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Abstract. More than 70% of patients with epithelial ovarian 
cancer (EOC), one of the leading cause of gynecological 
cancer‑related deaths worldwide, are diagnosed at an advanced 
stage of the disease. Currently, the mainstay for treatment 
of advanced EOC is tumor debulking surgery followed by 
combined platinum‑ and paclitaxel (PTX)‑based chemotherapy. 
However, most patients eventually develop chemoresistance, 
which remains a major obstacle to successful treatment. Herein, 
by using clinical specimens and experimentally induced cell 
models, we found that the expression levels of hsa‑miR‑105 
were significantly decreased in PTX‑resistant EOC tissues and 
cell lines. Follow‑up functional experiments demonstrated that 
repression of hsa‑miR‑105 conferred resistance to paclitaxel 
in EOC cells, whereas restoration of hsa‑miR‑105 expression 
in situ via intratumoral injection of hsa‑miR‑105 micrON™ 
agomir potentiated in vivo sensitivity to PTX and thereafter 
significantly inhibited tumor growth in a PTX‑challenged 
xenograft model. Mechanistically, hsa‑miR‑105 exerted its 
tumor suppressor function by directly inhibiting the zinc and 
ring finger 2 (ZNRF2) signaling pathway. Importantly, aber‑
rant expression of hsa‑miR‑105 in both tumor and circulating 
samples predicted a poor post‑chemotherapy prognosis in EOC 
patients. These findings collectively suggest that hsa‑miR‑105 
may act as a potent tumor suppressor miRNA during the 
progression of EOC, likely affecting cell proliferation, invasive‑
ness and chemosensitivity to PTX, and functioning at least in 
part via inhibition of ZNRF2 signaling. The stability and avail‑
ability and ease in measurement of circulating hsa‑miR‑105 
make it a valuable diagnostic/prognostic biomarker candidate 
for chemotherapy of EOC.

Introduction

As one of the seventh most common types of cancer in women 
and the most lethal gynecologic cancer, ovarian cancer affects 
more than 295,000 females worldwide annually (1). Currently, 
epithelial ovarian cancer (EOC) is the major type of ovarian 
cancer (more than 90% of ovarian cancer cases are EOCs), and 
EOC has a higher prevalent rate compared to non‑EOC (2). 
Based on statistical reports from 2008 to 2014 in the USA, the 
overall 5‑year survival rate of EOC remains low at 29% (3). 
This is largely due to the fact that EOC has few early symp‑
toms and rapidly progress to an advanced stage (4). More than 
70% of patients with EOC are diagnosed at an advanced stage 
of the disease (5). Additionally, molecular‑targeted therapies 
(e.g. anti‑PD‑1/PD‑L1 antibody and CAR‑T) have not been 
demonstrated to be successful in EOC (6,7). Innovative treat‑
ment with poly(ADP‑ribose) polymerase‑1 (PARP) inhibitors 
(PARPis) has demonstrated outstanding activity in EOC 
and can change clinical practice, but at present PARPis are 
mainly used in the treatment of BRCA‑mutant patients (8). 
Currently, the mainstay for treatment of advanced EOC 
is tumor debulking surgery followed by a combination of 
platinum‑based combination chemotherapy (usually for six 
cycles), with a platinum (carboplatin or cisplatin/CDDP) and 
a taxane (paclitaxel/PTX or docetaxel/DTX). Compared to 
other chemotherapeutic agents, PTX exhibits high tolerability, 
decreases hematological toxicities and neutropenia, thereby 
leading to an increase in the duration of the progression‑free 
interval and overall survival (9). PTX is less myelosuppressive 
than DTX (10). PTX‑CDDP chemotherapy has been shown 
to improve the complete and partial clinical response by 38.7 
and 42.7%, respectively. Thus, PTX‑CDDP chemotherapy is 
now used as the first‑line treatment for patients with advanced 
EOC (11). In spite of initial responsiveness, an estimated 85% 
patients, showing increased chemoresistance to the first‑line 
chemotherapy agents, relapse within two years and ultimately 
die of recurrent disease  (12). Second‑line treatments can 
improve survival and quality of life but are not curative (13). 
Therefore, chemoresistance remains the main cause of treat‑
ment failure associated with advanced EOC (14), and there is 
an urgent need to elucidate the molecular mechanisms under‑
lying chemoresistance to develop novel therapeutic targets.
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MicroRNAs (miRNAs), a cluster of 21‑25 nt non‑coding 
regulatory RNAs, regulate gene expression at the posttran‑
scriptional level, inducing the degradation of target mRNAs 
or translational repression. Over 70% of all human genes are 
estimated to be regulated by miRNAs, indicating that gene 
regulation by miRNAs is likely involved in nearly every 
genetic pathway  (15). In this regard, identification of the 
function of key miRNAs and a fuller understanding of their 
molecular bases should deepen insight into diverse biological 
processes and render novel clues to develop molecular targets 
for therapeutic intervention (16).

Compelling biochemical data suggest that dysregulation 
of miRNA expression is closely associated with response 
to chemotherapeutic agents, and alteration in the expression 
levels of miRNAs can cause substantial changes during onco‑
genesis (17). Hsa‑miR‑105 is such a striking example. The 
complex roles of miR‑105 during cancer initiation and progres‑
sion are gradually emerging. It can act as a tumor suppressor 
by inhibiting tumor growth and metastasis or as an oncogene 
by promoting tumor initiation and invasion, depending on the 
particular tumor context and base‑pairing genes, in a variety 
of cancer types including colorectal cancer, hepatocellular 
carcinoma, breast cancer, lung cancer and glioma (18).

Interestingly, hsa‑miR‑105 can be secreted by solid 
tumors into circulation in which it further interacts with 
Agonature2  (Ago2) to increase stability. This makes 
hsa‑miR‑105 a valuable diagnostic/prognostic biomarker 
candidate because of its stability and availability and ease of 
measurement (19). In the present study, we sought to determine 
the expression profile of hsa‑miR‑105 in PTX‑resistant EOC 
tissues and cell lines, and to uncover its role and corresponding 
molecular basis in the pathogenesis of paclitaxel resistance in 
EOC. Overall, our systematic analysis should pave the way for 
a better understanding of this unique miRNA in EOC.

Materials and methods

Data mining. A microRNA profiling microarray expression 
dataset consisting of three pairs of parental EOC cells and their 
PTX‑resistant sublines (GSE148251)  (20) was downloaded 
from Gene Expression Omnibus (GEO platform). The miRNA 
expression levels were analyzed using GEO2R bioconductor 
project and provided as log2 ratios (21). We explored three 
mRNA target‑predicting algorithms including mirSVR, Target 
scan and miRDB to screen the potential downstream targets of 
hsa‑miR‑105 (22).

Cell treatment. The human EOC cell lines (SKOV3, TOV21G 
and OVCAR8) and 293T cells, obtained from the American 
Type Culture Collection (ATCC), were maintained in 
RPMI‑1640 medium supplemented with 10%  (v/v) fetal 
bovine serum (FBS), penicillin (100 U/ml), streptomycin 
(100 U/ml) and amphotericin B (25 µg/ml) at 37˚C in a 5% CO2 
atmosphere. The PTX‑resistant cell lines (SKOV3/PTX 
and TOV21G/PTX) were generated by exposing parental 
cells to gradually increased doses of PTX (Sigma‑Aldrich; 
Merck  KGaA), and were finally maintained in complete 
medium containing 50 nM PTX (23). All cell lines used were 
recently authenticated using short tandem repeat analysis 
performed by Suzhou Genetic Testing Biotechnology, and 

were tested for mycoplasma contamination using Universal 
Mycoplasma Detection Kit (ATCC) prior to the experiments.

Oligonucleotide transfection and lentiviral transduction. 
Hsa‑miR‑105 mimics and inhibitors for in vitro transfection 
and hsa‑miR‑105 micrON™ agomir for in vivo transfection, 
along with their negative controls, were purchased from 
Ribobio. Zinc And Ring Finger 2 (ZNRF2) lentiviral shRNA 
particle was obtained from GeneCopoeia. To manipulate the 
hsa‑miR‑105 expression, cells were transfected with 100 nM 
mimics or inhibitors with the aid of Lipofectamine™ 3000 
(Thermo Fisher Scientific, Inc.) for 48 h. For lentiviral trans‑
duction, the viral particles were prepared by co‑transfection of 
expression plasmid and packaging plasmids into 293T cells, 
followed by harvest of virus‑containing supernatants 48 h after 
transfection. SKOV3 and TOV21G cells were then transduced 
with the lentivirus, followed by selection of positive clones 
using 1 µg/ml of puromycin (Sigma‑Aldrich; Merck KGaA) 
for ~14 days.

Measurement of in vitro cytotoxicity. Forty‑eight hours after 
transfection with the indicated oligonucleotides, EOC cells 
were seeded in 96‑well plates at the density of 5x103 cells/well. 
Cells were then exposed to different doses of PTX as indi‑
cated or DMSO for 24 h after adhering to the plate. Upon 
completion of PTX treatment, fresh medium was added and 
cell viability was determined using Cell Counting Kit‑8 
(MedChemExpress), as per the manufacturers' instructions. 
Each concentration was conducted in triplicate and repeated at 
least twice. The half maximal inhibitory concentration (IC50) 
of cell viability was calculated as the level that caused 50% 
reduction in cell viability vs. the parental cells (24).

Clonogenic assay. About 500  cells were seeded into the 
6‑well plates. After a 48‑h culture, PTX (20 nM) was added 
into the cultures. After a 3‑day treatment with PTX, cells were 
transferred to fresh medium and cultured for another 12 days 
until colonies were large enough to be clearly discerned. Cells 
were then fixed using 4% paraformaldehyde (Sigma‑Aldrich; 
Merck KGaA) for 20 min, followed by staining with crystal 
violet stain solution (0.5%) (Sangon Biotech). Counting 
colonies was finally achieved by using Oracle Java SE soft‑
ware (25), with the average number of colonies being plotted 
(mean ± SD, n=3).

Cell invasion assay. The invasiveness of EOC cells in 
PTX‑containing medium was determined by Transwell 
chamber (26). Briefly, 1x105 cells were seeded in the upper 
chamber of a Transwell with Matrigel‑coated membrane 
(Corning, Inc.). After a 24‑h culture, cells were then treated 
with 20 nM of PTX for another 24 h, followed by removal of 
cells from the upper chamber. The cells that had migrated to the 
lower surface were fixed and stained with 4',6‑diamidino‑2‑phe‑
nylindole (DAPI; Thermo Fisher Scientific, Inc.) for 5 min and 
then counted under a Leica M205 FCA fluorescence micro‑
scope (Leica Microsystems, Inc.). Ten randomly selected fields 
were chosen for cell number quantification.

In vivo inhibition of hsa‑miR‑105 and tumor xenograft assay. 
All animal research was conducted in accordance with Guide 
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for the Care and Use of Laboratory Animals from NIH, and 
was approved by the Animal Research Ethics Board of First 
Affiliated Hospital of Xi'an Jiaotong University (approval 
no.  XMU‑2012‑1682). Animals were maintained under a 
constant 12‑h light:12‑h darkness cycle (lights on at 08:00 h) 
and controlled conditions of humidity (between 70 and 
80%) and temperature (22±1˚C). They were allowed free 
access to experimental diets and water, and were allowed to 
acclimatize for at least 1 week before the experiment. For estab‑
lishment of the tumor xenograft model, 2x106 SKOV3/PTX or 
TOV21G/PTX cells were subcutaneously injected into flanks 
of female BALB/cA‑nu mice (n=125, 6‑weeks‑old, weighing 
19‑23  g, obtained from the Animal Facility of The First 
Affiliated Hospital of Xi'an Medical University). On day 13 
post cell inoculation, mice received intraperitoneal injections 
of 5 mg/kg of PTX (dissolved in PBS)/kg body weight every 
three days. On the following day of the first PTX injection, 
10 nmol of hsa‑miR‑105 micrONTM agomir or negative control 
(dissolved in 0.1 ml PBS) was locally injected into the tumor 
mass once every 3 days for two weeks. Mice receiving PBS 
injection served as the negative controls. The animals were 
checked daily, and tumor volume  (V) was recorded and 
calculated using the formula: V=(length x width2)/2. Humane 
endpoints used in this study included tumor ulceration, 
infection, or necrosis, loss of ability to ambulate (inability 
to access food or water) and labored respiration. Four weeks 
after cell inoculation, mice were sacrificed by cervical disloca‑
tion following sodium pentobarbital anesthesia (200 mg/kg, 
intraperitoneally). Some xenograft tissues were snap frozen 
in liquid nitrogen, followed by being stored at  ‑80˚C. The 
other xenografts were immediately fixed in 10% formalin and 
processed for histological examination.

Clinical specimens. Upon receipt of the written informed 
consent, a total of 115 female patients with EOC and known 
clinical follow‑up were recruited from the Department of 
Obstetrics and Gynecology, First Affiliated Hospital of Xi'an 
Medical University during August 2012 and June 2019. All 
patients with EOC underwent initial cytoreductive surgery 
followed by 6‑8 cycles of standard paclitaxel‑based chemo‑
therapy (27). Patients with progressive disease during primary 
chemotherapy according to medical image analysis or with 
recurrent disease within 6 months of completing primary 
chemotherapy were termed PTX‑resistant (28). Some tumor 
samples were snap frozen in liquid nitrogen, followed by being 
stored at ‑80˚C until use, whereas other tumor samples were 
fixed in 10% formalin and processed for histological exami‑
nation. The protocols involved in the human study strictly 
conformed to the 2008 Revised Declaration of Helsinki, 
and were approved by the Ethics Committee of the First 
Affiliated Hospital of Xi'an Medical University (approval 
no. XMU‑2012‑1683).

Real‑time RT‑qPCR. Real‑time RT‑qPCR was carried out as 
described elsewhere (29,30). Total RNA was isolated and puri‑
fied using PureLink™ miRNA Isolation Kit (Thermo Fisher 
Scientific, Inc.). RT‑qPCR analysis of miRNA expression was 
performed using Applied Biosystems TaqMan microRNA 
assay system (Applied Biosystems), with the aid of microRNA‑ 
specific primers (5'‑AAAAGCUGGGUUGAGAGGGCGA‑3') 

and TaqMan™ MicroRNA Reverse Transcription Kit (Thermo 
Fisher Scientific, Inc.). To quantify the expression levels of 
other target genes, 500 ng of total RNA was used to synthesize 
the first strand cDNA using iScript™ cDNA Synthesis Kit 
(Bio‑Rad Laboratories, Inc.). Subsequent qPCR was carried out 
on the Applied Biosystems® 7500 Fast Real‑Time PCR System. 
Relative expression levels of target miRNA and mRNAs were 
determined using the standard ΔΔCq method (31), with human 
U6 snRNA or 18S RNA serving as the internal controls (32). 
Primers used in the current study are listed in Table I.

Western blot analysis. Western blot analysis was conducted 
according to published protocols  (33). Total protein was 
prepared using ReadyPrep™ Protein Extraction Kit (Bio‑Rad 
Laboratories, Inc.). Protein samples (~30 µg) were separated 
on 10% SDS‑PAGE and transferred to PDVF membranes 
(Millipore Corp.). After being blocked by 5%  nonfat dry 
milk in TBST, the membranes were incubated with primary 
antibodies (Table II) at 4˚C overnight. Positive signals were 
developed using an EZ‑ECL Chemiluminescence Detection kit 
(Biological Industries) on a GOBlot™ Western Blot Processor 
(Cytoskeleton) after incubation with proper secondary anti‑
bodies.

Morphological examination. Localization of hsa‑miR‑105 
in EOC cells was revealed by RNA fluorescence in  situ 
hybridization (FISH) using a locked nucleic acid (LNA) 
probe for human mature hsa‑miR‑105 (5'‑UCA​AAU​GCU​CAG​
ACU​CCU​GUG​GU‑3') and scramble miRNA control probe 
(5'‑GTG​TAA​CAC​GTC​TAT​ACG​CCC​A‑3'; Exiqon), both of 
which were labeled with digoxigenin at the 5'end with the aid 
of the DIG RNA Labeling Kit (Roche). EOC cells were fixed 
in 4% paraformaldehyde, followed by hybridization at 37˚C 
overnight in a dark moist chamber. After thorough rinse, cells 
were incubated with TSA fluorescent signal reaction solution 
(PerkinElmer) at room temperature for 30 min and were then 
sealed using Fluoroshield™ with DAPI histology mounting 
medium (Sigma‑Aldrich; Merck KGaA). Positive staining was 
observed under a Leica M205 FCA fluorescence microscope.

The distribution of hsa‑miR‑105 in EOC tissues was revealed 
using chromogenic in situ hybridization (CISH) (29). Briefly, 
after a routine deparaffinization and rehydration, 4% para‑
formaldehyde‑fixed paraffin‑embedded EOC tissue sections 
were treated with 10 µg/ml of Proteinase K (Sigma‑Aldrich; 
Merck KGaA) to expose RNA. Sections were then incubated 
sequentially with hybridization buffer without probes at 21˚C 
for 2 h and with hybridization buffer containing 40 nM of 
the above‑mentioned DIG‑labeled LNA‑modified probes 
overnight. After incubation with the blocking solution (PBST 
containing 2% goat serum and 2 mg/ml bovine albumin) for 
1 h, sections were treated with anti‑digoxigenin‑AP antibody 
(Sigma‑Aldrich; Merck KGaA) at 4˚C overnight, followed by 
signal development using the BCIP/NBT Substrate Kit (Vector 
Laboratories, Inc.) according to the manufacturer's instruction.

Localization of the zinc and ring finger (ZNRF2) protein 
in EOC tissues was detected using immunohistochemistry as 
described elsewhere (34). In brief, 4% paraformaldehyde‑fixed 
paraffin‑embedded EOC tissue sections were routinely depa‑
raffinized and rehydrated, followed by antigen retrieval by 
incubating slides in 0.01% citrate acid in a heated water bath 
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(95˚C) for 30 min. After elimination of endogenous peroxides 
activity by treatment for 10 min with 0.3% hydrogen peroxide 
in methanol, the sections were incubated with the primary anti‑
body (Table II) at 4˚C overnight. Positive signals were finally 
developed with the aid of the VECTASTAIN® Elite® ABC 
system (Vector Laboratories, Inc.) according to the protocol 
recommended by the manufacturer.

Luciferase reporter assay. The 3'UTR segment of human 
ZNRF2 was amplified from ovarian cell genomic DNA 
and cloned into psiCHECK‑2 luciferase reporter vector 
using NotI/XhoI sites. Site‑directed mutagenesis of the 
hsa‑miR‑105 binding site on the ZNRF2 3'UTR was achieved 

using QuikChange Site‑Directed Mutagenesis Kit (Agilent 
Technologies, Inc.). Co‑transfection of reporter plasmids 
and hsa‑miR‑105 mimics into 293T cells was carried out 
using Lipofectamine™ 3000. Forty‑eight hours after trans‑
fection, relative luciferase activity was measured by the 
Dual‑Luciferase Reporter Assay System (Promega Corp.).

Ago2‑mediated RNA‑immunoprecipitation. FLAG‑Ago2 
was a gift from Edward Chan (Addgene plasmid no. 21538; 
Addgene) (35). The FLAG‑Ago2 construct and hsa‑miR‑105 
mimics were con‑transfected into 293T cells for 48 h using 
Lipofectamine™ 3000, followed by cell harvest using RIPA 
buffer supplemented with RNase A, DNase and protease‑free 
from Thermo Fisher Scientific, Inc. The FLAG® Tag antibody 
(Thermo Fisher Scientific, Inc.) was preincubated with Protein 
G‑agarose beads (Sigma‑Aldrich; Merck KGaA) at 4˚C over‑
night. Subsequently, the resultant cell lysates were incubated 
with preconjugated antibody at 4˚C overnight. Pellets from 
immunoprecipitation were then dissolved in TRIsure™ 
(BioLine) and subjected to PCR analysis.

Statistical analysis. All experiments were conducted in 
triplicate and repeated at least twice. Quantitative values are 
expressed as the mean ± SD. Differences among/between 
experimental groups were analyzed by one‑way analysis of 
variance (ANOVA) followed by Tukey's test or Student's t‑test, 
wherever appropriate. The association between hsa‑miR‑105 
expression and overall survival was assessed using the log‑rank 
Kaplan‑Meier analysis. The receiver operating characteristic 
(ROC) curve was used to examine the predictive power. 
P<0.05 was considered to be statistically significant.

Results

Downregulation of hsa‑miR‑105 expression in paclitaxel‑ 
resistant EOC cells. As an initial effort to understand the 
potential involvement of hsa‑miR‑105 in paclitaxel resistance, 
we examined the expression of hsa‑miR‑105 in a microRNA 
profiling microarray expression dataset consisting of three 
pairs of parental EOC cells and their PTX‑resistant sublines 
(GSE148251)  (20). Student's t‑test demonstrated that the 
expression of hsa‑miR‑105 was significantly downregulated 
in PTX‑resistant sublines compared to their parental cell 
lines (percentage decrease >78.8%, P<0.0001, Fig. 1A). To 
validate these findings, we generated the PTX‑resistant 
SKOV3/PTX and TOV21G/PTX cell lines using a previously 
validated protocol. SKOV3/PTX and TOV21G/PTX cells were 
-31.4 and -18.1 times more resistant to PTX than their parental 
SKOV3 and TOV21G cells, respectively (Fig. 1B). Compared 
to the expression level of hsa‑miR‑105 in the parental cells 
which was set at 100%, the relative percentage of hsa‑miR‑105 
expression in SKOV3/PTX and TOV21G/PTX cells was 34.2 
and 28.6%, respectively (Fig. 1C). Moreover, FISH analysis 
revealed a highly enriched expression of hsa‑miR‑105 in 
the parental SKOV3 cells compared to the PTX‑resistant 
SKOV3/PTX subline (Fig. 1D). To further provide the in vivo 
evidence for the association between deregulated expression 
of hsa‑miR‑105 and paclitaxel resistance, we established a 
xenograft model to mimic the clinical treatment with PTX. 
At two weeks after PTX treatment, xenografts derived from 

Table I. Primer sequences used for real‑time PCR analysis.

Gene	 Primer sequence

18S	 F:	CTCGCCGCGCTCTACCTACCTA
	 R:	ATGAGCCATTCGCAGTTTCACTGTA
TJP1	 F:	AGCCATTCCCGAAGGAGTTG
	 R:	ATCACAGTGTGGTAAGCGCA
SEPT14	 F:	CTGTGCCTGACCCACAATGA
	 R:	TGCTGCTATGCGTCAGACAT
TM9SF2	 F:	GCCTGAAGAGGCCAGTCAAT
	 R:	AATTCATTCTCGGGGAGGGC
ANKRD44	 F:	CGGTGTTGTGACTGAAACCC
	 R:	AGGTTCTCGGGTCAGATCCA
SNX4	 F:	AGTTTTCAGTGAATGGAGTGCC
	 R:	ATGTTTCCTGCACACAGCCC
ZNRF2	 F:	AGCACGACTGCCTTGTCTAT
	 R:	TTCTGGCTGAGTATGCCTGC 
C1orf168	 F:	GGTTCGAGCACCTCAACTTC
	 R:	CCCCTGATAGTGTGACCAGC
EIF4A2	 F:	TCCAATGAGACAGGGCACAC
	 R:	ATGGCTGCCTCAGTCCTTTC
LMO7	 F:	AGAGAATCCACAAGGAATTGA
	 R:	TAGGGACTGTCATTTGGCCC
MLF1	 F:	GGCCCACTTAGAGCGAAACT 
	 R:	ATGAGAACCCCAGCCTTTGG
ZFPM2	 F:	ACCCGGAAGTGAGATGCAAG
	 R:	TCTCTTGGTCTGGTATTCCATCA
YTHDF3	 F:	CACCATTTCTTGGAACCCCAC
	 R:	TGCCCTTAAAGCTACACATACA
RAPGEF2	 F:	GATGCGAAGGGATTGCCCC
	 R:	CGTACAGGAGGTCAGTGGTG
F13A1	 F:	CAACAGCTTGGAGGAGGGAG
	 R:	CCCTTTTTGCAGCAACCCAG
SLC5A1	 F:	CCAGCTTTTGTCACAGGTGC
	 R:	AAACCCTGCAGGACAGATGG
HNRNPK	 F:	CAAAGGCCCACGGAGTTCTA
	 R:	TATTCGCACTCCCCCTACCT
LDLRAD3	 F:	GGCGTCCCCCTACCCTGTCAT
	 R:	TGCTGCACACGGCTCCTCAC 

F, forward; R, reverse.
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SKOV3/PTX cells were clearly larger than those derived from 
parental SKOV3 cells, indicative of a successful resistance of 
SKOV3/PTX cells to PTX. Subsequent qPCR analysis showed 
that the expression of hsa‑miR‑105 in the SKOV3/PTX xeno‑
grafts was significantly reduced by ~53.6% compared to the 
SKOV3 xenografts (P<0.01, Fig. 1E). These data together 

suggest that hsa‑miR‑105 deficiency correlates with paclitaxel 
resistance in EOC cells.

Inhibition of hsa‑miR‑105 confers paclitaxel resistance in 
EOC cells. To explore the oncogenic roles of the hsa‑miR‑105 
deficiency, we silenced the expression of hsa‑miR‑105 

Figure 1. Downregulation of hsa‑miR‑105 in paclitaxel (PTX)‑resistant epithelial ovarian cancer (EOC) cells. (A) Data analysis from GSE148251 (GEO 
dataset, including three pairs of parental EOC cells and their PTX‑resistant sublines) demonstrated that hsa‑miR‑105 expression is significantly decreased 
in PTX‑resistant EOC cells (P<0.001). (B) Determination of PTX IC50 in different cells using Cell Counting Kit‑8 assay. (C) Real‑time RT‑qPCR analysis of 
hsa‑miR‑105 expression in different cells (n=5). (D) Localization of hsa‑miR‑105 in SKOV3 and SKOV3/PTX cells was revealed by RNA‑FISH assay (n=3). 
Scale bar, 10 µm. (E) Real‑time RT‑qPCR analysis of hsa‑miR‑105 expression in a PTX‑challenged xenograft model derived from SKOV3 and SKOV3/PTX 
cells. Upper panel: Protocols employed for the intraperitoneal (i.p.) injection of PTX in a xenograft model derived from SKOV3 and SKOV3/PTX cells. 
Lower left panel: Representative images of tumor sizes from the different groups at two weeks after PTX treatment. Lower right panel: RT‑qPCR analysis of 
hsa‑miR‑105 expression in the xenografts (n=9). Scale bar, 5 mm. IC50, half maximal inhibitory concentration.

Table II. Sources of antibodies and the working dilutions that were used for western blotting or immunostaining in the present 
study.

Antibody	 Vendor	 Catalog no.	 Dilutions

Rabbit anti‑Ki67	 Abcam	 ab15580	 1:500 (IHC)
Rabbit anti‑ZNRF2	 Thermo Fisher Scientific, Inc.	 PA5‑84890	 1:1,000 (IB) 1:150 (IHC)
Rabbit anti‑Flag	 Sigma‑Aldrich/Merck KGaA 	 F7425	 1:1,000 (IB)
Rabbit anti‑ACTIN	 Abcam	 ab8227	 1:2,500 (IB)
VECTASTAIN® Elite® ABC HRP Kit	 Vector Laboratories, Inc.	 PK‑7200	 1:500 (IHC)
Goat anti‑rabbit IgG‑HRP secondary antibody	 Abcam	 ab97200	 1:10,000 (IB)

IHC, immunohistochemistry/immunostaining; IB, western blotting/immunoblotting.
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in SKOV3 and TOV21G cells using specific inhibitors 
(anti‑miR‑105) (Fig. 2A). Following PTX treatment, knock‑
down of hsa‑miR‑105 expression conferred a stronger 
pro‑survival effect in a dose‑dependent manner, as revealed 
by viability assays (Fig. 2B). Consistently, higher efficiency of 
colony formation upon PTX co‑incubation was observed in the 
hsa‑miR‑105 inhibitor (anti‑miR‑105)‑transfected SKOV3 and 
TOV21G cells (Fig. 2C). Additionally, ablation of endogenous 
expression of hsa‑miR‑105 significantly increased cell inva‑
siveness by ~3.6‑ and ~3.2‑fold in PTX‑challenged SKOV3 and 
TOV21G cells, respectively (Fig. 2D). We also used another 
serous EOC cell line (OVCAR8) to elucidate the potential 
involvement of hsa‑miR‑105 in the development of resistance 
to PTX (Fig. S1). These findings suggest that hsa‑miR‑105 
deficiency may confer resistance to paclitaxel in EOC cells.

Restoration of hsa‑miR‑105 expression in  situ leads to 
dramatic inhibition of EOC growth. In order to investigate 
the antitumor effects of hsa‑miR‑105 at the in vivo level, we 
employed the micrONTM agomir system which has been shown 
to be promising for therapeutic gene delivery in vivo (36). We 
evaluated the therapeutic effects of micrONTM agomir‑medi‑
ated hsa‑miR‑105 restoration on tumor growth in a xenograft 
model derived from either SKOV3/PTX or TOV21G/PTX cells 
(Fig. 3A). Intratumoral injection of hsa‑miR‑105 micrONTM 
agomir resulted in a significant increase in hsa‑miR‑105 

expression in xenografts at  28 days after cell inoculation 
(Fig. 3B), as well as an inhibition of tumor growth, especially 
during the late phase of PTX treatment (Fig. 3C). In accor‑
dance, the hsa‑miR‑105‑overexpressing and PTX‑treated 
tumors were smaller at 28 days after cell inoculation (Fig. 3D), 
and expressed lower levels of Ki67 (a well‑known prolifera‑
tion marker for human tumor cells, Fig. 3E), compared to the 
Ctrl group. These results indicate that in vivo inhibition of 
hsa‑miR‑105 expression by using the micrONTM agomir may 
have the potential to be used as an alternative therapeutic 
option for EOC.

Identification of ZNRF2 as a direct target of hsa‑miR‑105 in 
EOC. To further dissect the molecular basis underlying the 
effects of hsa‑miR‑105 on PTX responsiveness, we explored 
three mRNAtarget‑predicting algorithms including mirSVR, 
Target scan and miRDB (22). A total of 17 genes were identified 
to be potential downstream targets of hsa‑miR‑105, as these 
genes were observed to be overlapped in all three databases 
(Fig. 4A). We then evaluated the transcriptional expression 
levels of these 17 genes in four pair of PTX‑responsive and 
PTX‑resistant EOC tissues using RT‑qPCR. ZNRF2 was 
the only candidate gene whose expression was found to be 
increased by more than 3‑fold in the PTX‑resistant tissues 
compared with the PTX‑responsive EOC tissues (Fig. 4B). 
Transfection with hsa‑miR‑105 mimics caused a significant 

Figure 2. Inhibition of hsa‑miR‑105 attenuates chemosensitivity to paclitaxel (PTX) in epithelial ovarian cancer (EOC) cells. (A) SKOV3 and TOV21G cells 
were transfected with 100 nM hsa‑miR‑105 inhibitors (anti‑miR‑150) or negative control using Lipofectamine™ 3000. Following 48 h, the cells were harvested 
and RT‑qPCR analysis was carried out to determine the hsa‑miR‑105 levels. (B) Forty‑eight hours after transfection with the indicated oligonucleotides, EOC 
cells were seeded in 96‑well plates at the density of 5x103 cells/well. Cells were then exposed to different doses of PTX as indicated or DMSO for 24 h, followed 
by measurement of cell viability using Cell Counting Kit‑8 (*P<0.05, **P<0.01). (C) Anchorage‑dependent clonogenic ability of EOC cells with different 
transfections was assessed using colony formation assay (*P<0.05). (D) Effects of hsa‑miR‑105 inhibition on cell invasiveness were evaluated using a Transwell 
assay, as described in Materials and methods (*P<0.05). Scale bar, 10 µm.
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decrease in the expression of ZNRF2 in SKOV3/PTX and 
TOV21G/PTX cells, at both mRNA (Fig. 4C) and protein 
levels  (Fig.  4D). Consistently, immunostaining and ISH 
analyses revealed that the expression of hsa‑miR‑105 was 
negatively correlated to the expression of ZNRF2 protein in 
EOC specimens from our clinical cohort (Fig. 4E). To provide 
the direct evidence for the direct regulation of ZNRF2 
expression by hsa‑miR‑105, we performed luciferase reporter 
assay. Co‑transfection of reporter plasmids and hsa‑miR‑105 
mimics into 293T cells resulted in a ~66.4% reduction in the 
transcriptional activity of ZNRF2 3'UTR, while this inhibi‑
tory effect was totally abolished when the binding site of 
hsa‑miR‑105 on the 3'UTR of ZNRF2 was mutated (Fig. 4F). 
To better confirm the interaction between hsa‑miR‑105 and 

ZNRF2, we conducted Ago2‑mediated RNA‑IP assay. In 
the cells that were co‑overexpressed with hsa‑miR‑105 and 
FLAG‑Ago2, ZNRF2 mRNA was found to bind hsa‑miR‑105 
(Fig. 4G). These results collectively suggest that hsa‑miR‑105 
may regulate cellular responsiveness to PTX by directly 
targeting ZNRF2 in EOC cells.

Validat ion of the f unct ional role of ZNRF2 in 
hsa‑miR‑105‑mediated PTX resistance. Since ZNRF2 has 
been shown to be involved in chemoresistance (37), we next 
investigated the biological effects of the manipulation of 
ZNRF2 expression in hsa‑miR‑105‑mediated chemoresis‑
tance by generating SKOV3 and TOV21G cells that were 
stably transfected with ZNRF2 shRNA. Transfection with 

Figure 3. Replenishment of hsa‑miR‑105 expression via intratumoral injection of hsa‑miR‑105 micrONTM agomir potentiates in vivo sensitivity to pacli‑
taxel (PTX). (A) Protocols employed for the intratumoral injection of hsa‑miR‑105 micrONTM agomir followed by PTX treatment in a xenograft model. 
(B) hsa‑miR‑105 levels in xenografts were determined using RT‑qPCR at different time points after cell inoculation (*P<0.05, **P<0.01). (C) SKOV3/PTX 
or TOV21G/PTX cells (2x106) were subcutaneously injected into flanks of female BALB/cA‑nu mice. On Day 13 post cell inoculation, the mice received 
intraperitoneal (i.p.) injections of 5 mg/kg of PTX (dissolved in PBS)/kg body weight every three days. On the following day of the first PTX injection, 10 nmol 
of hsa‑miR‑105 micrONTM agomir or negative control (dissolved in 0.1 ml PBS) was locally injected into the tumor mass once every 3 days for two weeks. 
Mice receiving PBS injection served as the negative controls. Tumor volumes are shown (*P<0.05, **P<0.01). (D) Representative images of tumor sizes from 
the different groups at two weeks after PTX treatment. Scale bar, 5 mm. (E) Representative images showing Ki67 immunohistochemical in xenografts derived 
from agomir‑treated SKOV3/PTX or TOV21G/PTX cells. Scale bar, 20 µm.

https://www.spandidos-publications.com/10.3892/or.2021.8035
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hsa‑miR‑105 inhibitors (anti‑miR‑105) in control cells resulted 
in a significant increase in the expression level of ZNRF2, 
whereas this induction was totally abolished in the SKOV3 
and TOV21G cells that were stably deprived of endog‑
enous ZNRF2 (Fig. 5A). Hsa‑miR‑105 inhibition‑induced cell 
survival upon PTX challenge was attenuated in the SKOV3 
and TOV21G cells that were stably transfected with ZNRF2 
shRNA (Fig. 5B). Furthermore, ZNRF2 depletion enhanced 
the ability of PTX to decrease colony formation efficiency 
(Fig. 5C), in the presence of hsa‑miR‑105 inhibition in both 
SKOV3 and TOV21G cells. Thus, we identified ZNRF2 as a 
main downstream effector mediating the action of hsa‑miR‑105 
in the promotion of resistance to PTX.

Tumor and circulating hsa‑miR‑105 serves as a biomarker 
to predict PTX survival in EOC patients. In order to broaden 
the translational research enterprise of the current study, 
we measured the expression levels of hsa‑miR‑105 in tumor 
samples from a total of 115 EOC patients that had received stan‑
dard paclitaxel‑based chemotherapy. The association between 
hsa‑miR‑105 expression and clinicopathological parameters 
of the patients with EOC is summarized in Table SI. Patients 
with high levels of hsa‑miR‑105 were more likely to have 
clinical response to PTX chemotherapy (P<0.0042). Tumor 
stage and grade did not significantly differ between patients 
with high levels of hsa‑miR‑105 and patients with low levels of 
hsa‑miR‑105 (Table SI). RT‑qPCR revealed that hsa‑miR‑105 

Figure 4. ZNRF2 functions as a direct target of hsa‑miR‑105 in epithelial ovarian cancer (EOC) cells. (A) Prediction of putative target genes of hsa‑miR‑105 
by three online programs. (B) Transcriptional expression levels of 17 candidate genes in four pair of paclitaxel (PTX)‑responsive and PTX‑resistant EOC 
tissues were analyzed using real‑time RT‑qPCR (*P<0.05). (C and D) EOC cells were transfected with hsa‑miR‑105 mimics or Ctrl for 48 h, followed by 
RT‑qPCR (*P<0.05 and **P<0.01 when compared to NC) or western blot analysis. (E) Representative immunostaining of ZNRF2 and hsa‑miR‑105 ISH in 
PTX‑responsive and PTX‑resistant EOC tissues. Scale bar, 25 µm. (F) Luciferase reporter assay with co‑transfection of wild‑type (WT) or mutant (Mu) 
ZNRF2 and hsa‑miR‑105 mimics in 293T cells (**P<0.01 when compared to Ctrl). (G) Ectopic overexpression of Flag‑Ago2 with indicated miRNAs in 293T 
cells. Flag antibody was used to precipitate miRNA‑Ago2‑mRNA complex. The expression of ZNRF2 mRNA in complex with hsa‑miR‑105 was determined 
by PCR. ZNRF2, zinc and ring finger 2.
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was significantly downregulated in the PTX‑resistant EOC 
specimens compared with that in the PTX‑responsive EOC 
specimens (P<0.0001, Fig.  6A). A ROC curve was then 
generated to assess the predictive power of hsa‑miR‑105. The 
corresponding AUC was 0.8649 (95% CI, 0.8024‑0.9275) 
(Fig. 6B), suggesting that hsa‑miR‑105 may serve as a valuable 
diagnostic biomarker for EOC chemotherapy. Importantly, the 
patients with lower levels of hsa‑miR‑105 exhibited poorer 
survival following PTX‑based chemotherapy (P=0.0014; 
Fig. 6C). Previous studies have identified hsa‑miR‑105 as a 
circulating miRNA (19). Given that circulating miRNAs are 
potent and convenient biomarkers for the evaluation of tumor 
development and progression (38), we sought to determine the 
clinical implication of hsa‑miR‑105 expression in the periph‑
eral circulation using our 115‑patient cohort. Expression levels 
of hsa‑miR‑105 were significantly decreased in the plasma 
of patients with PTX‑resistant EOC, compared with those 
from patients with PTX‑responsive EOC (P<0.0001; Fig. 6D). 
The contingency plot indicated that high levels of plasma 
hsa‑miR‑105 were associated with improved responsiveness to 
PTX (Fig. 6E). Subsequent ROC curve analysis revealed that 
the corresponding AUC was 0.8797 (95% CI, 0.8169‑0.9424) 
(Fig. 6F), verifying the predictive power of the circulating 

hsa‑miR‑105. These clinical data support our pre‑clinical find‑
ings and show that downregulation of hsa‑miR‑105 occurs in 
both tumor and peripheral circulation in the EOC patients with 
acquired PTX resistance.

Discussion

Hsa‑miR‑105 is located on human chromosome Xq28 
(miRBase). Accumulated data suggest that hsa‑miR‑105 
can play differential roles in various cancer types. For 
instance, hsa‑miR‑105 promotes the invasion and metastasis 
of colorectal cancer cells by directly targeting the RAP2C 
signaling  (39). Likewise, hsa‑miR‑105 functions as an 
essential oncomiR in both non‑small lung cancer (40) and 
breast cancer (41). By contrast, we demonstrated here that 
the expression of hsa‑miR‑105 was significantly downregu‑
lated in paclitaxel‑resistant epithelial ovarian cancer (EOC) 
tissues and cell lines, and inhibition of the expression of 
hsa‑miR‑105 conferred paclitaxel resistance in EOC cells. 
Our findings are in accordance with previous reports that 
hsa‑miR‑105 exerts its anti‑proliferative effects on gastric 
cancer (42) and inhibits cell aggressiveness in prostate cancer 
cells  (43), thus indicating a tumor‑suppressor role of this 

Figure 5. Stable knockdown of ZNRF2 potentiates paclitaxel (PTX) responsiveness in hsa‑miR‑105‑delepted epithelial ovarian cancer (EOC) cells. 
(A) Establishment of EOC cells that were stably deprived of ZNRF2 expression was verified using western blot analysis. (B) Forty‑eight hours after transfec‑
tion with the indicated oligonucleotides, EOC cells were seeded in 96‑well plates at the density of 5x103 cells/well. Cells were then exposed to different doses 
of PTX as indicated or DMSO for 24 h, followed by measurement of cell viability using Cell Counting Kit‑8 (*P<0.05, **P<0.01). (C) Anchorage‑dependent 
clonogenic ability of EOC cells with different transfections was assessed using colony formation assay (*P<0.05, **P<0.01). ZNRF2, zinc and ring finger 2.

https://www.spandidos-publications.com/10.3892/or.2021.8035
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unique miRNA. Based on the available data, we reason that 
hsa‑miR‑105 may function as a double‑faced gene expres‑
sion regulator in cancer contexts, and whether it acts as an 
oncomiR or a tumor‑suppressor miRNA is largely dependent 
on cancer type and cell context.

It is significant to know what causes the downregula‑
tion of hsa‑miR‑105 particularly in PTX‑resistant EOC. 
Two possibilities are herein proposed. First, compelling 
data have suggested that epigenetic regulation functions 
as an essential mechanism modulating the expression of 
miRNAs (44,45). In this regard, Zhou et al reported that 
hsa‑miR‑105 expression is decreased in gastric cancer 
cells, concomitantly with the DNA hypermethylation in 
the upstream region of the hsa‑miR‑105 promoter  (42). 
Meanwhile, hypomethylation of CpGs in the promoter of 
hsa‑miR‑105 was found to activate the expression of the 
downstream CT‑GABRA3 signaling pathway in melanoma 
cells (46). In the present study, treatment with a DNA meth‑
ylation inhibitor RG108 partially restored the expression 
levels of hsa‑miR‑105 in PTX‑resistant SKOV3/PTX or 
TOV21G/PTX cells (data not shown). Thus, deregulation of 
DNA hypermethylation in the hsa‑miR‑105 promoter may at 

least in part explain the reduced expression of hsa‑miR‑105 
in PTX‑resistant EOC cells. On the other hand, we cannot 
exclude the possibility that hsa‑miR‑105 expression is 
also subjected to a delicate control at the genetic level. In 
favor of this hypothesis, MYC and the core component of 
the NF‑κB transcription complex (namely p65) are both 
proved to be crucial upstream regulators of hsa‑miR‑105 
by directly targeting its chromatin  (47,48). Interestingly, 
by using bioinformatics, we observed that the hsa‑miR‑105 
promoter contains a potential binding site of the MTA1 
transcription factor. Given that there is an interactive 
feedback loop between MTA1 and the net transcription of 
the components of NF‑κB pathway (49), it will be of future 
interest to investigate if a MTA1/hsa‑miR‑105 axis is also 
at play in drug resistance in EOC.

By using luciferase reporter assay, site‑directed muta‑
genesis and Ago2‑mediated RNA‑immunoprecipitation, we 
further identify zinc and ring finger 2 (ZNRF2) as a direct 
target of hsa‑miR‑105 in EOC cells. ZNRF2 functions as a 
component of the amino acid sensing machinery that cali‑
brates the cell's amino acid uptake, regulates proteasomal 
ubiquitin‑dependent protein catabolic process, and governs 

Figure 6. Tumor and circulating hsa‑miR‑105 acts as a predictive biomarker for paclitaxel (PTX) chemotherapy in epithelial ovarian cancer (EOC) patients. 
(A) hsa‑miR‑105 levels were measured in PTX‑resistant EOC specimens (n=59) and PTX‑responsive EOC specimens (n=56) using real‑time RT‑qPCR. (B) ROC 
curves were plotted to evaluate the predictive power of tumor hsa‑miR‑105 for the post‑chemotherapy EOC patients. (C) Kaplan‑Meier analysis of the associa‑
tion of hsa‑miR‑105 expression and overall survival of patients receiving PTX‑based chemotherapy. (D) hsa‑miR‑105 levels were measured in serum samples 
from different patients using real‑time RT‑qPCR. (E) A contingency plot showing the distribution of PTX‑responsive EOC and PTX‑resistant EOC patients 
with the indicated circulating miRNA levels. The correlation was examined by Chi‑square test. (F) ROC curves were plotted to evaluate the predictive power 
of circulating hsa‑miR‑105 for the post‑chemotherapy EOC patients. ROC, receiver operating curve; AUC, area under the ROC curve; CI, confidence interval.
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cell fate (50). Recent advances in this field point out two 
characteristics regarding the roles of ZNRF2 in tumor 
biology. First, ZNRF2 is tightly associated with mammalian 
target of rapamycin (mTOR) signaling. ZNRF2 promotes 
amino acid‑stimulated mTORC1 translocation to lysosomes 
to activate mTOR signaling (51). Given that mTORC1 and 
its downstream mRNA translation effectors protect cells 
against genotoxic DNA damage (52), it is therefore a logical 
observation that ZNRF2 is involved in the pathogenesis of 
paclitaxel resistance in EOC. Moreover, ZNRF2 expression is 
tightly regulated at the posttranscriptional level by miRNAs. 
For example, miR‑100 suppresses human osteosarcoma cell 
proliferation and chemoresistance by directly targeting 
ZNRF2  (37). Similarly, miR‑153‑3p targets ZNRF2 to 
modulate tumorigenesis of papillary thyroid cancer (53). In 
our study, stable depletion of ZNRF2 expression enhanced 
the ability of PTX to decrease colony formation efficiency 
and to increase apoptosis in the presence of hsa‑miR‑105 
inhibition in both SKOV3 and TOV21G cells. These find‑
ings lend functional support to the notion that ZNRF2 may 
serve as a main downstream target of hsa‑miR‑105 during 
the pathogenesis of paclitaxel resistance. Additionally, our 
in vivo assays have important therapeutic implications for 
EOC treatment, since restoration of the hsa‑miR‑105 expres‑
sion in situ by intratumoral injection of micrONTM agomir 
significantly potentiated sensitivity to PTX and inhibited 
tumor growth. Thus, replenishment of hsa‑miR‑105 expres‑
sion may contribute to chemotherapeutic sensitization as an 
alternative approach for EOC treatment.

The importance of the hsa‑miR‑105 pathway in the patho‑
genesis of chemoresistance in EOC was further attested by 
our in vitro studies, using combined paclitaxel and cisplatin 
treatment in SKOV3 and OVCAR8 cells that were deprived of 
hsa‑miR‑105 expression. Apparently, ablation of the endoge‑
nous hsa‑miR‑105 potentiated collateral resistance to cisplatin 
and paclitaxel in ovarian cancer cells (Fig. S2). In patients with 
cisplatin‑resistant EOC, single chemotherapeutic agent (such 
as paclitaxel) has been shown to produce an objective response 
rate of less than 30%. It is currently unclear how this collateral 
resistance occurs (54). To this end, our results suggest that 
acquired cisplatin resistance and acquired paclitaxel resistance 
may share a common pathogenic mechanism (e.g. regulation 
by miRNAs). Thus, further elucidating the molecular basis of 
hsa‑miR‑105 should provide valuable insights into therapeutic 
strategies for EOC patients.

Admittedly, a limitation of our study is that, due to the complex 
nature of this area, the exact mechanism underlying paclitaxel 
resistance cannot be elucidated by one single miRNA. Moreover, 
while our expression analyses focused on hsa‑miR‑105, we 
cannot rule out the potential involvement of additional miRNAs 
in the cancerous control of ZNRF2 expression, as our in silico 
analyses also highlighted other miRNAs with the ability to bind 
directly to the ZNRF2 gene. In this context, the future lines of 
research should be focused on investigating how differential 
miRNAs in EOC concordantly build regulatory networks that 
control different cellular responses to paclitaxel.

To summarize, in this study, we report that hsa‑miR‑105 
expression levels were significantly decreased in PTX‑resistant 
EOC tissues and cells. hsa‑miR‑105 regulates the chemosen‑
sitivity to PTX by directly targeting the ZNRF2 signaling 

pathway. Considering that hsa‑miR‑105 is a validated circu‑
lating miRNA (19), and that patients with lower levels of 
serum hsa‑miR‑105 tend to exhibit a poorer survival following 
PTX‑based chemotherapy (present study), testing patients for 
hsa‑miR‑105 expression may provide more accurate prognostic 
information and could influence the recommended course of 
PTX treatment.
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