given that CSCs are
resistant to chemotherapeutic agents and cause cancer relapse, the
development of drugs that selectively target CSCs offers great promise
for cancer treatment, especially in combination with chemothera-
peutic agents. Here, we demonstrated that combined treatment
with atorvastatin and carboplatin suppressed tumor growth and peri-
toneal seeding in a mouse model of i.p. ovarian cancer. These findings
indicate that atorvastatin, when administered in combination with
standard chemotherapeutic drugs, may be a promising therapy for
ovarian cancer owing to its ability to inhibit cancer stem cell-like
properties in the ovarian cancer cell population by modulating the
NANOG-miR-424/503-WEE1 axis. These findings also support the
potential application of atorvastatin in preventing ovarian cancer
recurrence and as an adjuvant therapeutic in combination with stan-
dard chemotherapeutics; however, more in vivo animal studies and
clinical trials are needed in this area of research.

Conclusions

In summary, given that CSCs mediate tumor resistance to chemo-
therapy and may contribute to cancer relapse, there is an urgent
need to develop therapeutic strategies that target CSCs. Our findings
provide evidence that the NANOG-miR-424/503-WEE1 signaling
axis plays a pivotal role in the regulation of ovarian CSCs, and this
axis can be regulated by atorvastatin. We propose that WEE1 inhibi-
tion in combination with conventional DNA-damaging chemo-
therapy may have potential applications in the prevention of ovarian
cancer relapse.

MATERIALS AND METHODS
Cell culture and transfection

Human ovarian cancer cell lines (SKOV3, OVCAR3, OVCAR5, and
OVCAR8) were cultured in RPMI-1640 medium (HyClone, Logan,
UT, USA) supplemented with 10% fetal bovine serum (FBS; Hy-
Clone), 1% penicillin-streptomycin (WelGENE, Deagu, Korea), and
mycozap (Lonza, Walkersville, MD, USA) at 37�C in a 5% CO2 incu-
bator. Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA, USA)
was used for in vitro miRNA and small interfering RNA (siRNA)
transfection according to the manufacturer’s instructions. Ambion
(Austin, TX, USA) miR-424 precursor (PM10306), miR-503 pre-
cursor (PM10378), miR-424 inhibitor (catalog no. [Cat.] 4464084),
and miR-503 inhibitor (Cat. 4464084) were used as previously
described.44,45 Validated WEE1 siRNAs (Cat. 7465-1 and 7465-2)
and negative control siRNA (Cat. SN-1003) were purchased from
Bioneer (Daejeon, Korea). Two independent siRNA sequences were
used to silence WEE1 expression: the WEE1 siRNA sequence 1 was
sense 50-CUUUUACUCCGGAUUCUUU(dTdT)-30 and antisense
50-AAAGAAUCCGGAGUAAAAG(dTdT)-30, and theWEE1 siRNA
sequence 2 was sense 50- GAGAACGUAUUGGAAUGAU(dTdT)-30

and antisense 50- AUCAUUCCAAUACGUUCUC(dTdT)-3’. Plasm
id DNA constructs were transfected into the cells using polyethyleni-
mine (Polysciences, Warrington, PA, USA) according to the manu-
facturer’s instructions. Dr. Kyung-Hee Chun (Yonsei University, Ko-
rea) andDr. Sung Hee Baek (Seoul National University, Korea) kindly
provided us with the pcDNA-3X Flag-WEE1 plasmid DNA and
pcDNA-Flag-NANOG, respectively.

Preparation of human tissue specimens

The study protocol was reviewed and approved by the Institutional
Review Board of Pusan National University Hospital (IRB-2001-
010-087). All patients enrolled in this study provided informed con-
sent via a signed form before the study commenced. Ovarian cancer
tissue was collected during surgery, and its identity was confirmed by
a pathologist from the Department of Gynecologic Pathology before it
was transferred to the cell culture laboratory. Pathologically
confirmed fresh samples were processed using enzymatic and
mechanical disassociation into single-cell suspensions and cultured
under conditions used for stem cell culture, as described previ-
ously.103,104 RNA and protein were extracted from the tumor tissues.

Animal experiments

Female 7-week-old Balb/C nude mice (Orient Bio., Gyeonggi, Korea)
were maintained under a 12-h light/dark cycle, and the experiments
were conducted in accordance with the regulations of the Pusan
National University Hospital. All procedures were performed in accor-
dance with the policies of the Institutional Animal Care and Use
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Committee of Pusan National University of Korea (PNUH-2017-110).
For the development of the SKOV3 spheroid tumor model, 1 � 107

dissociated SKOV3 spheroids or SKOV3 spheroid cells overexpressing
miR-424/503 were injected i.p. into each mouse. Tumor-bearing mice
were randomly divided into four groups (n = 8/group) after 3 days of
SKOV3 spheroid injection. Seven days after cell injection, the single-
treatment groups were administered carboplatin (50 mg/kg body
weight; Cat. C2538; Sigma-Aldrich, St. Louis, MO, USA) weekly or
atorvastatin (10 mg/kg body weight; Cat. 10493; Cayman, Ann Arbor,
MI, USA) by i.p. injection daily. To avoid toxicity in the case of carbo-
platin and atorvastatin combination therapy, carboplatin (40 mg/kg
body weight) was administered weekly, and atorvastatin (10 mg/kg
bodyweight) was administered i.p. three times aweek. The bodyweight
of the mice was measured every 2–3 days from the day of injection. To
evaluate the formation of ovarian tumors, we monitored the mice
weekly for ascites development and palpable tumor growth. The
mice were sacrificed by cervical dislocation on the 28th day after injec-
tion, and the abdominal cavity of each mouse was incised to image
ascites and the tumors formed in the abdominal cavity. The size of
the tumorwasmeasured by separating the tumor formed in the abdom-
inal cavity, and theweight of the separated tumorwasmeasuredusing a
microscale. The tumors were sampled and conditioned for histological
analysis (10% formalin fixation).

Immunohistochemistry (IHC)

IHC stainingwasperformedon formalin-fixed, paraffin-embedded tis-
sues using an anti-WEE1mousemonoclonal Ab (SC-5285; Santa Cruz
Biotechnology,Dallas, TX, USA). The ImmPRESSHRPREAGENTkit
(MP-7402; Vector Laboratories, Burlingame, CA, USA) was used for
IHC staining. Counterstaining was performed using hematoxylin. Im-
ages were recorded at a magnification of 400� using the Aperio
ImageScope software (Leica Biosystems, Wetzlar, Germany).

Immunofluorescence analyses

Immunofluorescence analyses were performed on the xenograft tumors
after theywere removed fromBALB/cnudemice. The tumorswerefixed
in 4% paraformaldehyde, paraffin embedded, and cut into 4-mm serial
sections. Samples were deparaffinized with xylene, rehydrated using a
reduced ethanol gradient, and washed with deionized water. Antigen
retrieval was performed in 10mMcitrate buffer using a pressure cooker.
After washingwith buffer (0.15MNaCl, 50mMTris, and 0.05%Tween
20), endogenous peroxidases were quenched, and the sections were
washed with PBS three times. The sections were blocked with 2% goat
serum in PBS at 37�C for 45 min and incubated with monoclonal
anti-WEE1 (sc-5285 AF488, dilution 1:100; Santa Cruz Biotechnology,
Dallas, TX,USA),monoclonal anti-ALDH1 (sc-166362AF594; dilution
1:100; Santa Cruz Biotechnology, Dallas, TX, USA), and DAPI (62,248,
dilution 1:1,000; Thermo Fisher Scientific, Waltham, MA, USA) over-
night at 4�C. Images were recorded at a magnification of 400� using
the Confocal microscope (Leica Biosystems, Wetzlar, Germany).

Intratumoral injection

To assess whether the lentivirus-expressing miR-424/503 could effi-
ciently induce tumor regression, we injected spheroid SKOV3 cells
818 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
(5 � 106 cells) in 100 mL saline into both flanks of 6-week-old female
BALB/c nude mice divided into four groups (n = 5 per group). Three
days after injection, mice of four groups received intratumoral injec-
tion of 50 mL of saline, 1 � 108 of virus scramble or virus miR-424/
503, and i.p. injection of carboplatin (50 mg/kg) in 100 mL of PBS.
The size of the tumor was measured every 3 days using vernier cali-
pers, and after 14 days, mice were sacrificed and the excised tumors
were analyzed.

RNA extraction and quantitative real-time PCR

Total RNA was isolated using the miRNeasy RNA isolation kit (QIA-
GEN, Hilden, Germany), and purified RNA was reverse transcribed
using the TaqMan miRNA Reverse Transcription kit (Applied Bio-
systems, Foster City, CA, USA). miRNA quantitative real-time PCR
was performed using the TaqMan Universal Master Mix II (Applied
Biosystems). miR-424 and miR-503 were detected using the TaqMan
probes. RNAU6Bwas used as the internal control for the normalization
of miR-424 and miR-503. mRNA was reverse transcribed using the
qPCRBIO cDNA Synthesis Kit (PCR Biosystems, London, UK). Quan-
titative real-time PCRwas performed using the qPCRBIO SyGreenMix
Hi-ROX (PCR Biosystems) according to the manufacturer’s instruc-
tions. 18S rRNA was used as the internal control. The sequences of
the PCRprimers usedwere as follows:WEE1: forward, 50-GATGTGCG
ACAGACTCCTCAAG-30, and reverse, 50-CTGGCTTCCATGTCT
TCACCAC-30; NANOG: forward, 50-AGTCCCAAAGGCAAACAAC
CCACT-30, and reverse, 50-TGCTGGAGGCTGAGGTATTTCTGT-
30; Pri-miR-424/503: forward, 50-ATGTGCGTTTCTAGCTGCTT-30,
and reverse, 50-TTGAAGTCACGAAGGGCTCC-30; and 18S rRNA:
forward, 50-ACCCGTTGAACCCCATTCGTGA-30, and reverse,
50-GCCTCACTAAACCATCCAATCGG-30.

Western blotting

The cells were lysed using radioimmunoprecipitation assay (RIPA)
buffer (Biosesang, Seongnam, Korea) containing protease inhibitor
cocktails (GenDEPOT, Katy, TX, USA). The lysates were centrifuged
at 13,000 rpm for 15 min at 4�C for sample preparation. Protein con-
centrations were measured using a Pierce BCA Protein Assay kit
(Thermo Fisher Scientific, Waltham, MA, USA), and equal quantities
of protein were boiled and separated using SDS-polyacrylamide gel
electrophoresis and transferred onto a polyvinyl difluoride membrane
(Millipore, Burlington, MA, USA). The protein bands were hybrid-
ized with primary Abs against WEE1 (1:1,000; Cell Signaling, Dan-
vers, MA, USA), NANOG (1:1,000; Cell Signaling), and GAPDH
(1:4,000; Cell Signaling). Immunodetection was accomplished using
horseradish peroxidase (HRP)-conjugated secondary Abs, and the
blots were developed using an enhanced chemiluminescence detec-
tion system (Thermo Scientific).

Spheroid formation assay

SKOV3 cells were seeded at 1� 105 cells/mL in six-well plates coated
with poly 2-hydroxylethyl methacrylate (poly-HEMA; Sigma-
Aldrich) and cultured in serum-free DMEM/F12 medium (Welgene)
supplemented with 20 ng/mL epidermal growth factor (Invitrogen),
10 ng/mL basic fibroblast growth factor (Invitrogen), 0.4% bovine
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serum albumin (GenDEPOT), and 5 mg/mL insulin (Sigma-Aldrich).
Adavosertib (HY-10993; MedChemExpress, NJ, USA) was added at
200 nM. Spheroid formation was assessed 5 days after seeding. The
cells were observed under a microscope at 100� magnification. The
sizes of the spheroids were measured using ImageJ software.

Statistical analysis

All experiments were repeated at least three times, and the data shown
are the means ± SEM. When only two groups were compared, statis-
tical significance was assessed using an unpaired two-tailed Student’s
t test. Otherwise, statistical significance was determined using one-
way analysis of variance (ANOVA) followed by Bonferroni’s multiple
comparison test. Relationships between variables were determined by
the Pearson correlation coefficient. A p value <0.05 was considered
statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001). All statis-
tical analyses were performed using GraphPad Prism v.7.0.

Additional methods

Additional methods are provided in supplemental materials and
methods.

Data availability statement

All data are available from the authors on reasonable request.
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