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Abstract

Previous studies in our laboratory have reported that miR-222-3p was a tumor-suppressive miRNA in OC. This study aims
to further understand the regulatory role of miR-222-3p in OC and provide a new mechanism for its prevention and treat-
ment. We first found that miR-222-3p inhibited the migration and proliferation of OC cells. Then, we observed CDK19 was
highly expressed in OC and inversely correlated with miR-222-3p. Besides, we observed that miR-222-3p directly binds
to the 3'-UTR of CDK19 and inhibits CDK19 translation, thus inhibiting OC cell migration and proliferation in vitro and
repressed tumor growth in vivo. We also observed the inhibitory effect of Hotair on miR-222-3p in OC. In addition, Hotair
could promote the proliferation and migration of OC cells in vitro and facilitate the growth and metastasis of tumors in vivo.
Moreover, Hotair was positively correlated with CDK19 expression. These results suggest Hotair indirectly up-regulates
CDK19 through sponging miR-222-3p, which enhances the malignant behavior of OC. This provides a further understanding
of the mechanism of the occurrence and development of OC.
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Abbreviations GSEA Gene set enrichment analysis
LncRNAs  Long non-coding RNAs HEK Human embryonic kidney
Hotair HOX transcript antisense RNA GO Gene ontology
ocC Ovarian cancer KEGG Kyoto encyclopedia of genes and genomes
3'-UTR 3'-Untranslated region DMEM Dulbecco’s modified eagle’s medium
gqRT-PCR Quantitative real-time polymerase chain SDS-PAGE Sodium dodecyl sulfate—polyacrylamide gel
reaction electrophoresis
CDK Cyclin-dependent kinase FBS Fetal bovine serum
NTA Nanoparticle-tracking analysis RIP RNA immunoprecipitation
PBS Phosphate-buffered saline AGO2 Argonaute?
TCGA The cancer genome atlas IeG Immunoglobulin G
PI Propidium iodide
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therapeutic targets are helpful for the development of effec-
tive treatment strategies for OC.

It is well established that microRNAs (miRNAS) are usu-
ally involved in the post-transcriptional regulation of genes
[4]. miRNA plays a key role in many tumor processes, and
it can be used as biomarkers for OC diagnosis and prognosis
[5]. In our previous study, we reported that miR-222-3p was
related to the migration and proliferation of OC [6, 7].

Cyclin-dependent kinase (CDK) is a protein kinase [8].
Selective inhibition of CDK may provide a new treatment
for certain cancers [9, 10]. Studies have shown that CDK19
inhibitors exerted antiproliferative activity in prostate can-
cer cells [11]. Further research indicated that the mediator
kinase CDK19 was closely related to tumor migration [12].
However, the roles of CDK19 in OC tumorigenesis have not
been reported.

Increasing evidence has revealed that LncRNA is an RNA
molecule with a transcription length over 200 nt, which
plays a key role in tumor communication [13]. It can partici-
pate in a variety of tumor processes, including proliferation,
metastasis, angiogenesis, and drug resistance [14, 15]. Hox
transcript antisense RNA (Hotair) is the first time to discover
trans-acting LncRNA [16]. Hotair regulates multiple func-
tions such as cell cycle, cell migration, and cancer progres-
sion [17, 18]. Recent studies have also shown that Hotair
is abnormally highly expressed in OC, which is related to
proliferation and metastasis in OC cells [19, 20]. But, the
mechanisms of Hotair in regulating tumor malignancy are
still unclear. Furthermore, the role and potential mechanisms
of Hotair in OC remain largely unexplored.

In this study, we investigated the role of Hotair, miR-
222-3p, and CDK19 in OC and their relationship. We found
that Hotair can promote the proliferation and migration
of OC in vitro. Moreover, Hotair indirectly up-regulates
CDK19 through sponging miR-222-3p and then influenc-
ing the biological behavior of OC. Therefore, our study
revealed that Hotair plays an oncogenic role in OC cell, and
the Hotair/miR-222-3p/CDK19 axis plays an important role
in OC, providing a new rationale for the investigation in the
treatment of OC.

Materials and methods
Tissue and plasma samples

Tumor tissues along with adjacent healthy tissues of OC
patients who underwent tumor resection in the Department
of Gynecological Oncology, Hunan Cancer Hospital, Central
South University. Informed consent was obtained from all
participants before sample collection, and the procedure of
tissue collection was approved by the Ethics Review Com-
mittee of Xiangya Hospital, Central South University. All
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experiments strictly adhered to the code of ethics of the
World Medical Association and were conducted following
the guidelines of Central South University.

Cell culture and transfection

All cell lines used in this study included the normal ovary
cell line IOSE, and OC cell lines, SKOV3, OVCAR3,
HO-8910, HO-8910 PM, and A2780 were cultured in RPMI-
1640 (BI) replenished with 10% fetal bovine serum (FBS)
(BI), 100 pg/mL penicillin (Sigma) and 100 pg/mL strep-
tomycin (Sigma). The human embryonic kidney (HEK)-
HEK-293T was cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) (BI) with 10% FBS containing. All cells
were cultured at 37 °C in a humidified 5% CO, incubator.
Cells were collected for the experiment at the indicated time.
5% 10° OC cells were seeded in a six-well plate and then
reached 60-70% confluence per well, lipofectamine 2000
(Thermo Fisher Scientific) was applied for transient trans-
fection overexpression and/or shRNA plasmids according to
the manufacturer instructions. These cells were digested and
collected after 48 h of transfection for the subsequent assays.

Bioinformatics analysis

StarBase v2.0 (http://starbase.sysu.edu.cn/) was used to
predict potential miRNAs that could be targeted by Hotair.
miRPathDB (https://mpd.bioinf.uni-sb.de/), miRDB (http://
www.mirdb.org/), miRmap (https://mirmap.ezlab.org/), and
StarBase (http://starbase.sysu.edu.cn/) was used to predict
potential mRNAs that could be targeted miR-222-3p. TCGA
data portal (http://cancergenome.-nih.gov/) was used to ana-
lyze the expression levels of Hotair in OC patients. It was
using the GTEx (https://www.gtexportal.org/home/index.
html) database to show the expression of Hotair in the whole
body.

RNA isolation and qRT-PCR

Total RNA was isolated using TRIzol reagent (Vazyme,
Nanjing, China). Complementary DNA (cDNA) was syn-
thesized using the GoScript Reverse Transcription System
(Promega, USA). In addition, All-in-One™ miRNA First-
Strand cDNA Synthesis Kit (GeneCopoeia, USA, QP013)
was used to reverse the transcription of miRNAs. gqRT-PCR
was performed by the Applied Biosystems 7500 Real-Time
PCR System and the GoTaq qRT-PCR Master Mix (Pro-
mega, A6001). miRNA was then quantified using the All-
in-One™ miRNA gRT-PCR assay kit (GeneCopoeia, USA,
QPO010). We chose glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) to normalize Hotair and CDK19 expres-
sion levels and chose U6 as an internal control to normalize
miRNA expression levels. Relative RNA abundances were
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calculated by the standard 274" method. All the sequences
of primers are shown in Supplementary Table S1.

Western blotting analysis

Cells were lysed with RIPA strong lysis buffer (Beyotime,
China) supplemented with the protease inhibitors, 1% PMSF
(Roche, Mannheim, Germany), and PIC (Roche, Switzer-
land). After centrifugation for 15 min, protein concentra-
tion in the supernatant was measured using a Pierce™ BCA
protein assay kit (Thermo). The supernatant was then mixed
with protein loading buffer (NCM Biotech) and boiled at
100 °C for 5 min. The same amounts of proteins (30 pg)
from all samples were separated by 10% SDS-PAGE gel
(Bio-Rad, USA) and transferred onto a PVDF membrane
(Immobilon®-P). After blocking in 5% BSA for 1 h at
room temperature and incubated overnight at 4 °C with
the indicated primary antibodies. Followed by incubation
with secondary antibodies for 2 h at room temperature, and
visualized by the NcmECL Ultra (A+B) (NCM Biotech)
chemiluminescence reagent, GAPDH was used as an inter-
nal control. Antibodies against CDK19 were purchased from
Proteintech (13761-1-AP, 1:1000) and GAPDH was pur-
chased from Utibody (UM4002, 1:2000). Protein bands were
analyzed using Image J software.

Dual-luciferase reporter assays

The wild-type (wt)/mutant (mut) Hotair or 3"'UTR of CDK19
was, respectively, amplified and cloned into plasmids con-
taining luciferase (psiTM-Check2). Then, 5 x 10* HEK-
293 T cells were seeded into a 24-well plate. Hotair-wt/mut
or CDK19-wt/mut was co-transfected with miR-222-3p
mimic/inhibitor or control miRNA into HEK-293T cells
with lipofectamine 2000 (Thermo Fisher Scientific). After
transfection for 48 h, the luciferase activity was measured
with the Dual-Luciferase Reporter Assay System (Promega,
USA) according to the manufacturer’s protocol.

RNA immunoprecipitation (RIP) assay

An RNA Immunoprecipitation (RIP) Kit (Guangzhou, Cata-
log Bes5101) was used in OC cells to verify the relationship
between Hotair and miR-222-3p according to the instruc-
tions provided by the manufacturer. Antibodies used for the
RIP assay included anti-Argonaute2 (AGO2) and control
IgG (BersinBio). Briefly, 1 X 107 cells were lysed in RIP
polysome lysis buffer containing protease inhibitor, and
RNase inhibitor. Cell lysates were incubated with indicated
antibody overnight at 4 °C and then coated with protein A/G
beads at 4 °C, 1 h. After extensive washing using RIP wash
buffer, the bead-bound immunocomplexes were treated with
proteinase K at 55 °C for 1 h. Next, RNA in RIP samples

was extracted and the concentration of RNA was measured
using a NanoDrop (Thermo Fisher Scientific). Finally, puri-
fied RNAs were subjected to qRT-PCR as described above
for detection of Hotair and miR-222-3p.

Colony formation assay

Cells were transfected with different plasmids for 48 h. 500
cells were seeded in a six-well plate and allowed to grow
until visible colonies. After 10-14 days, cell colonies were
washed with PBS, fixed with 4% paraformaldehyde for
30 min, and stained with crystal violet for 20 min. Image J
was used to count the number of colonies per well.

Flow cytometry assay

Cells were collected and washed with 1 X PBS and resus-
pended with 1 mL pre-cooled 70% ethanol to fix at 4 C
overnight, then transferred and stored at —20 “C for later
use. After incubation with 300 pL. propidium iodide (PI)
(BD Biosciences, USA) for 15 min in the dark, the cells
were examined on a FACS Calibur system (BD Biosciences,
USA) and the results were analyzed by Flowjo.

EdU assay

Cell-Light EAU DNA Cell Proliferation Kit (RiboBio,
Guangzhou, China) was used to perform EdU assay.
3000-5000 cells/well were seeded into a 96-well plate for
12 h. Subsequently, the cells were incubated with 50 uM
EdU for 2 h, followed by fixed with 4% paraformaldehyde
and stained with Apollo Dye Solution. Finally, the DNAs
were stained with Hoechst 33342. A fluorescence micro-
scope (Olympus Corp) was used to obtain images.

Transwell assay

Cell migration was measured by Transwell assays using
the 24-well Transwell chambers with 8§ pm polycarbonate
membranes (Corning Incorporated, USA). A total of 2 x 10
cells in 200 pL serum-free medium were added to the upper
chamber. The lower chamber contained 800 uL. medium with
20% FBS as a chemoattractant. After incubation for 20 h, the
cells on the lower surface were fixed with 4% paraformalde-
hyde for 30 min and stained with crystal violet for 20 min.
The relative cell number was calculated the light microscope
(Olympus, Tokyo, Japan).

Animal study
Five-week-old female nude mice (BALB/C) were used in

all tumor xenograft experiments and purchased from the
Laboratory Animal Center of Central South University
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(Changsha, Hunan, China). We also injected 4 different
groups of stable cell lines expressing miR-222-3p and
CDK19 into the nude mice at their armpits, as shown in
Fig. 3A. Nude mice were euthanized at the end of the experi-
ment (30 days after cell injection), and mice tumors were
extracted for RNA and protein. The animal studies were
approved by the Laboratory Animal Center of Central South
University (Changsha, Hunan, China, the IRB approval
number is NO. 2021-KT41).

OC cells (1x 107 cells in 200 uL PBS) were also sta-
bly transfected with Hotair/Vector and suspended with
1 X PBS and injected subcutaneously of the female nude
mice (5-week-old, four mice per group, a total of four
groups). Tumor growth was examined every 5 days. The
mice were killed after 30 days, tumor size and weight were
measured. For metastasis experiments, 1 X 107 HO-8910
pM Vectorfor OE=Hotair ¢o115 i 200 uL. PBS were intravenously
injected into the intraperitoneal of nude mice (5-week-old,
four mice per group, a total of four groups). The experimen-
tal treatment was the same as the growth model. 30 days
later, mice were euthanized and metastasis nodules were
counted.

Haematoxylin and eosin (HE) staining
and immunohistochemistry (IHC)

HE staining was utilized to select representative areas,
according to the routine procedure of the department of
pathology, Central South University. And the paraffin-
embedded sections of OC and normal ovaries were also
obtained from the department of pathology, Central South
University. The expression levels of CDK19 in ovarian
tumors/normal ovarian tissues and the mice’ section of can-
cerous tissue were evaluated by IHC using an anti-CDK19
antibody (Proteintech, 13761-1-AP, 1:1000). IHC staining
was performed according to our previous study [7].

Statistical analysis

Survival curves were analyzed with the Log-Rank test
using the Kaplan—Meier method. The correlation between
Hotair, miR-222-3p, and CDK19 expression was deter-
mined by calculating Pearson’s correlation coefficient.
The unpaired two-tailed t-test was used to analyze the
statistical differences (p-values) between the two groups.
One-way analysis of variance ANOVA followed by Dun-
nett’s post hoc test was used for multiple comparisons. For
quantitative data, all results were collected and expressed
as average values + SD in different assays. All experiments
were repeated in triplicate. All statistical analyses were
performed using GraphPad Prism 8 software (Graph-
Pad Software, USA). p <0.05 indicated a statistically
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significant difference. *p < 0.05, **p <0.01, ***p <0.001,
*¥%%p <0.0001, revealed by unpaired two-tailed t-test.

Results

miR-222-3p was significantly down-regulated
in OC and inhibited cell proliferation and migration
in vitro

Our lab has previously reported that miR-222-3p could
target GNAI2 to inhibit tumor proliferation and tar-
get PDCD10 to inhibit cell migration in OC [6, 7]. How-
ever, the underlying upstream mechanisms of miR-222-3p
remain unclear. First, we detected the expression level of
miR-222-3p in normal ovarian tissues and tumor tissues
and found that the expression of miR-222-3p in OC tissues
was significantly down-regulated (p < 0.0001; Fig. 1A). In
addition, according to the expression of miR-222-3p in
the TCGA-miRNA-FPKM transcriptomic data (379 OC
samples), the grade of OC was divided into grades 1-4,
and it was found that the expression level of miR-222-3p
was correlated with the grade of OC patients. That is, the
expression level of miR-222-3p was down-regulated with
grade in 379 OC samples, and the difference in expression
of miR-222-3p in stage 2 and stage 4 was the most obvious
(p=0.0411; Fig. 1B).

In this study, we also conducted a series of in vitro
experiments to clarify the role of miR-222-3p in inhibit-
ing the migration and proliferation of cancer cells. We
first detected the expression levels of miR-222-3p in four
OC cell lines (OVCAR3, SKOV3, HO-8910 PM, and
HO-8910) (Fig. S1A). Subsequently, miR-222-3p was
then overexpressed in OVCAR3 and HO-8910 PM cells
and down-regulated in SKOV3 and HO-8910 cells. It was
found that the proliferation ability of miR-222-3p mimic
group was lower than that of miR-ctrl mimic group in col-
ony formation assay (Fig. 1C) and flow cytometry assays
(Fig. 1D). On the contrary, the miR-222-3p inhibitor group
showed a higher proliferation ability compared with that
in the miR-ctrl inhibitor group. Similarly, miR-222-3p was
overexpressed in HO-8910 PM cells and down-regulated
in HO-8910 cells also obtained the results described above
(Fig. S1B and S1C). Moreover, the miR-222-3p mimic
inhibited OC cells (OVCAR3 and HO-8910 PM) migra-
tion in the Transwell assay. In contrast, the miR-222-3p
inhibitor group had a higher migration ability to OC cells
(SKOV3 and HO-8910) than the miR-ctrl inhibitor group
(Fig. 1E and S1D). These experimental results showed that
miR-222-3p was low expressed in OC and could suppress
the proliferation and migration of OC cells.
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Fig.1 miR-222-3p was significantly down-regulated in OC and
inhibited cell proliferation and migration in vitro. A miR-222-3p
was significantly down-regulated in OC tissues (p <0.0001). B The
correlation between miR-222-3p expression level and each grade in
OC was analyzed by TCGA-miRNA-FPKM transcriptomic data
(n=379). C, D Colony formation assay (C) and flow cytometry

miR-222-3p directly suppresses CDK19 expression
by binding to its 3’-UTR and inhibits OC cell
proliferation

We used the online databases miRDB, miRPathDB, miR-
map, and StarBase to predict target candidate genes down-
stream of miR-222-3p. As shown in Fig. 2A, we obtained
20 candidate genes through intersection screening (Fig. 2A).
We selected several molecules strongly correlated with
miR-222-3p and literature closely related to proliferation or
migration through the online database, and a total of 7 genes
were selected. Next, we transfected miR-222-3p mimic into
the cells, and qPCR assay was used to detect the expres-
sion levels of seven candidate genes. As shown in Fig. 2B,
compared with the miR-ctr]l mimic group, two genes were
significantly up-regulated and down-regulated in each group
transfected with miR-222-3p mimic, while the expression
of three genes had no significant difference. We focused on
the gene down-regulated genes, among which the expres-
sion level of CDK19 was down-regulated more significantly
(Fig. 2B). Therefore, in our research, CDK19 was selected
for further analysis.

Cyclin-dependent kinase 19 (CDK19) is an important
regulator in the process of cancer, and CDK19 inhibitors can
be used as a kinase inhibitor for cancer treatment [9]. Then
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assays (D) revealed that miR-222-3p could affect the proliferation
of OC (OVCAR3, SKOV3) cells. (E) Transwell assay revealed that
miR-222-3p could affect the migration of OC (OVCAR3, SKOV3)
cells. All data (C-E) represent the mean=+SD in different assays,
revealed by unpaired two-tailed t-test

we have examined both CDK19 mRNA and protein levels in
IOSE and four different OC cell lines and found that CDK19
mRNA and protein levels were highly expressed in the OC
cells (Fig. S2A). These results suggested that CDK19 played
an oncogenic role in OC. Moreover, we used qRT-PCR to
detect the expression of CDK19 mRNA, and it was found
that the CDK19 mRNA level was decreased in the group
transfected with miR-222-3p mimic in OVCAR3 cells, while
the CDK19 mRNA level was increased in the group trans-
fected with miR-222-3p inhibitor in SKOV3 cells (Fig. 2C).
We also found CDK19 was down-regulated at the protein
level by miR-222-3p mimic, whereas miR-222-3p inhibitor
elevated the CDK19 protein expression (Fig. S2B). These
results indicated that miR-222-3p has an inhibitory effect on
CDK19 expression.

Besides, CDK19 was highly expressed in OC tissues
(Fig. 2D), and we analyzed the correlation between CDK19
expression level and survival time of OC patients in the
TCGA database, and the results showed that CDK19 high
expression was often associated with poor prognosis of OC
patients (Fig. 2E). Moreover, the meta-analysis depicting
forest plots indicated that CDK19 expression levels were
associated with poor patient outcomes in the GEO datasets
(Fig. S2C). In addition, we used CDK19 antibody to perform
IHC staining on randomly selected OC tissues and normal
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ovarian tissues and found that compared with normal ovar-
ian tissues, CDK19 was expressed higher in OC tissues (Fig.
S2D).

CDK19 was predicted to have two miR-222-3p binding
sites in its 771-777 and 1852-1858 3'-untranslated region
(3’-UTR) by Targetscan (Fig. 2F). We used the dual-lucif-
erase assay to determine the binding site of the predicted
seed sequence. First, we verified the transfection efficiency

@ Springer

of CDK19 by GFP fluorescence detection (Fig. 2G). Then,
we constructed the luciferase reporter gene containing either
wild-type CDK19 771-777/or 1852-1858 3’-UTR (CDK19
3'-UTR WT-1/or -2) binding site or mutated CDK19
771-777/or 1852-1858 3'-UTR (CDK19 3'-UTR MUT-1/
or -2) binding site for miR-222-3p, respectively (Fig. 2H).
Luciferase reporter assay revealed that the luciferase activ-
ity of CDK19 3'-UTR WT-1/or -2 was significantly reduced
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«Fig.2 miR-222-3p directly suppresses CDK19 expression by binding
to its 3’-UTR and inhibits OC cell proliferation. A A Venn diagram
was intersected to look for the downstream candidate genes targeted
by miR-222-3p. B Expression levels of seven candidate genes were
detected after transfection with miR-222-3p mimic in OC cells. C
qRT-PCR analyses were used to detect CDK19 mRNA levels after
transfection with miR-222-3p mimic or inhibitor in OVCAR3 cells
or SKOV3 cells, respectively, the results were determined by an
unpaired two-tailed #-test. D CDK19 was significantly up-regulated
in OC tissues (p<0.0001). E Kaplan—Meier curves for overall sur-
vival probability in OC patients with low and high CDK19 expres-
sion. F Schematic description of the imaginary double strand formed
by miR-222-3p with the 3'-UTR of CDK19. G Effectiveness of the
CDK19 and ctrl vector with GFP fluorescence (leff), the quantized
figure is the Mean gray value (middle) and Integrated density (right).
H Relative luciferase activities in HEK-293T cells co-transfected
with a miR-222-3p mimic/or inhibitor and CDK19 WT/or MUT. I
The proliferation ability of OVCAR3 after CDK19 transfection was
assessed by the colony formation assay, the results were determined
by an unpaired two-tailed r-test. J, K The colony formation assay
(J) and EdU assay (K) revealed inhibition of proliferation when
OVCARS3 cells were transfected with miR-222-3p mimic. Recov-
ery assays showed that miR-222-3p suppressed the proliferation of
OVCARS3 cells due to its inhibitory effect on CDK19. The results of
J and K are presented as mean + SD and determined by unpaired two-
way ANOVA. All the experiments were performed in triplicate

after increasing the levels of miR-222-3p by treating HEK-
293T cells with miR-222-3p mimic, while the luciferase
activity of CDK19 3'-UTR WT-1/or -2 was significantly
increased after reducing the levels of miR-222-3p by treating
HEK-293 T cells with miR-222-3p inhibitor (Fig. 2H). How-
ever, CDK19 3'-UTR MUT 1/or -2 was co-transfected into
HEK-293T cells with miR-222-3p mimic or miR-222-3p
inhibitor, and the luciferase activity was not affected by miR-
222-3p only when both binding sequences were mutated
(Fig. 2H). These results suggested that miR-222-3p could
inhibit CDK19 expression by directly binding to its 3’-UTR.

Next, we investigated the function of CDK19. Both col-
ony formation assay (Fig. 2I) and EdU assay (Fig. S2E)
showed that CDK19 overexpression could promote the
proliferation of OVCAR3 cells. To determine whether
miR-222-3p inhibits the proliferation of OC cells due to its
targeting of CDK19, we designed the following recovery
experiment. In colony formation assay and EdU assay, the
overexpression of CDK19 eliminated the inhibitory effect of
miR-222-3p mimic on OVCAR3 cell proliferation (Fig. 27,
K). As expected, colony formation assays and flow cytom-
etry assays showed that overexpression of CDK19 could
also eliminate the inhibitory effect of miR-222-3p mimic on
HO-8910 PM cell proliferation (Fig. S2F and S2G). In addi-
tion, CDK19 mRNA and protein levels were higher in the
group co-transfected with miR-ctrl mimic and CDK19 than
in the other groups. Similarly, overexpression of CDK19 in
HO-8910 PM cells effectively restored the CDK19 mRNA
and protein levels suppressed by miR-222-3p mimic (Fig.
S2H).

miR-222-3p suppresses OC tumor growth in vivo
by targeting CDK19

To verify the relationship between miR-222-3p and CDK19
in vivo, we subcutaneously injected with lentivirus-miR-
222-3p (LV-miR-222-3p) and GFP-labeled OE-CDK19
luciferase-expressing stable cells into each nude mice (n=35)
(Fig. 3A, B). The group transfected with LV-miR-222-3p
showed a significant inhibitory effect on tumor growth than
the OE-CDK19 and LV-miR-222-3p co-transfected group.
Restoration of CDK19 expression reversed the inhibition
of tumor growth by miR-222-3p (Fig. 3C, D). Similarly,
Western blotting analysis of CDK19 proteins in the tumors
showed that the OE-CDK19 effectively restored CDK19
protein levels inhibited by miR-222-3p (Fig. 3E). Moreo-
ver, H&E staining revealed lower stroma-rich architecture
in tumor tissues in the LV-miR-222-3p and CDK19 co-trans-
fected group compared with the LV-miR-ctr]l OE-CDK19 co-
transfected group (Fig. 3F). The IHC staining of the tumor
of mice showed that the expression of CDK19 protein was
significantly increased in the LV-miR-ctrl and OE-CDK19
co-transfected group, while the expression of CDK19 pro-
tein was reversed in the LV-miR-222-3p and CDK19 co-
transfected group (Fig. 3G). Thus, our in vivo experimental
data showed that the miR-222-3p/CDK19 regulatory axis
was negatively correlated with OC growth.

Hotair can sponge miR-222-3p and has a negative
correlation with miR-222-3p

Many studies have reported that many LncRNAs could func-
tion as competing endogenous RNAs (ceRNAs) to regulate
gene expression by competing for miRNAs binding [21, 22].
As per the StarBase v2.0 database, three LncRNAs target-
ing miR-222-3p were found (Fig. 4A). We have examined
the mRNA levels of GASS5, TUG]1, and Hotair in IOSE and
five different OC cell lines (Fig. 4B). We found that mRNA
levels of these three LncRNAs in normal ovarian cells were
lower than those in the OC cells. The results indicated that
these three LncRNAs had an oncogenic role in OC. Next,
we analyzed the prognostic survival of these three LncR-
NAs in OC and their correlation with miR-222-3p through
the online database. It can be seen that the HR of GASS
(HR=1.20) and Hotair (HR =1.13) is greater than 1, indi-
cating that they can be used as independent prognostic genes
in OC (Fig. 4C). In addition, the correlation analysis figures
with miR-222-3p showed that Hotair had a higher correla-
tion with miR-222-3p (Fig. 4D). We also investigated the
correlation between these three IncRNAs and miR-222-3p
by qRT-PCR assay and found that after transfection of
miR-222-3p mimic in the HO-8910 PM, only the expres-
sion level of Hotair decreased significantly (Fig. 4E), while
after transfection of miR-222-3p inhibitor, both GAS5 and
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Fig.3 miR-222-3p suppresses OC tumor growth in vivo by targeting
CDK19. A Subcutaneous xenograft model. The equivalent numbers
of LV-miR-222-3p and GFP-labeled OE-CDK19 transfected stably
in OC cells (1x107) were subcutaneously (s.c.) injected into each
mouse (n=>5). Tumor growth was monitored every 5 days. B Fluo-
rescence efficiency of four groups of stable cell lines. C The volume
curve of tumor growth in mice for 30 days. D Representative images
and bioluminescence images of tumors in mice 30 days after implan-
tation (n=>5 mice per group, right). Bar, 0.5 cm. The tumor weights

Hotair expression levels increased, but Hotair changed most
significantly. Therefore, in the study, Hotair was selected
as the upstream of miR-222-3p for further exploration in
combination with the results of bioinformatics analysis and
gqRT-PCR assay.

StarBase v2.0 predicted that miR-222-3p harbors the
complementary binding sequence of Hotair (Fig. 4F).
Based on the sequence, we constructed the reporter vec-
tor Hotair wild-type (Hotair-WT) plasmid and Hotair-
binding site mutation (Hotair-MUT) plasmid for the
dual-luciferase reporter assays (Fig. 4G). It was further
revealed that the overexpression of miR-222-3p signifi-
cantly reduced luciferase activity in the Hotair-WT group,
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in nude mice at the 30 days were determined (left). E Western blot-
ting analysis of CDK19 levels in OC xenografted tumor. Image J
calculated the relative expression rate. F Representative HE staining
of the tumor tissues was obtained from 30 days after implantation.
Bar, 50 um (left) and 100 pum (right). G IHC staining for CDK19 in
the tumor tissues of mice 30 days after implantation. Bar, 100 um.
Results are presented as mean=+SD. The results of (C, D) are pre-
sented as mean + SD and determined by unpaired two-way ANOVA

while inhibition of miR-222-3p promoted luciferase
activity. When the luciferase assay was repeated with the
Hotair-MUT plasmid, miR-222-3p mimic or inhibitor
did not affect luciferase activity (Fig. 4G). It indicates
that miR-222-3p and Hotair can combine. Moreover,
RNA immunoprecipitation (RIP) experiment was used
to verify whether miR-222-3p was directly associated
with Hotair. We conducted anti-AGO2 RIP in HO-8910
cells transiently up-regulating miR-222-3p. Hotair pull-
down by AGO2 was specifically enriched in miR-222-3p
treated cells, validating that miR-222-3p was a bona fide
Hotair targeted miRNA (Fig. 4H). Similarly, the AGO2
immunoprecipitation assay showed that the presence
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Fig.4 Hotair can sponge miR-222-3p and has a negative correlation
with miR-222-3p. A The LncRNAs targeting miR-222-3p predicted
by StarBase v2.0 (Screening Condition: Clade: mammal; Genome:
Human; Assembly: hgl9; Number of Cancer Types>2). B gPCR
analyses of GASS5, TUGI, and Hotair levels in IOSE and five differ-
ent OC cell lines. C, D The survival prognosis of GASS5, TUG1, and
Hotair in OC and its correlation with miR-222-3p were analyzed by
StarBase 3.0. E HO-8910 PM and HO-8910 cells were transfected
with miR-222-3p mimic and miR-222-3p inhibitor, respectively, and
the expression levels of GASS, TUG1, and Hotair were detected, the

and significant enrichment of Hotair and miR-222-3p in
AGO?2 pull-down products compared with the negative
control. This indicates that AGO2 can be recruited by
Hotair, and indicating that miR-222-3p can pull down
Hotair in an AGO2-dependent manner, further verifying

results were determined by an unpaired two-tailed #-test. F Schematic
of predictive binding sites for Hotair, and the site mutation design
for the reporter gene assay. G The relative luciferase activities in the
HEK-293T cells co-transfected with miR-222-3p mimic/or inhibi-
tor, the reporter vector Hotair wild-type (Hotair-WT), or the reporter
vector Hotair mutation (Hotair-MUT). H RIP assays were performed
using an anti-AGO2 antibody with the transfection of miR-222-3p
mimic or miR-ctrl mimic in HO-8910 cells to detect Hotair expres-
sion according to qRT-PCR. The results are presented as mean+SD
and determined by unpaired two-way ANOVA

their binding potential (Fig. S3A). These results indicate
that Hotair can sponge miR-222-3p and has a negative
correlation with miR-222-3p.
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Hotair can promote the proliferation and migration
of OCin vitro, and promote the growth

and migration of OC in vivo

Hotair was up-regulated in OC and played an important role
in tumor development [19, 23]. We analyzed the correlation
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between Hotair expression and survival times in OC patients
from GSE18520, using the Kaplan—Meier plotter pub-

lic database, and the results showed that high expression
of Hotair was often associated with poor prognosis in OC

patients (Fig. 5A). Furthermore, meta-analysis depicting
forest plots indicated that Hotair was a high-risk molecule
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«Fig.5 Hotair can promote the proliferation and migration of OC
in vitro, and promote the growth and migration of OC in vivo. A
Kaplan—Meier survival curves were produced for high (red line)
and low (blue line) Hotair expression in the OC samples in the GSE
18,520 dataset. Hotair expression was associated with poor overall
survival (OS) in OC (p=0.012). B Meta-analysis depicting forest
plots of Hotair expression as a univariate predictor of overall survival.
C Hotair expression in female body organs of normal tissue samples
in GTEx database. D The expression of Hotair in OC samples and
normal ovary samples from GSE18520, GSE105437, and GSE7305
datasets. N stands for normal, C stands for cancer. E Hotair expres-
sion in ovarian cancer and paired normal samples from the GSE7305
dataset. F qRT-PCR was used to detect Hotair expression in normal
ovary tissue and OC tissue. G The abdominal cavity metastasis model
and subcutaneous xenograft model. HO-8910 PM Vector/or OE-Hotair g,
ble cells (1x107) were subcutaneously (s.c.) and intraperitoneally
(i.p.) injected into each mouse. H The representative images and bio-
luminescence images from nude mice inoculated in Vector and OE-
Hotair (n=4 mice per group, left). Bar, 0.5 cm. The tumor weights
in nude mice at the 30 days were determined (right). I The tumor vol-
umes were measured every 5 days after injection. J, K Representa-
tive images (leff) and metastatic nodule plots (right) of mice liver
tissues (J) and mesentery (K). Bar, 0.5 cm. Results are presented as
mean +SD. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. The
results (H-K) were determined by an unpaired two-tailed #-test

in the GEO datasets of OC patients (Fig. 5B). The analy-
sis of Hotair expression in female body organs of normal
tissue samples in the GTEx database, Hotair is relatively
high in the ovary (Fig. 5C). In addition, analysis of Hotair
expression in three GEO datasets (GSE18520, GSE105437,
GSE7305), Hotair significantly up-regulated expression in
OC samples (Fig. 5D, E). Besides, significant up-regulation
of Hotair expression was detected when OC tissue samples,
were compared with healthy tissues (Fig. SF). These results
suggest that Hotair is a potential oncogene in OC.

Then, we investigated the regulation of Hotair on OC at
the cellular level. We used overexpression (OE) plasmid to
specifically up-regulate Hotair expression in OC cells. From
flow cytometry assays (Fig. S3B and S3D), colony forma-
tion assay (Fig. S3C), EdU assay (Fig. S3E), and Transwell
assays (Fig. S3F and S3G), we can conclude that Hotair can
promote the proliferation and migration of OVCAR3 and
HO-8910 PM cells. We next constructed the abdominal cav-
ity metastasis model and subcutaneous xenograft model to
explore the effects of Hotair on tumor growth and metastasis
(Fig. 5G). The result of subcutaneous injection was shown
in Fig. 5H, I, and the result of intraperitoneal injection was
shown in Fig. 5J, K. Hotair overexpression (OE-Hotair) sig-
nificantly increased the mean tumor weight (Fig. SH) and
average tumor volume (Fig. 51) as compared with the Vector
group. To assess the effects of Hotair on tumor cell coloni-
zation and dissemination, the abdominal cavity metastasis
models were constructed. We injected mice with stable cells
(n=4) into the abdominal cavity. Meanwhile, in the abdomi-
nal cavity metastasis model, we observed that OE-Hotair
dramatically increased the number of metastatic nodules in

liver and mesentery tissues (Fig. 5J, K). These data revealed
that Hotair promoted tumor growth and metastasis.

Hotair regulates CDK19 expression via miR-222-3p

Previously, we have confirmed that Hotair can bind to miR-
222-3p and the expression level is negatively correlated.
To explore the functional correlation between Hotair and
miR-222-3p, we used EdU assay (Fig. 6A) and Transwell
assay (Fig. 6B) to perform a functional recovery experiment.
We found the promoted cell migration and proliferation in
OE-Hotair transfected OVCAR3 cells were attenuated by
co-transfection with miR-222-3p mimic. The same results
were confirmed in HO-8910 PM cells by the flow cytom-
etry assay (Fig. S3H), EdU assay (Fig. S3I), and Transwell
assay (Fig. S3J). Overall, these results suggested that Hotair
promotes cell proliferation and migration in OC cells by
sponging miR-222-3p.

Many studies have reported that LncRNAs could function
as ceRNAs to regulate target gene expression by competing
for miRNAs binding [21, 22]. Thus, we sought to investigate
whether Hotair could regulate CDK19 levels by competi-
tively binding to miR-222-3p in OC cells. We performed the
gRT-PCR analysis of Hotair, miR-222-3p, and CDK19 in
54 OC patients and observed a strong correlation between
Hotair and CDK19 expression levels (Fig. 6C-E). In vitro
experiments, Western blotting results showed that CDK19
expression was up-regulated in the OE-Hotair group in OC
cells (Fig. 6F). As shown in Fig. 6G, H, miR-222-3p mimic
reduced the expression of CDK19, whereas Hotair substan-
tially eliminated this effect in OVCAR3 and HO-8910 PM
cells (Fig. 6H). In summary, our data indicated that Hotair
could regulate CDK19 levels by competitively binding to
miR-222-3p in OC cells.

Our findings are depicted as a cartoon presented in
Fig. 61. Our study has unveiled Hotair sponging miR-222-3p
expression and indirectly up-regulates CDK19 expression
thus promoting the occurrence and development of OC.

Discussion

OC’s mortality rate is the first among gynecological tumors
and the clinical efficacy is not ideal [24]. It is important
to fully understand the molecular mechanisms involved in
OC development and identify novel prognostic predictors.
In our study, we provided evidence from a large of OC data
sets along with in vitro and in vivo experiments. We first
found that miR-222-3p is a tumor-suppressor molecule in
OC and could promote the migration and proliferation of
OC cells. Then our data showed that miR-222 could directly
repress CDK19 expression by binding to its 3’UTR. In addi-
tion, this study showed Hotair also promoted the growth
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Fig.6 Hotair regulates CDK19 expression via miR-222-3p. A EdU
assay was used to detect the rescue effect of OE-Hotair on OVCAR3
cells proliferation abilities (left). Scale bar, 100 um. The number of
cells was counted (right). B Transwell assay was used to detect the
rescue effect of OE-Hotair on OVCAR3 cells’ migration abilities.
Scale bar, 100 pm (left). The number of cells was counted (right).
C-E Pearson’s correlation scatter plots show the fold changes of
CDK19 mRNA, miR-222-3p miRNA, and Hotair mRNA levels in

of tumors in vivo. We have also identified Hotair via miR-
222-3p/CDK19 axis regulate OC development, which has
important implications for our understanding of OC growth
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OC tissues (n=54). F After the transfection of the OE-Hotair plas-
mid, the protein expression of CDK19 was detected by Western blot-
ting. G, H Western blotting of CDK19 in OVCAR3 and HO-8910
PM cells with Hotair and/or miR-222-3p mimics. I A working model
describing the interaction between Hotair/miR-222-3p/CDK19 dur-
ing cancer development. Hotair regulated CDK19 by sponging miR-
222-3p expression and subsequent targeting of genes. Results are pre-
sented as mean +SD

and metastasis. Altogether, we demonstrated that Hotair pro-
motes the biological malignancy of OC by sponging miR-
222-3p and regulating CDK19 expression (Fig. 6I).
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MicroRNAs (miRNAs) are a class of endogenous single-
stranded small RNAs and do not encode proteins. They are
coded by genome and are about 17-25 nucleotides in length
[4]. They are widely involved in regulating cell proliferation,
differentiation, apoptosis, growth, and development [25].
miRNAs are abnormally expressed in many cancer types,
including prostate cancer [26], colorectal cancer [27], colon
cancer [28], breast cancer [29], liver cancer [30], gastric can-
cer [31], etc. There is also a close link between miRNAs and
OC tumorigenic processes [5]. Mature miR-222 sequences
have a hairpin precursor with different arms called the 5’
or 3" arm, which are also known as -5p or -3p, respectively.
miR-222-3p is processed from the arm of the 3’ end of the
precursor [32, 33]. Our laboratory has previously reported
that miR-222-3p overexpression could inhibit the prolifera-
tion and migration of OC cells and is positively correlated
with a good prognosis of OC [7]. However, the functions of
miR-222-3p in OC still need to be further elucidated.

Cancer is a pathological manifestation of uncontrolled
cell division; therefore, researchers have long believed that
understanding the basic principles of cell cycle control will
contribute to the treatment of cancer. Cyclin-dependent
kinases (CDKs) are critical regulatory enzymes that drive
all cell cycle transitions [34], and their activity is under
stringent control to ensure successful cell division. In par-
ticular, CDK promotes cell cycle transition and is consid-
ered as a key therapeutic target for cancer [35]. Selective
inhibition of CDK may provide a new treatment for some
cancers [9], so CDK inhibitors have become tumor therapeu-
tics. Studies have shown that CDK8/19 inhibits premature
G1/S conversion and ATR-dependent cell death in induc-
ible prostate cancer cells [11]. Studies have also shown that
the mediator kinase CDK8/CDK19 drives Yap1-dependent
BMP4-induced EMT in tumors [12]. The role of CDK19 in
tumorigenesis is rare, and its role in ovarian cancer has not
been reported. Therefore, studying the role of CDK19 in OC
will help us to further understand the molecular mechanism
of ovarian cancer development and provide new ideas for
judging prognosis and treatment.

Herein, we found that miR-222-3p acted as a tumor-
suppressor to inhibit OC cell migration and proliferation
in vitro, and inhibit tumor metastasis and growth by target-
ing CDK19, revealing the significance of miR-222-3p and
CDK19 in OC. It would be worth exploring the miR-222-3p/
CDK19 regulatory axis as a treatment strategy for OC.

At present, the LncRNA-miRNA-mRNA regulatory
network is widely recognized. In this network, LncRNA
can sponge miRNA, thereby regulating the expression of
miRNA targets genes and affecting post-transcriptional
regulation [36, 37]. LncRNA is a class of RNA molecules
with transcript length exceeding 200 nt and does not encode
proteins [13, 38]. Some studies have shown that Hotair was
expressed unusually in many cancers, including OC, and

it is closely related to the treatment of OC [39]. We also
found that high Hotair expression was associated with OC
proliferation and metastasis [40].

In our study, we discovered that Hotair shared a unique
sequence complementary to miR-222-3p through bioinfor-
matics analysis, which was further validated by luciferase
reporter assay and RIP assay. In addition, the expression
of Hotair was negatively associated with miR-222-3p in
OC. Then, we conducted a series of functional experiments
and found that Hotair can regulate the biological function
of OC in vivo and in vitro. We also predicted miR-222-3p
targeted CDK19 through the online database. Moreover, OE-
Hotair can lead to increased expression of CDK19. Hence,
we further provided evidence for the regulation of CDK19
by Hotair in OC. These results showed that Hotair posi-
tively regulated the expression of CDK19 through spong-
ing miR-222-3p, which enhances the malignant behavior in
OC. Many studies to date have been reported on the role
of miR-222-3p paralogue miR-221-3p in cancer develop-
ment either as oncomiR or as oncosuppressor-miRs, and also
plays a tumor-suppressive role in OC [41, 42]. Similarly,
CDKS has also been reported to promote carcinogenesis in
OC [43]. We found through the online database that Hotair
has the binding motif with miR-221-3p, and miR-222-3p
also has the binding seed sites with 3’UTR of CDKS8. Our
results could only show that Hotair can sponge miR-222-3p
to regulate CDK19 in OC, however, we do not know whether
miR-221-3p and CDKS have some effect in this regulatory
axis or not.

Altogether, we find that Hotair plays an oncogenic role
in OC development via the miR-222-3p/CDK19 axis. The
Hotair/miR-222-3p/CDK19 axis plays an important role in
OC and drives the malignant transformation of OC cells.
The results of this study may provide attractive potential
targets for the prevention and treatment of OC.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-022-04250-0.

Acknowledgements We are grateful for the contributions from
Xiangya Hospital for pathology support.

Author contributions Lili Fan, Han Lei, and Gang Yin supervised the
project. Lili Fan and Han Lei carried out most of the experiments,
analyzed the data, drew the figures, and drafted this manuscript. Ying
Lin, Zhengwei Zhou, Juanni Li, Anqi Wu, and Guang Shu helped with
some experiments. Lili Fan, Han Lei, and Gang Yin helped check the
manuscript and figures. All the authors read, critically revised, and
approved the final manuscript. We also are grateful for the contribu-
tions from Xiangya Hospital for pathology support.

Funding This work was supported by the National Natural Science
Foundation of China [No. 81572900]; the Fundamental Research
Funds for the Central Universities of Central South University [No.
502221804]; National Key R&D Program of China, Stem Cell, and
Translation Research [No. 2016 YFA0102000].

@ Springer


https://doi.org/10.1007/s00018-022-04250-0

254 Page 140f 15

L.Fanetal.

Availability of data and materials All data generated or analyzed during
this study are included in this published article and its supplementary
information files.

Declarations

Conflict of interest The authors declare that they have no competing
interests.

Ethics approval and consent to participate The research was approved
by the Ethics Committee of Central South University.

Consent for publication We have obtained consent to publish this paper
from all the participants of this research.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Kim K, Zang R, Choi SC, Ryu SY, Kim JW (2009) Current status
of gynecological cancer in China. J Gynecol Oncol 20(2):72-76

2. Nash Z, Menon U (2020) Ovarian cancer screening: current sta-
tus and future directions. Best Pract Res Clin Obstet Gynaecol
65:32-45

3. Chornokur G, Amankwah EK, Schildkraut JM, Phelan CM
(2013) Global ovarian cancer health disparities. Gynecol Oncol
129(1):258-264

4. Hammond SM (2015) An overview of microRNAs. Adv Drug
Deliv Rev 87:3-14

5. Prahm KP, Novotny GW, Hggdall C, Hggdall E (2016) Current
status on microRNAs as biomarkers for ovarian cancer. APMIS
124(5):337-355

6. FuX,LiY, Alvero A, LiJ, Wu Q, Xiao Q, Peng Y, Hu Y, Li X,
Yan W et al (2016) MicroRNA-222-3p/GNAI2/AKT axis inhibits
epithelial ovarian cancer cell growth and associates with good
overall survival. Oncotarget 7(49):80633-80654

7. FanL, Lei H, Zhang S, Peng Y, Fu C, Shu G, Yin G (2020) Non-
canonical signaling pathway of SNAI2 induces EMT in ovarian
cancer cells by suppressing miR-222-3p transcription and upregu-
lating PDCD10. Theranostics 10(13):5895-5913

8. Malumbres M (2014) Cyclin-dependent kinases. Genome Biol
15(6):122

9. Whittaker SR, Mallinger A, Workman P, Clarke PA (2017) Inhibi-
tors of cyclin-dependent kinases as cancer therapeutics. Pharma-
col Ther 173:83-105

10. Zhou Q (2017) Targeting cyclin-dependent kinases in ovarian
cancer. Cancer Invest 35(6):367-376

11. Nakamura A, Nakata D, Kakoi Y, Kunitomo M, Murai S, Ebara
S, Hata A, Hara T (2018) CDKS8/19 inhibition induces premature

@ Springer

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

G1/S transition and ATR-dependent cell death in prostate cancer
cells. Oncotarget 9(17):13474-13487

Serrao A, Jenkins LM, Chumanevich AA, Horst B, Liang J,
Gatza ML, Lee NY, Roninson IB, Broude EV, Mythreye K (2018)
Mediator kinase CDK8/CDK19 drives YAP1-dependent BMP4-
induced EMT in cancer. Oncogene 37(35):4792—4808

Fritah S, Niclou SP, Azuaje F (2014) Databases for IncR-
NAs: a comparative evaluation of emerging tools. RNA
20(11):1655-1665

Jiang Q, Wang J, Wu X, Ma R, Zhang T, Jin S, Han Z, Tan R,
Peng J, Liu G et al (2015) LncRNA2Target: a database for differ-
entially expressed genes after IncRNA knockdown or overexpres-
sion. Nucleic Acids Res 43(Database issue):D193-196

Jarroux J, Morillon A, Pinskaya M (2017) History, discovery, and
classification of IncRNAs. Adv Exp Med Biol 1008:1-46

Wan Y, Chang HY (2010) HOTAIR: flight of noncoding RNAs
in cancer metastasis. Cell Cycle 9(17):3391-3392

Bhan A, Mandal SS (2015) LncRNA HOTAIR: a master regula-
tor of chromatin dynamics and cancer. Biochim Biophys Acta
1856(1):151-164

Zhong Y, Gao D, He S, Shuai C, Peng S (2016) Dysregulated
expression of long noncoding RNAs in ovarian cancer. Int J
Gynecol Cancer 26(9):1564-1570

QiuJJ, Wang Y, Ding JX, Jin HY, Yang G, Hua KQ (2015) The
long non-coding RNA HOTAIR promotes the proliferation of
serous ovarian cancer cells through the regulation of cell cycle
arrest and apoptosis. Exp Cell Res 333(2):238-248

Dong L, Hui L (2016) HOTAIR Promotes proliferation, migra-
tion, and invasion of ovarian cancer SKOV3 cells through regu-
lating PIK3R3. Med Sci Monit 22:325-331

Kartha RV, Subramanian S (2014) Competing endogenous
RNAs (ceRNAs): new entrants to the intricacies of gene regu-
lation. Front Genet 5:8

Tay Y, Rinn J, Pandolfi PP (2014) The multilayered com-
plexity of ceRNA crosstalk and competition. Nature
505(7483):344-352

Qiu JJ, Lin YY, Ye LC, Ding JX, Feng WW, Jin HY, Zhang
Y, Li Q, Hua KQ (2014) Overexpression of long non-coding
RNA HOTAIR predicts poor patient prognosis and promotes
tumor metastasis in epithelial ovarian cancer. Gynecol Oncol
134(1):121-128

Lee JY, Kim S, Kim YT, Lim MC, Lee B, Jung KW, Kim JW,
Park SY, Won YJ (2018) Changes in ovarian cancer survival dur-
ing the 20 years before the era of targeted therapy. BMC Cancer
18(1):601

Bhaskaran M, Mohan M (2014) MicroRNAs: history, biogenesis,
and their evolving role in animal development and disease. Vet
Pathol 51(4):759-774

Fredsge J, Rasmussen AKI, Thomsen AR, Mouritzen P, Hgyer
S, Borre M, @rntoft TF, Sgrensen KD (2018) Diagnostic and
prognostic MicroRNA biomarkers for prostate cancer in cell-free
urine. Eur Urol Focus 4(6):825-833

Kara M, Yumrutas O, Ozcan O, Celik OI, Bozgeyik E, Bozgeyik
I, Tasdemir S (2015) Differential expressions of cancer-associated
genes and their regulatory miRNAs in colorectal carcinoma. Gene
567(1):81-86

Jacob H, Stanisavljevic L, Storli KE, Hestetun KE, Dahl O,
Myklebust MP (2017) Identification of a sixteen-microRNA sig-
nature as prognostic biomarker for stage II and III colon cancer.
Oncotarget 8(50):87837-87847

Amini S, Abak A, Estiar MA, Montazeri V, Abhari A, Sakhinia
E (2018) Expression analysis of MicroRNA-222 in breast cancer.
Clin Lab 64(4):491-496

de Conti A, Ortega JF, Tryndyak V, Dreval K, Moreno FS, Rusyn
I, Beland FA, Pogribny IP (2017) MicroRNA deregulation in


http://creativecommons.org/licenses/by/4.0/

Hotair promotes the migration and proliferation in ovarian cancer by miR-222-3p/CDK19 axis

Page 150f 15 254

31.

32.

33.

34.

35.

36.

37.

38.

nonalcoholic steatohepatitis-associated liver carcinogenesis.
Oncotarget 8(51):88517-88528

Zhang L, Huang Z, Zhang H, Zhu M, Zhu W, Zhou X, Liu P
(2017) Prognostic value of candidate microRNAs in gastric can-
cer: a validation study. Cancer Biomark 18(3):221-230

Wang D, Sang Y, Sun T, Kong P, Zhang L, Dai Y, Cao Y, Tao
Z,Liu W (2021) Emerging roles and mechanisms of microRNA-
222-3p in human cancer (Review). Int J Oncol. https://doi.org/10.
3892/ij0.2021.5200

Ogawa T, Enomoto M, Fujii H, Sekiya Y, Yoshizato K, Ikeda K,
Kawada N (2012) MicroRNA-221/222 upregulation indicates the
activation of stellate cells and the progression of liver fibrosis. Gut
61(11):1600-1609

Asghar U, Witkiewicz AK, Turner NC, Knudsen ES (2015) The
history and future of targeting cyclin-dependent kinases in cancer
therapy. Nat Rev Drug Discov 14(2):130-146

Malumbres M, Barbacid M (2009) Cell cycle, CDKs and cancer:
a changing paradigm. Nat Rev Cancer 9(3):153-166

Liu D, Yu X, Wang S, Dai E, Jiang L, Wang J, Yang Q, Yang F,
Zhou S, Jiang W (2016) The gain and loss of long noncoding
RNA associated-competing endogenous RNAs in prostate cancer.
Oncotarget 7(35):57228-57238

Ebert MS, Sharp PA (2010) Emerging roles for natural microRNA
sponges. Curr Biol 20(19):R858-861

Gao L, Liu Y, Guo S, Yao R, Wu L, Xiao L, Wang Z, Liu Y,
Zhang Y (2017) Circulating long noncoding RNA HOTAIR is
an essential mediator of acute myocardial infarction. Cell Physiol
Biochem 44(4):1497-1508

39.

40.

41.

42.

43.

Chang L, Guo R, Yuan Z, Shi H, Zhang D (2018) LncRNA
HOTAIR regulates CCND1 and CCND2 expression by
sponging miR-206 in ovarian cancer. Cell Physiol Biochem
49(4):1289-1303

Zhang Z, Cheng J, Wu Y, Qiu J, Sun Y, Tong X (2016) LncRNA
HOTAIR controls the expression of Rab22a by sponging miR-373
in ovarian cancer. Mol Med Rep 14(3):2465-2472

Li F, XuJW, Wang L, Liu H, Yan Y, Hu SY (2018) MicroRNA-
221-3p is up-regulated and serves as a potential biomarker in pan-
creatic cancer. Artif Cells Nanomed Biotechnol 46(3):482-487
Wu Q, Ren X, Zhang Y, Fu X, Li Y, Peng Y, Xiao Q, Li T, Ouy-
ang C, Hu Y et al (2018) MiR-221-3p targets ARF4 and inhibits
the proliferation and migration of epithelial ovarian cancer cells.
Biochem Biophys Res Commun 497(4):1162-1170

Porter DC, Farmaki E, Altilia S, Schools GP, West DK, Chen M,
Chang BD, Puzyrev AT, Lim CU, Rokow-Kittell R et al (2012)
Cyclin-dependent kinase 8 mediates chemotherapy-induced
tumor-promoting paracrine activities. Proc Natl Acad Sci USA
109(34):13799-13804

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.3892/ijo.2021.5200
https://doi.org/10.3892/ijo.2021.5200

	Hotair promotes the migration and proliferation in ovarian cancer by miR-222-3pCDK19 axis
	Abstract
	Introduction
	Materials and methods
	Tissue and plasma samples
	Cell culture and transfection
	Bioinformatics analysis
	RNA isolation and qRT-PCR
	Western blotting analysis
	Dual-luciferase reporter assays
	RNA immunoprecipitation (RIP) assay
	Colony formation assay
	Flow cytometry assay
	EdU assay
	Transwell assay
	Animal study
	Haematoxylin and eosin (HE) staining and immunohistochemistry (IHC)
	Statistical analysis

	Results
	miR-222-3p was significantly down-regulated in OC and inhibited cell proliferation and migration in vitro
	miR-222-3p directly suppresses CDK19 expression by binding to its 3′-UTR and inhibits OC cell proliferation
	miR-222-3p suppresses OC tumor growth in vivo by targeting CDK19
	Hotair can sponge miR-222-3p and has a negative correlation with miR-222-3p
	Hotair can promote the proliferation and migration of OC in vitro, and promote the growth and migration of OC in vivo
	Hotair regulates CDK19 expression via miR-222-3p

	Discussion
	Acknowledgements 
	References




