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Abstract: Epithelial ovarian cancer is the deadliest gynecological malignancy worldwide.
A better understanding of epithelial ovarian cancer pathogenesis and the molecular mechanism
underlying its metastasis may increase overall survival rates. Previous studies have indicated
that aldehyde dehydrogenase 1 family member A2 (ALDH1A2) is a candidate tumor suppres-
sor in epithelial ovarian cancer. However, the potential role of ALDH1A2 in the molecular
mechanisms of epithelial ovarian cancer remains largely unclear. In the present study, we found
lower expression of ALDH1A2 in high-grade epithelial ovarian cancer tissues than in low-grade
epithelial ovarian cancer tissues. Overexpression of ALDH1A2 decreased the proliferation and
migration of epithelial ovarian cancer cell lines, whereas ALDH1A2 knockdown significantly
increased cell growth and migration. Moreover, upregulation of ALDH1A2 also reduced the
activation of signal transducer and activator of transcription 3 (STAT3). In conclusion, these
findings suggest that ALDH1A2 suppresses epithelial ovarian cancer cell proliferation and
migration by downregulating STAT3.
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Introduction

Human ovarian cancers are the most lethal malignancies in women, accounting
for ~4% of all cancers worldwide.! Approximately, 22,440 new cases of ovarian
cancer are diagnosed, and 14,080 patients die from ovarian cancer each year.? The
most common form of ovarian cancer is epithelial ovarian cancer.> More than 70% of
epithelial ovarian cancer patients are diagnosed at a late stage, resulting in a dismal
30% survival rate.* Notably, the overall survival rate could be significantly increased
if metastasis is prevented.’ More attention should be given to prevention, early detec-
tion, and treatment of ovarian cancer to decrease its mortality rate. At present, up to
17% of ovarian cancers are potentially preventable through population-based genetic
testing of known ovarian cancer susceptibility genes.’ Thus, understanding ovarian
cancer pathogenesis and the molecular mechanism of its metastasis is crucial for the
management of this lethal, highly metastatic disease.

Aldehyde dehydrogenase 1 family member A2 (ALDH1A2) is a rate-limiting
enzyme involved in the cellular synthesis of retinoic acid, which has prodifferentiation
properties.® Previous studies have demonstrated ALDHI1A2 to be a candidate tumor
suppressor.” Low ALDH1A2 expression was associated with an unfavorable prognosis
in head and neck squamous cell carcinoma.® Kim et al” detected ALDH1A?2 expression
in normal prostate epithelia but not in prostate cancer tissue. Interestingly, ALDH1A2
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was strongly downregulated by 36-fold in 779 ovarian cancer
cases compared with 18 normal controls and suspected to
contribute to invasiveness and metastasis.” Ma and Zhao'
also revealed that high mRNA expression of ALDH1A2 is
significantly associated with worse overall survival in TP53
wild-type ovarian cancer patients. Therefore, ALDH1A2 may
play a pivotal role in ovarian cancer behavior.

Janus-activated kinase (JAK) is a tyrosine kinase, and
activation of JAK via autophosphorylation leads to its
phosphorylation of specific tyrosine residues on relevant
receptors. Signal transducer and activator of transcription
(STAT) proteins are recruited to receptors by binding to
phosphotyrosine residues in the Src homology 2 domain of
the STAT protein.!! STAT is subsequently phosphorylated
by JAK2 and translocated into the nucleus. The STAT
family is a group of latent cytoplasmic proteins that regulate
various metabolic processes.'>!* The STAT family includes
seven structurally and functionally related proteins: STATI,
STAT2, STAT3, STAT4, STAT5a, STATSb, and STAT6.'?
STAT3 is constitutively aberrantly activated in ~70%
of human solid tumors, and it modulates the expression
of oncogenes controlling the proliferation and metastasis of
tumor cells.'*!> STAT3 is commonly present downstream
of many oncogenic mutations.'® Substantive evidence indi-
cates that downregulating STAT3 mitigates the malignant
behavior of cancer cells.!”'® Upregulation of STAT3 is more
commonly associated with clinically aggressive high-grade
ovarian cancer than with more indolent low-grade cancers."
Moreover, a previous study demonstrated that ALDHI1A2
regulated the expression of STAT3 in ovarian cancer cells.’
Park et al'® found that ALDH1A?2 inhibited the phosphoryla-
tion of STATS3.

In this study, we found that ALDH1A2 was significantly
upregulated in low-grade epithelial ovarian cancer tissue.
Overexpression of ALDH1A2 decreased the proliferation
and migration of epithelial ovarian cancer cells. ALDH1A2
knockdown significantly increased cell growth and migration.
Moreover, upregulating ALDH1A2 also reduced the activa-
tion of STAT3. These novel data indicate that ALDH1A2
inhibits epithelial ovarian cancer cell proliferation and migra-
tion by downregulating STAT3.

Table | Sequences interfering with ALDHIA2

Materials and methods

Clinical tissues

This study was approved by the Medical Ethics Committee
of the Zhejiang Cancer Hospital. All subjects provided
written informed consent, and none of them received
chemoradiotherapy prior to surgery. The histological grade
was classified as low-grade (including well to moderately
differentiated endometrioid and mucinous carcinomas) and
high-grade (combining high-grade serous, clear cell, and
poorly differentiated endometrioid cancer).?’ High-grade
and low-grade epithelial ovarian cancer tissues were obtained
during oophorosalpingectomy or surgical debulking.

Immunohistochemistry

ALDHI1A2 expression was detected by immunohistochemis-
try (IHC) in paraffin-embedded specimens. The slides were
incubated overnight with rabbit anti-ALDH1A2 monoclonal
antibody (1:100; Abcam, Cambridge, UK) by employing
an avidin-biotin complex method. Then, a secondary anti-
body was applied for 30 min at room temperature. These
expressions were confirmed by semiquantitative analyses
using ImagelJ software (Rasband, WS, ImagelJ, US National
Institutes of Health, Bethesda, MD, USA, https://imagej.nih.
gov/ij/, 1997-2016).

Cell culture

The normal ovarian cell line (HOSEpiC) and the ovarian
cancer cell lines (A2780 and SKOV3) were purchased
commercially from the American Type Culture Collection
(ATCC, Manassas, VA, USA). The cell lines were cultured
in Roswell Park Memorial Institute (RPMI) 1640 medium
(Sigma-Aldrich Co., St Louis, MO, USA) supplemented with
10% fetal bovine serum (FBS; HyClone, Jerusalem, Israel).

Lentiviral and retroviral infection

A lentiviral short hairpin RNA (shRNA) construct targeting
ALDHI1A2 (#SHCLNV-NM_170697) was obtained from
Sigma-Aldrich Co. Four shRNA sequences targeting
ALDHI1A2 were designed (Table 1). The oligonucle-
otides were phosphorylated, annealed, and cloned into the

Sequence Sense (5'-3') Antisense (5'-3')

appellation

shRNAI GTGGCAATACAGTAGTTATTA TAATAACTACTGTATTGCCAC
shRNA2 TACGCAGGCTGGGCTGATAAA TTTATCAGCCCAGCCTGCGTA
shRNA3 TCTAATATTGGGCAACAATTA TAATTGTTGCCCAATATTAGA
shRNA4 TCCTGTAGATGGAGACTATTT AAATAGTCTCCATCTACAGGA

Abbreviations: ALDHIA?2, aldehyde dehydrogenase | family member A2; shRNA, short hairpin RNA.
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pLKO.1 vector (Sigma-Aldrich Co.). The overexpression
particles were provided by GenePharma (Shanghai, China).
For retroviral overexpression of ALDH1A2, full-length
ALDH1A2 cDNA was obtained by polymerase chain
reaction (PCR). The full-length ALDH1A2 cDNA was then
subcloned into the BamHI and Xhol sites of the LV3 retro-
viral vector. Lentiviral infection was performed according
to the manufacturer’s protocols.

Cell proliferation

To evaluate the effects of ALDH1A2 on ovarian cancer cells,
the cells were seeded into 96-well plates on days 3, 6, 9, 12,
and 15 postinfection (1,000 cells/well). After 24 h, the medium
was removed, and the cells were treated with 10% Cell Count-
ing Kit-8 (CCK8) (Dojindo, Tokyo, Japan) in 100 uL. RPMI
1640 medium without FBS for 2 h at 37°C. The absorbance
at 450 nm, which is directly proportional to the rate of cell
proliferation, was measured using a microplate reader.

Wound migration assay

The cells were seeded into six-well plates and cultured to
100% confluence. A pipette tip was used to scratch a straight
line in the cell layer to create a wound. Then, the cells were
washed with PBS and treated with RPMI 1640 medium
without FBS. Wound images were observed under a light
microscope. The wound gap widths were measured using
ImagelJ software.

Migration assay

Cell culture inserts (24-well, pore size 8 um; Sigma-Aldrich
Co.) were seeded with 2x10° cells in 200 uL of medium
supplemented without FBS. Medium with 10% FBS (500 uL)
was added to the lower chamber and served as a chemotactic
agent. After incubation for 8 h, nonmigrating cells were
removed from the upper side of the membrane, and the
cells on the lower side of the membrane were fixed with 4%
paraformaldehyde. The cells were stained with crystal violet
staining, and cell numbers were counted. Each individual
experiment was performed with triplicate inserts, and five
microscopic fields were counted per insert.

RNA isolation and reverse-transcription
quantitative PCR

Total cellular RNA was isolated using RNAiso reagent
(Takara, Tokyo, Japan). Total RNA (=500 ng) was
reverse-transcribed into cDNA in a reaction volume
of 10 UL using the Double-Strand ¢cDNA Synthesis
Kit (Takara). One microliter of cDNA was used as the

template for the reverse-transcription quantitative PCR
(RT-gPCR) reaction. All gene transcripts were quanti-
fied by RT-qPCR using the Power SYBR Green PCR
Master Mix on the ABI StepOnePlus System. The
ALDHI1A2 primer sequences were (forward primer)
5’-GATGCTGACTTGGACTATGCTGT-3’ and (reverse
primer) 5-CTGTTTCTTATCAATCTGGGGAC-3’, and
the sequences for B-actin, the internal control, were (reverse
primer) 5-GAAGATGGTGATGGGATTT-3" and (forward
primer) 5-GAAGGTGAAGGTCGGAGT-3". The 2724¢
method was used to calculate relative gene expression.

Western blot analysis

Cells were lysed in radioimmunoprecipitation assay lysis
buffer supplemented with a protease inhibitor (Beyotime,
Haimen, China). Total proteins were separated by 10%
sodium dodecyl sulfate polyacrylamide gel electrophoresis
and then transferred to a polyvinylidene fluoride membrane.
After blocking in 5% bovine serum albumin for 1 h, the
membranes were incubated overnight at 4°C with antibodies
specific to B-actin (1:2,000; CST, Beverly, MA, USA),
p-STAT3 (1:1,000; CST), t-STAT3 (1:1,000; CST), p-JAK2
(1:1,000; CST), and t-JAK2 (1:1,000; CST). Horseradish
peroxidase-conjugated goat anti-rabbit IgG (1:1,000) was
applied as a secondary antibody for 2 h at room temperature.
For all Western blots, B-actin served as the internal control.
The expression of all proteins was quantified using Bio-Rad
Quantity One software (Bio-Rad Laboratories Inc., Hercules,
CA, USA).

Statistical analysis

Statistical analysis was performed using SPSS 22.0 software.
All experiments were performed at least in triplicate, and the
data are presented as mean = standard deviation. Statistical
significance was determined using a two-tailed Student’s
t-test when comparing two groups and one-way ANOVA
followed by Dunnett’s post hoc test when comparing more
than two groups. A P-value =0.05 was considered to repre-
sent a statistically significant difference.

Results
ALDH A2 expression is higher in low-
grade epithelial ovarian cancer tissues

than in high-grade tissues

To compare the expression of ALDH1A2 between high-
and low-grade epithelial ovarian cancer tissues, IHC was
performed. Significantly higher ALDH1A2 levels were
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identified in low-grade epithelial ovarian cancer tissues than
in high-grade tissues (Figure 1; P<<0.05).

Up- and downregulation of ALDHIA2
levels in epithelial ovarian cancer cell
lines using lentiviral particles

To investigate the effects of ALDH1A2 on epithelial ovarian
cancer cell lines, lentiviral vectors were used to upregulate
and downregulate ALDHI1A2 levels in epithelial ovar-
ian cancer cell lines. As shown in Figure 2, ALDHIA2
levels were knocked down using four shRNAs. shRNA3
and shRNA4 were chosen for subsequent experiments
because of their efficient knockdown of ALDH1A2. West-
ern blotting analysis showed successful upregulation and
downregulation of ALDH1A2 levels in epithelial ovarian
cancer cell lines.

Overexpression of ALDHIA2 inhibits
proliferation,and ALDH 1 A2 knockdown
promotes proliferation in epithelial
ovarian cancer cells

The effects of ALDH1A2 on the proliferation rate of epi-
thelial ovarian cancer cells were identified by CCKS assay,
which revealed significantly higher proliferation in the
ALDHI1A2 knockdown group compared with the other
groups. When ALDH1A2 was overexpressed, the prolifera-
tion rate decreased significantly (Figure 3).

A Low-grade
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ALDHI1A2 depletion enhances migration,
and ALDH | A2 upregulation decreases
migration of epithelial ovarian cancer cells
To assess the impact of ALDH1A2 on cell migration, a
wound migration assay was performed. Relevant pho-
tographs were taken immediately after wound induction
and on the following day. The wound-healing abilities of
ALDHI1A2-overexpressing epithelial ovarian cancer cells
were significantly lower than those of the control group.
In contrast, ALDH1A2 depletion markedly increased the
wound-closure capacity (Figure 4A).

A transwell migration assay was also performed
to determine the effects of ALDHIA2 on the migra-
tion ability of epithelial ovarian cancer cells. As shown
in Figure 4B, migration was markedly decreased in
cells overexpressing ALDH1A2. In contrast, ALDHI1A2
downregulation increased the migration of epithelial ovar-
ian cancer cells.

The JAK2/STAT3 signaling pathway is
upregulated by ALDH A2 knockdown,
and ALDH | A2 overexpression inhibits
activation of the JAK2/STAT 3 signaling
pathway

To explore the molecular mechanism underlying the effects
of ALDH1A2 on epithelial ovarian cancer cells, members
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Figure | Immunohistochemical staining of ALDHIAZ2 in epithelial ovarian cancer tissues.

Notes: All experiments were repeated three times. The data are presented as mean + standard deviation. (A) Representative image of low-grade epithelial ovarian cancer
tissues (magnification =100x). (B) Relative quantitative comparison of ALDHIA2 expression in high-grade versus low-grade epithelial ovarian cancer tissues, *P<<0.05.
(C) Relative ALDHIA?2 protein expression was identified by Western blot analyses. Images are representative of three independent experiments.

Abbreviation: ALDHIA2, aldehyde dehydrogenase | family member A2.
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Figure 2 Upregulation and downregulation of ALDHIA2 levels in epithelial ovarian cancer cell lines using lentiviral particles.

Notes: All experiments were repeated three times. The data are presented as mean * standard deviation. (A) Relative ALDHIA2 mRNA expression using shRNA in A2780
cell lines; (B) downregulation of ALDHIA2 protein expression by shRNA in A2780 cell lines; (C) relative ALDHIA2 protein expression using shRNA in A2780 cell lines;
(D) relative SKOV3 mRNA expression using shRNA in A2780 cell lines; (E) relative ALDHIA2 mRNA expression using shRNA in SKOV3 cell lines; (F) downregulation of
ALDHIA2 protein expression by shRNA in SKOV3 cell lines; (G) relative ALDH A2 protein expression using shRNA in SKOV3 cell lines; (H) ALDHIA2 protein expression in
overexpressed and downregulated epithelial ovarian cancer cell lines; *P<<0.05, significantly different compared with control group oe represented as ALDH | A2 overexpression
group; oe-nc represented as overexpression control group; sh represented as ALDHIA2 knockdown group; and sh-nc represented as knockdown control group.
Abbreviations: ALDHIA2, aldehyde dehydrogenase | family member A2; shRNA, short hairpin RNA; ctrl, control.
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Figure 3 Effects of ALDHIA2 overexpression and knockdown on epithelial ovarian cancer cell proliferation.

Notes: All experiments were repeated three times. The data are presented as mean + standard deviation. (A) Cell proliferation was assessed in A2780 cell lines by CCK8
assay on days 3, 6, 9, 12, and 15 after lentiviral infection. (B) Cell proliferation was assessed in SKOV3 cell lines by CCK8 assay on days 3, 6, 9, 12, and |5 after lentiviral
infection *P<<0.05, significantly different compared with control group. oe represented as ALDHIA2 overexpression group; oe-nc represented as overexpression control
group; sh represented as ALDHIA2 knockdown group; and sh-nc represented as knockdown control group.

Abbreviations: ALDH|A2, aldehyde dehydrogenase | family member A2; CCK8, Cell Counting Kit-8.
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Figure 4 The effects of ALDHIA2 knockdown and overexpression on the migration of epithelial ovarian cancer cells.

Notes: All experiments were repeated three times. The data are presented as mean + standard deviation. (A) A wound-healing assay and (B) transwell assay were performed
to assess migration in A2780 and SKOV3 cell lines. Images are representative of three independent experiments. (C) The wound gap widths were measured using Image]
software. Relative widths were analyzed. All data are expressed as mean * standard deviation; *P<<0.05 compared with controls. (D) Cell numbers were counted and five
microscopic fields were counted per insert. Relative cell numbers were analyzed. All data are expressed as mean + standard deviation; *P<<0.05 compared with controls.
oe represented as ALDHIA2 overexpression group; oe-nc represented as overexpression control group; sh represented as ALDHIA2 knockdown group; and sh-nc
represented as knockdown control group.

Abbreviation: ALDHIA2, aldehyde dehydrogenase | family member A2.
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Figure 5 The effects of ALDHIA2 knockdown and overexpression on the JAK2/STAT3 signaling pathway.

Notes: Images are representative of three independent experiments. (A—C) The protein levels of p-JAK, t-JAK, p-STAT3, and t-STAT3 were assessed by Western blot
analyses. All data are expressed as mean = standard deviation; *P<<0.05 compared with controls. oe represented as ALDH|A2 overexpression group; oe-nc represented as
overexpression control group; sh represented as ALDHIA2 knockdown group; and sh-nc represented as knockdown control group.

Abbreviation: ALDHIA?2, aldehyde dehydrogenase | family member A2.

of the JAK2/STATS3 signaling pathway, a key regulator of
epithelial ovarian cancer cell migration and proliferation,
were evaluated. ALDH1A2 knockdown significantly upregu-
lated the levels of p-JAK2 and p-STAT3. In addition,
p-JAK2 and p-STAT3 levels were decreased in ALDH1A2-
overexpressing cells (Figure 5).

Blocking the STAT3 signaling pathway
rescues the increased cell migration
and proliferation induced by ALDH | A2

knockdown

To verify the role of the STAT3 signaling pathway,
ADZ1480, a specific STAT3 inhibitor, was used to inhibit
STAT3 expression. The concentration of ADZ1480 used
was 5 ug/mL, based on a previous study.’’ ADZ1480
significantly inhibited the activation of STAT3 (Figure 6).
The proliferation rate and migration ability of epithelial
ovarian cancer cells exposed to ADZ1480 were mark-
edly decreased. The increased proliferation and migration
induced by ALDH1A2 knockdown were also reduced by
ADZ1480 exposure.

Discussion

In this study, we found that ALDH1A2 was significantly
upregulated in well-differentiated epithelial ovarian cancer
tissues. Overexpression of ALDH1A2 decreased the prolif-
eration and migration of epithelial ovarian cancer cells, while
ALDHI1A2 knockdown significantly increased cell growth
and migration. Moreover, downregulation of ALDH1A2
activated STAT3 expression. Interestingly, the increased
migration and proliferation observed after ALDHI1A2
knockdown were rescued by inhibition of STAT3. These
novel findings indicate that ALDH1A2 suppresses epi-
thelial ovarian cancer cell proliferation and migration by
upregulating STAT3 expression.

Previous studies have strongly indicated that ALDH1A2
is a candidate tumor suppressor in epithelial ovarian cancer.”®
ALDH1A2 was strongly downregulated by 36-fold in
779 epithelial ovarian cancer cases compared with 18 nor-
mal controls, and it is thought to contribute to invasiveness
and metastasis.” Ma and Zhao found that higher ALDH1A2
expression in epithelial ovarian cancer cells was significantly
associated with lower overall survival rate.!’ Similarly, in
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Figure 6 Blocking the STATS3 signaling pathway rescues the increased cell migration and proliferation induced by ALDHIA2 knockdown.

Notes: (A) Images are representative of three independent experiments. The protein levels of p-STAT3 and t-STAT3 were assessed by Western blot analyses. (B) Cell
proliferation was assessed in A2780 cell lines by CCK8 assay on days 3, 5, and 7 with the presence of ADZ1480; *P<<0.05 compared with sh-nc group, #P<<0.05 compared
with sh group. (C, D) Transwell assay was performed to assess migration in A2780 and SKOV3 cell lines. Images are representative of three independent experiments. All
data are expressed as mean + standard deviation; *P<<0.05 compared with sh-nc group, #P<<0.05 compared with sh group. sh represented as ALDH|A2 knockdown group;
and sh-nc represented as knockdown control group.

Abbreviations: ALDH A2, aldehyde dehydrogenase | family member A2; CCK8, Cell Counting Kit-8.
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our study, IHC revealed lower ALDH1A2 expression in
high-grade than in low-grade epithelial ovarian cancer tis-
sues, suggesting that high ALDH1A2 expression may be
associated with a favorable prognosis. Overexpression of
ALDHI1A2 decreased the proliferation and migration of two
different epithelial ovarian cancer cell lines, indicating that
high ALDHI1A2 levels in epithelial ovarian cancers might
be associated with favorable prognosis.

Inappropriate activation of STAT3 plays a crucial role
in the proliferation and metastasis of tumor cells. JAK2 is
expressed in ovarian carcinomas but not in normal ovaries,
suggesting an important role for JAK?2 activation in ovarian
tumorigenesis.”> Moreover, previous studies have suggested
that inhibition of the JAK2/STAT3 pathway disrupts func-
tions essential for epithelial ovarian cancer growth and
progression.'?! Gritsina et al’! found that the tumor sup-
pressor gene ARHI (DIRAS3) inhibited epithelial ovarian
cancer cell migration by downregulating STAT. Brandt et al*
revealed that epidermal growth factor induced mesenchymal
transition by activating the JAK2/STAT?3 signaling pathway
in epithelial ovarian cancer cells, and this pathway may
play a role in enhancing the migration of epithelial ovar-
ian cancer cells. Inhibiting STAT3 phosphorylation using
a JAK?2 inhibitor preferentially decreased the number and
migration of epithelial ovarian cancer cells.?® Interestingly, a
previous study indicated that ALDH1A2 suppresses STAT3
activation.” Considering the critical role of STAT3 in cell
proliferation and migration, we assessed the levels of JAK2/
STATS3 signaling pathway members in epithelial ovarian
cancer cells. Our results were consistent with previous studies.
According to the Western blot analyses, STAT3 expression
was upregulated by ALDHI1A2 knockdown and down-
regulated by ALDHI1A2 overexpression. Furthermore, the
increased migration and proliferation induced by ALDH1A2
knockdown was rescued by a STAT3 inhibitor. Thus, we
inferred that downregulating ALDH1A2 causes aberrant
activation of STAT3 in epithelial ovarian cancer cells.

The present study had several limitations. First, although
the results were obtained in vitro, they need to be further
verified in epithelial ovarian cancer cell lines and in animal
models. Second, the data obtained revealed that ALDH1A2
suppresses epithelial ovarian cancer cell proliferation and
migration by downregulating STAT3. However, other
signaling pathways remain unclear, and further studies are
therefore required. Thirdly, the dose-dependent effect of
ALDH1AZ2 should be checked, as it may be associated with
the prognosis.

Conclusion

Taken together, our data suggest that ALDH1A2 suppresses
epithelial ovarian cancer cell proliferation and migration via
downregulation of STAT3.

Disclosure
The authors report no conflicts of interest in this work.
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