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A novel homeostatic loop of sorcin drives paclitaxel-resistance
and malignant progression via Smad4/ZEB1/miR-142-5p in

human ovarian cancer
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The primary chemotherapy of ovarian cancer (OC) often acquires chemoresistance. Sorcin (SRI), a soluble resistance-related
calcium-binding protein, has been reported to be an oncogenic protein in cancer. However, the molecular mechanisms of SRI
regulation and the role and aberrant expression of SRl in chemoresistant OC remain unclear. Here, we identified SRl as a key driver
of paclitaxel (PTX)-resistance and explored its regulatory mechanism. Using transcriptome profiles, qRT-PCR, proteomics, Western
blot, immunohistochemistry, and bioinformatics analyses, we found that SRl was overexpressed in PTX-resistant OC cells and the
overexpression of SRl was related to the poor prognosis of patients. SRl was a key molecule required for growth, migration, and
PTX-resistance in vitro and in vivo and was involved in epithelial-mesenchymal transition (EMT) and stemness. Mechanistic studies
showed that miR-142-5p directly bound to the 3-UTR of SRI to suppress its expression, whereas a transcription factor zinc-finger
E-box binding homeobox 1 (ZEB1) inhibited the transcription of miR-142-5p by directly binding to the E-box fragment in the miR-
142 promoter region. Furthermore, ZEB1 was negatively regulated by SRI which physically interacted with Smad4 to block its
translocation from the cytosol to the nucleus. Taken together, our findings unveil a novel homeostatic loop of SRI that drives the
PTX-resistance and malignant progression via Smad4/ZEB1/miR-142-5p in human OC. Targeting this SRI/Smad4/ZEB1/miR-142-5p

loop may reverse the PTX-resistance.

Oncogene (2021) 40:4906-4918; https://doi.org/10.1038/s41388-021-01891-6

INTRODUCTION
Ovarian cancer (OC) is ranked the most leading cause of
gynecological cancer death worldwide [1]. Over the last 3 decades,
the long-term survival rate has undergone little improvement in
patients with advanced-stage OC. The 5-year cause-specific survival
rate is about 20-41% [2]. The recommended treatment for patients
with advanced OC is debulking surgery followed by platinum/
taxane-based chemotherapy [3]. The majority of the patients have
an initial response to chemotherapy, e.g. cisplatin and paclitaxel
(PTX). A randomized phase Il trial showed that compared with
intravenous PTX plus cisplatin, intravenous PTX plus intraperitoneal
cisplatin-PTX improves survival in patients with optimally debulked
stage Il OC [4] and weekly PTX is highly active [5]. However, a
substantial proportion of patients eventually develop chemoresis-
tance and relapse [6, 7], which represents the main obstacle to the
treatment of advanced OC. Therefore, a better understanding of the
mechanisms and exploring the clinically applicable biomarkers of
chemoresistance are required to retrieve the chemosensitivity in OC
patients. To define such chemo-biomarkers, we cloned PTX-resistant
cells and performed microarrays (Accession #GSE168927; https:/
www.ncbi.nlm.nih.govy/).

One candidate of chemo-biomarkers is sorcin (SRI), an oncogenic
protein in various cancers [8-11], which is involved in chemoresis-
tance by binding to chemo-drugs with different affinity [12]. SRl is a

22-kDa soluble resistance-related calcium-binding protein that
belongs to the penta-EF hand (PEF) family containing multiple E-F
hand domains [13]. The SRl gene is located in chromosome 7g21
where a well-known multi-drug resistant gene 1 (MDR1, its protein
name known as ATP binding cassette B1, ABCB1, P-glycoprotein,
P-gp) is lodged [14] and is found to maintain the calcium
homeostasis in cells, to inhibit endoplasmic reticulum stress, and
to regulate vesicle trafficking [15, 16]. However, the role and
molecular mechanisms of SRI in PTX-resistant OC remain unclear.
miRNA (miR) is one of the factors in OC chemoresistance [17].

The aberrant expression and dysfunction of miRNA are often
found in patients with chemoresistance [18]. Our preliminary analysis
predicts that SRl is a target of miR-142-5p, whereas miR-142-5p has
been reported to be acting as an oncogenic miRNA to promote the
progression of breast cancer and colorectal cancer [19, 20]. Never-
theless, the functional role and the mechanisms of miR-142-5p in
PTX-resistant OC have not been investigated and may be mediated
by multiple surrounding factors. Evidence has shown that epithelial-
mesenchymal transition (EMT) contributes to invasion, chemoresis-
tance, and stem-like phenotype in various types of cancer [21]. Zinc
finger E-box binding homeobox 1 (ZEB1), a core EMT-transcription
factor, endows cancer cells with a mesenchymal-like and stem-like
phenotype and correlates with poor clinical outcomes in human
cancers [22]. ZEB1 is a transcriptional factor that regulates target
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Fig. 1 Expression of sorcin (SRI) in PTX-resistant ovarian cancer. A Heatmap showed the top ten upregulated and downregulated mRNAs in
paclitaxel-resistant OV3R-PTX cells compared with paclitaxel-sensitive OVCAR-3 cells by a cutoff value of more than 2-fold. B Top ten
upregulated mRNAs in the microarray were confirmed by qRT-PCR. ***, p < 0.001. C Analysis of the top 50 upregulated mRNAs and proteins
from transcriptomes and proteomics. SRl and MDR1 were overexpressed both at mRNA and protein levels in OV3R-PTX cells. D SRI protein
expression in OVCAR-3 and OV3R-PTX cells detected by Western blot. E SRI protein expression in SKOV-3 and SK3R-PTX cells detected by
Western blot. F Immunofluorescence staining of SRI in OVCAR-3 and OV3R-PTX cells. G Immunofluorescence staining of SRI in SKOV3 and
SK3R-PTX cells. H Representative images of SRl protein expression in primary ovarian cancer and non-tumorous ovarian tissue by
immunohistochemistry. Original magnification, x20. I Comparison of SRI protein expression between non-tumorous ovarian tissues (n =9)
and OC tissues (n = 20). J Comparison of SR mRNA expression between chemotherapy-sensitive (n = 16) and chemotherapy-resistant (n = 12)
ovarian serous carcinoma. K Kaplan-Meier analysis of the overall survival of OC patients associated with SRI expression. L Kaplan-Meier
analysis of the progression-free survival of OC patients associated with SRI expression.

mass spectrometry of cell lysates showed only SRI and ABCB1
(MDR1) overexpression at both mRNA and protein levels in OV3R-
PTX cells compared with OVCAR-3 cells (Fig. 1C and Supplemen-
tary Table S1), indicating that SRI was co-amplified with ABCB1.
Next, we focused on SRl since little is known about SRI in PTX-
resistant OC. The expression of SRI mRNA and protein was higher
in OC cells compared to normal ovarian surface epithelial cells

genes including miRNA [23]. However, studies concerning ZEB1-
related chemoresistance in OC are limited. Here, we identified and
explored for the first time that SRl acts as a key driver that controls
malignant progression and PTX-resistance via a Smad4/ZEB1/miR-
142-5p homeostatic loop in OC.

RESULTS

Sorcin is overexpressed in PTX-resistant OC related to the

poor prognosis

Transcriptome microarray showed the top ten upregulated and
downregulated mRNAs in OV3R-PTX cells compared with OVCAR-3
cells by a cutoff value of more than 2-fold (Fig. 1A), which were
confirmed by a gRT-PCR (Fig. 1B and Fig. S1A). Further analyses of
the top 50 upregulated genes and proteins in transcriptomes and
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(HOSEpiC) detected by gRT-PCR and Western blot, respectively
(Fig. S1B and S1Q). Further, we found that the expression of SRI
protein was much higher in PTX-resistant cells (OV3R-PTX and
SK3R-PTX) compared with PTX-sensitive cells (OVCAR-3 and SKOV-
3) detected by Western blot (Fig. 1D, E) and IF (Fig. 1F, G). Indeed,
SRI was overexpressed in human OC tissues compared with non-
tumor ovarian tissues detected by IHC (Fig. TH). Semi-quantitative
analysis of IHC showed that the level of SRI protein expression was
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higher in OC tissue than in non-tumor tissue (p < 0.0001; Fig. 11).
Public dataset mining further displayed that there was a trend in
SRI appearing higher in chemoresistant tumors as compared to
sensitive ones (p = 0.06; Fig. 1J). Furthermore, OC patients with a
high SRI expression had a worse overall survival and progression-
free survival (Fig. 1K, L).
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Sorcin promotes OC cell proliferation, migration, invasion,
and EMT

To elucidate the biological function of SRl in OC, three SRI-specific
siRNAs were designed to silence SRI expression. The efficiency of
SRI knockdown was shown in (Fig. S2A). The sequence for the
best knockdown of SRI expression was selected to generate the
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Fig. 2 Effect of sorcin (SRI) on cell proliferation, migration, invasion, and EMT. A SRI protein expression in OV3R-PTX cells after Sh-sorcin
infection detected by Western blot. B SRI protein expression in OVCAR-3 cells after SRI plasmid transfection detected by Western blot. C OV3R-
PTX cell proliferation after Si-Sorcin infection detected by the CCK8 assay. D OVCAR-3 cell proliferation after SRI plasmid transfection detected
by the CCK8 assay. e Cell cycle detection in OV3R-PTX cells after Sh-Sorcin infection by flow cytometry. The histograms show the percentage
of the cell population in each phase. F Expression of CyclinB1, CyclinD1, and CyclinE1 in Sh-sorcin-infected OV3R-PTX cells detected by
Western blot. G Migration and invasion of OV3R-PTX cell after Sh-Sorcin infection for 48 h. H Migration and invasion of OVCAR-3 cell after SRI
plasmid transfection for 48 h. Scale bar, 100 um. I Representative images of multicellular tumor spheroids with SRI overexpression in OVCAR-3
cells. Pictures were taken by phase-contrast microscopy every 3 days started from day 1. Original magnification, x100. J Quantitative analysis
of spheroid diameter from (i) (n = 3 independent experiments). K Expression of EMT marker N-cadherin, Claudin-1, ZO-1, and E-cadherin in Sh-
Sorcin infected OV3R-PTX cells detected by Western blot. L Expression of N-cadherin, Claudin-1, ZO-1, and E-cadherin in SRI plasmid

:ransfected OVCAR-3 cells detected by Western blot. NC, negative control; *, p < 0.05; **, p < 0.01; ***, p <0.001.

SRI-shRNA and an SRIl-overexpressing plasmid. The knockdown
and overexpression of SRI in OV3R-PTX and OVCAR-3 cells,
respectively, were confirmed by Western blot (Fig. 2A, B). The
knockdown and overexpression of SRI significantly decreased and
increased proliferation in PTX-resistant cells (OV3R-PTX and SK3R-
PTX) and PTX-sensitive cells (OVCAR-3 and SK-OV-3), respectively
(Fig. 2C, D; Fig. S2B and S2Q). The flow cytometry analysis showed
that the knockdown of SRI arrested the OV3R-PTX cell cycle at the
G1 phase (Fig. 2E). Western blot also showed a decrease in the
expression of G1 phase-related cyclins (Cyclin D1 and Cyclin E1)
but not the Cyclin B1 after SRI knockdown (Fig. 2F). The
knockdown of SRI resulted in a decrease in cell migration and
invasion in OV3R-PTX and SK3R-PTX cells (Fig. 2G and Fig. S3A),
whereas the overexpression of SRI resulted in an increase in cell
migration and invasion in OVCAR-3 and SKOV-3 cells (Fig. 2H and
Fig. S3B). Further studies using a three-dimensional cell culture
system showed that the knockdown and overexpression of SRI
decreased and increased the size of a tumor spheroid in OV3R-PTX
and OVCAR-3 cells, respectively (Fig. S3C and S3D; Fig. 2l and J).
Intriguingly, GSEA and cell morphology analyses revealed that SRI
participated in the establishment of cell polarity and EMT (Fig. S4A
and S4B). The expression of N-cadherin was decreased, whereas
Claudin-1, ZO-1, and E-cadherin levels were increased, after SRI-
shRNA infection in OV3R-PTX cells (Fig. 2K) and an opposite effect
was observed after overexpression of SRl in OVCAR-3 cells (Fig. 2L).
Furthermore, IF staining with E-cadherin and N-cadherin con-
firmed the above results (Fig. S4C and S4D).

Sorcin is involved in stemness, tumor growth, and metastasis
The knockdown of SRI expression effectively increased the
sensitivity or decreased the resistance of OV3R-PTX cells to PTX,
while overexpression of SRI significantly decreased the sensitivity
or increased the resistance of OVCAR-3 cell to PTX, in dose-
dependent (Fig. 3A) and time-course assays (Fig. 3B). In colony
formation assay, knockdown of SRl expression decreased the
capacity of colony formation in OV3R-PTX cells with or without
5uM PTX treatment and increased PTX sensitivity, while over-
expression of SRI had an opposite effect in OVCAR-3 cells (Fig. 3C,
D).

Since cancer stem cells (CSCs) were believed to be the main
drivers of tumorigenesis, recurrence, chemoresistance, and
metastasis, we performed the GSEA analysis by using data from
our transcriptome microarray (Accession #GSE168927). Significant
enrichment of genes in the regulation of stem cell differentiation
was associated with different expression levels of SRI (Fig. S5A).
The spheroid formation showed that the downregulation of SRI
inhibited the ability of sphere formation in two OC cell lines (Fig.
3E). IF staining confirmed the decrease of stemness by the
detection of CD44 expression after SRI knockdown (Fig. 3F), which
was further validated by Western blot for stemness markers
CD133, CD44, and SOX2 (Fig. 3G), indicating that SRI affects OC
stemness.

The in vivo studies of the tumor xenograft and metastatic
models were applied. The knockdown of SRI significantly
inhibited the abdomen tumor foci and reduced peritoneal

Oncogene (2021) 40:4906 -4918

metastatic nodules, but which were not affected by PTX
treatment (Fig. 3H, I). Next, the tumor xenograft assay showed
that tumor size was significantly smaller by reducing the tumor
weight and volume in SRI-shRNA-infected OV3R-PTX cells after
PTX treatment (Fig. 3J-L).

Sorcin is negatively regulated by miR-142-5p

Using the miRWalk1.0 database, we found that miR-142-5p and
miR-147a were the most likely candidates for SRI by 7 out of 8
miRNA-associated prediction programs (Fig. 4a). A high level of SRI
mRNA was observed in SK3R-PTX cells compared with SK-OV-3
cells (Fig. 4B), whereas the low levels of miR-142-5p and miR-147a
expression were observed in SK3R-PTX compared with SK-OV-3
cells by gRT-PCR (Fig. 4C, D). Since miR-142-5p had more efficiency
than miR-147a to decrease the expression of Sorcin, we chose
miR-142-5p in the following studies. Further analysis showed that
primary miR-142 expression was lower in two chemoresistant cells
(OV3R-PTX and SK3R-PTX) than their counterpart sensitive cells
(Fig. 4E, F). The transfection of miR-142-5p mimics significantly
inhibited SRI expression in both OV3R-PTX and SK3R-PTX cells (Fig.
4G, H). To determine whether miR-142-5p directly binds to the 3~
UTR of SRI, we constructed a wild-type (SRI-3UTR-wt) and a
mutated (SRI-3UTR-mut) SRI 3-UTR plasmids. Ectopic expression of
miR-142-5p dramatically decreased the luciferase activity, whereas
the inhibition of miR-142-5p by its inhibitor increased the
luciferase activity in the cells expressing SRI-3UTR-wt plasmids
(Fig. 4l). However, miR-142-5p mimics or inhibitors no longer
influenced the luciferase activity in the presence of the mutant
plasmids. Furthermore, the Kaplan-Meyer analysis showed that
low expression of miR-142 resulted in a worse overall survival of
patients with OC (Fig. 4J).

miR-142-5p affects cellular behavior that is partially abolished
by sorcin

The effect of miR-142-5p on SK3R-PTX cell proliferation was
detected by the CCK-8 assay. miR-142-5p mimic significantly
decreased, whereas the miR-142-5p inhibitor increased, cell
proliferation in a time-course manner (Fig. 5A). Flow cytometry
analysis revealed that miR-142-5p mimics arrested the cell cycle
at the S phase (Fig. S5B). Transfection of miR-142-5p mimics
significantly reduced the ability of colony formation; however,
this inhibitory effect was partially reversed upon co-transfection
with the SRI-overexpressing plasmid (Fig. 5B). Transwell assays
showed that miR-142-5p mimics inhibited cell migration and
invasion, which were partially reversed after transfection with
the SRI-overexpressing plasmid (Fig. 5C). An opposite effect was
observed in the presence of miR-142-5p inhibitor and SRI-siRNA
(Fig. 5D). Flow cytometry revealed that SRI-siRNA induced
apoptosis and more apoptotic cells were observed after PTX
treatment, whereas overexpression of SRl had the opposite
effect (Fig. S6A and S6B). SRI-siRNA-induced apoptosis was
confirmed by the detection of apoptotic protein cleaved-
caspase 3 after 1uM PTX treatment (Fig. S6C). Interestingly,
miR-142-5p mimics induced cell apoptosis, which was abolished
in the SRI-overexpressing cells, and even in the presence of 2 uM
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PTX (Fig. 5E). These results were further confirmed by the
detection of cleaved-PARP and cleaved-caspase 3 after the
treatment of miR-142-5p mimics and PTX, which was partially
blocked in SRl-overexpressing cells (Fig. 5F). These results
indicate that PTX and miR-142-5p were synergized in promoting
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PTX-resistant cell apoptosis. Furthermore, cell viability assays
showed that miR-142-5p mimics increased the sensitivity of PTX
in resistance cells, while overexpression of SRl blocked this
effect in a dose-dependent manner (Fig. 5G). These data indicate
that SRl is a downstream molecule of miR-142-5p.
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Fig. 3 Effect of sorcin (SRI) on paclitaxel sensitivity, stemness, and metastasis in vitro and in vivo. A Cell viability of OV3R-PTX after SRI
knockdown and OVCAR-3 after SRI overexpression in the presence of different doses of PTX for 2 days detected by the CCK-8 assay. B Cell
viability of OV3R-PTX after SRl knockdown in the presence of 5 uM PTX and OVCAR-3 after SRI overexpression in the presence of 0.01 pM PTX
for different days detected by the CCK-8 assay. C Colony formation of SRI-shRNA-infected OV3R-PTX cells with or without 5 pM PTX treatment
and SRI plasmid-transfected OVCAR-3 cells with or without 0.01 uM PTX treatment. D Quantification of colony formation assays in (C).
E Spheroid formation of OC cells after SRI-shRNA infection for 14 days. Original magnification, x40; scale bar, 500 pm. F Immunofluorescence
staining of CD44 in SRI-shRNA infected OVCAR-3 cells. Original magnification, x200; scale bar, 100 um. G Expression of CD133, CD44, SOX2,
and sorcin expression in OVCAR-3 cells after sorcin knockdown detected by Western blot. H Representative images of the abdomen
metastatic foci in nude mice after intraperitoneally injected with NC or Sh-Sorcin-infected OV3R-PTX cells in the presence or absence of PTX.
I Number of metastatic nodes (n = 5/group). J Xenograft tumor formation in nude mice. NC or Sh-Sorcin-infected OV3R-PTX cells were
subcutaneously implanted in the presence or absence of PTX (n = 5/group). K Measurement of tumor weight from (J). L Measurement of
tumor size from (J). NC negative control; ¥, p < 0.05; **, p < 0.01; ***, p < 0.001.

ZEB1 represses miR-142-5p expression to mediate sorcin
expression

To explore the underlying mechanism responsible for miR-142-5p
expression in PTX-resistant OC cells, we searched the UCSC
Genome Browser database combining with the JASPAR database
to identify transcription factors that would bind to the miR-142-5p
promoter region (2 kb upstream of the transcriptional start site)
(Fig. S7A). ZEB1, one of the transcription factors found for miR-
142-5p, was overexpressed in our two PTX-resistant cells (OV3R-
PTX and SK3R-PTX) (Fig. 6A). The knockdown of ZEB1 increased
pri-miR-142 expression in OV3R-PTX and SK3R-PTX (Fig. 6B, C).
ZEB1 is a member of the zinc finger-type transcription factors and
can bind to the promoter DNA of a gene containing CACCTG or
CAGGTG (E-box)) and CAGGTA (Z-box) binding motifs [24]. miR-
142 promoter regions without or with 1-3 ZEB1-binding sites were
then cloned into the pGL4 vector to generate four expressing
plasmids, including a full promoter region pGL4-P2000 (-2000/-1
upstream sequence) and three truncated promoter regions
(P1861, P1358, and P1146) (Fig. 6D). Using a ChIP-gPCR assay,
we found that ZEB1 bound to the E-box1 and E-box2 sites of miR-
142 in OV3R-PTX and SK3R-PTX cells (Fig. 6E, F). Negative control
of ChIP-qPCR assay was shown in Fig. S7B. Furthermore, the dual-
luciferase assay showed that silencing ZEB1 by ZEB1-siRNA
increased the luciferase activity in the presence of P2000 and
P1861, whereas no activity was observed in the presence of P1358
and P1146 in OV3R-PTX and SK3R-PTX (Fig. 6G, H). Next, we
confirmed ZEB1 directly binding to miR-142-5p to regulate SRI
expression. Silencing ZEB1 resulted in a decrease of SRI expression
which was partially abolished by miR-142-5p inhibitor in OV3R-
PTX and SK3R-PTX (Fig. 6l, J), whereas overexpression of ZEB1
increased SRI expression which was partially abolished by miR-
142-5p mimics in OV3R-PTX and SK3R-PTX (Fig. 6K, L). The positive
correlation between ZEB1 and SRI was further confirmed in the
GSE51373 dataset using bioinformatics analysis (Fig. 6M). Further-
more, the expression of ZEB1 was higher in chemoresistant
patients than chemosensitive patients with OC in the GSE51373
dataset (Fig. 6N). Finally, the Kaplan-Meyer analysis revealed that
OC patients with high ZEB expression had a worse overall survival
and progression-free survival (Fig. 60, P).

Sorcin interacts with Smad4 and regulates ZEB1 expression

Silencing SRI increased, whereas overexpressing SRI decreased,
ZEB1 expression at mRNA and protein levels (Fig. 7A, B). By
analyzing data from our transcriptome microarray using the GSEA,
we found that the level of SRI expression was negatively
correlated with genes response to transforming growth factor-3
(TGF-B) (Fig. 7C). Indeed, phospho-Smad2 (P-Smad2) and Smad4
negatively correlated with SRI expression in chemosensitive and
chemoresistant OC cells. High levels of SRI expression with low
levels of P-Smad2 and Smad4 were found in OV3R-PTX and SK3R-
PTX cells compared to their counterpart sensitive cells (Fig. S8A).
The low level of Smad4 was further confirmed in chemoresistant
OC patients from the GSE51373 dataset (Fig. S8B). Interestingly,
knockdown of SRI resulted in the nuclear accumulation of Smad4
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detected by immunofluorescence staining (Fig. 7D). Knockdown of
SRl slightly increased P-Smad2 in the cytosolic fraction and Smad2
and Smad4 in the nuclear fraction of SK3R-PTX cells (Fig. 7E), In
contrast, overexpression of SRl decreased P-Smad2 in the cytosolic
fraction and reduced Smad2 and Smad4 in the nuclear fraction of
OVCAR-3 cells (Fig. 7F). Co-immunoprecipitation demonstrated
that SRI physically interacted with Smad4/2 in chemoresistant
OV3R-PTX and SK3R-PTX cells though the signals in co-IP were
weak than input ones (Fig. 7G, H), indicating that the interaction of
SRI with Smad complex might be weak and/or transient. Upon
TGF-B1 stimulation, the co-localization of SRl and Smad4 in the
cytosol and the nuclear translocation of Smad4 in OV3R-PTX and
SK3R-PTX cells were observed by confocal microscopy (Fig. 7l and
Fig. S8C). Furthermore, TGF-B1 increased ZEB1 expression,
whereas knockdown of Smad4 by Smad4-siRNA decreased ZEB1
expression and partially abolished the effect of TGF-B1 on ZEB1
expression in two PTX-resistant cell lines (Fig. 7J, K). The
phosphorylation of Smad2 was induced upon TGF-f31 treatment,
indicating that the TGF-B/Smad signaling pathway was intact in
these cells.

DISCUSSION

The current study demonstrated that SRl as a PTX resistance-
related factor was upregulated in OC and was correlated with the
overall survival of patients with OC. Overexpressed SRl modulated
biological behavior and stem-like cell phenotype in OC cells.
Mechanistically, SRI was found to be a direct target of miR-142-5p
that mediated proliferation, migration, invasion, EMT, apoptosis,
and PTX sensitivity. miR-142-5p was transcriptionally repressed by
a transcription factor ZEB1 which was mediated by SRI and the
TGF-B signaling pathway.

Our previous study has shown that OC cell stemness properties
are associated with PTX-resistance [25]. Studies from other groups
have shown that SRl is a chemoresistance-related protein over-
expressed in lung, breast, gastric, and colorectal cancer cell lines,
etc [10, 11, 26-28]. Although a previous study showed the
transfection of full-length SRI ¢cDNA inducing PTX resistance in
ovarian and breast cancer cells [29], the interpretation of
observation is not clear. The current demonstrated that SRI was
indeed a PTX-resistant protein and could regulate the cancer stem
cell-like characteristics of OC cells. Silencing SRI resulted in a
decrease in the cancer stem cell markers CD133, CD44, and SOX2.
Accumulating evidence indicates that the chemoresistant tumor
cells are closely related to cancer stem cells [30, 31], suggesting
that cancer stem cells are believed to be the main cause of
tumorigenesis, recurrence, and chemoresistance in OC.

It has been shown that SRl can reduce cancer stem cell
subpopulation and acts as an oncoprotein to regulate EMT in
breast cancer [8]. EMT has been strongly associated with
chemoresistance and the acquisition of drug resistance, in turn,
promotes the abnormal activation of tumor cells [30, 32]. The
present study unveiled the promotion of EMT by SRI in OC cells,
indicating that SRI may be associated with the malignant
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progression and development of OC that may affect OC patient
outcomes. Indeed, our Kaplan-Meier survival analysis found the
high expression of SRI correlated with a worse clinical prognosis in
patients with OC. Because resistant cancer cells gradually lose
their ability to undergo programmed cell death leading to
uncontrolled proliferation [33] and because the knockdown of
SRl combined with PTX treatment increased cell apoptosis and
reduced colony formation in the current study, we speculate that
target SRl may reverse the PTX-resistance and regain the
sensitivity of OC patients to PTX.

Most notable in the current mechanistic study is that SRl was
suppressed by miR-142-5p which was downregulated in OC
patients. miR-142-5p directly bound to the 3-UTR of SR,

SPRINGER NATURE

suggesting that SRl was essential for miR-142-5p-induced
migration, invasion, apoptosis, colonization abilities, and PTX
resistance in OC cells. Our study further demonstrated that ZEB1
transcriptionally inhibited miR-142-5p expression by directly
binding to the E-box fragment in the miR-142 promoter region.
It has been reported that transcription factors act as drivers of
cancer initiation and progression [34]. The initiation of
metastasis requires EMT which is mediated by several transcrip-
tion factors, including ZEB1. Aberrant expression of ZEB1 has
been reported to be involved in chemoresistance in several
types of cancer, including lung, breast, prostate, and liver
cancers [35-38]. Here, we demonstrated that ZEB1 was
upregulated in PTX-resistant OC cells and chemoresistant
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patients and was positively correlated with SRI expression.
Furthermore, bioinformatics analyses of the public database
showed that ZEB1 expression was inversely correlated with
survival outcomes. Indeed, ZEB1 can induce EMT-activation and
stemness by directly inhibiting several miRNAs and thereby
form a feedback loop in mediating tumor development [39].

Oncogene (2021) 40:4906 -4918

Our mechanistic studies indicated that the ZEB1/miR142-5p/

Sorcin axis might exist.

A previous study reported that TGF-B can induce the
mesenchymal phenotype, stabilize a stem cell-like state, and
promote anticancer drug resistance in mammary epithelial and
carcinoma cells [40]. It has been shown that the expression of
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EMT-related transcription factors is activated either through a
directly Smad-dependent mechanism or indirect activation of
other transcription factors upon TGF-f3 treatment [41]. Indeed,
TGF-B-induced EMT via a transcription factor ZEB1 is complex.
ZEB1 is a downstream molecule of TGF-$ and is necessary, but
not sufficient, for TGF-B-induced EMT [42]. ZEB1 can interact
with Smads and form EMT-promoting Smad complexes (EPSC) to
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both repress epithelial genes and activate mesenchymal genes
[43]. On the other hand, the loss of Smad4 (a transducer of TGF-
(3 signaling) promotes cancer progression and induces EMT [44].
In the current study, we observed that SRI physically interacting
with Smad4 and blocked Smad4 nuclear translocation, indicat-
ing that SRl-induced EMT may be via the Smad4 pathway.
Furthermore, ZEB1 expression was suppressed and regulated by
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Fig. 6 Regulation of ZEB1 on miR-142-5p expression. A ZEB1 protein expression in OVCAR-3, OV3R-PTX, SKOV-3, and SK3R-PTX cells
detected by Western blot. B Expression of Pri-miR-142 in the negative control (NC)-siRNA or ZEB1-siRNA-transfected OV3R-PTX cells by gRT-
PCR. C Expression of Pri-miR-142 in NC or ZEB1-siRNA-transfected SK3R-PTX cells by qRT-PCR. D Schematic illustrations of 4 constructs: a full
promoter region pGL4-P2000 and three truncated promoter regions pGL4-P1861, pGL4-P1358, and pGL4-P1146. E ChIP-qPCR assay for ZEB1
binding to the miR-142 promoter in OV3R-PTX cells. F ChIP-qPCR assay for ZEB1 binding to the miR-142 promoter in SK3R-PTX cells. G
Luciferase activities of different miR-142 promoter-reporter constructs with co-transfection of ZEB1-siRNA or NC in OV3R-PTX cells. H
Luciferase activities of different miR-142 promoter-reporter constructs with co-transfection of ZEB1-siRNA or NC in SK3R-PTX cells. I Sorcin
expression in OV3R-PTX cells after transfection of NC, ZEB1-siRNA, or miR-142-5p inhibitor plus ZEB1-siRNA detected by Western blot. J Sorcin
expression in SK3R-PTX cells after transfection of NC, ZEB1-siRNA, or miR-142-5p inhibitor plus ZEB1-siRNA detected by Western blot. K Sorcin
expression in OV3R-PTX cells after transfection of pcDNA3.1 vector, ZEB1-overexpressing plasmid, or miR-142-5p mimics plus ZEB1-
overexpressing plasmid detected by Western blot. L Sorcin expression in SK3R-PTX cells after transfection of pcDNA3.1 vector, ZEB1-
overexpressing plasmid, or miR-142-5p mimics plus ZEB1-overexpressing plasmid detected by Western blot. M Correlation analysis of SRI and
ZEB1 mRNA expression in the GSE51373 dataset. N Comparison of ZEB1T mRNA expression between chemotherapy-sensitive (n = 12) and
chemotherapy-resistant (n = 16) ovarian serous carcinoma from the GSE51373 dataset. O Kaplan—-Meier analysis of the overall survival of OC
patients associated with ZEB1 expression. P Kaplan-Meier analysis of the progression-free survival of OC patients associated with ZEB1

2xpression. *, p <0.05; **, p<0.01; *** p<0.001.

SRI, suggesting that there is a feedback loop of SRI/Smad4/ZEB1/
miR-142-5p.

The current study may endorse an alternative way for the
treatment of OC patients with PTX-resistance. The dysregulation of
the SRI/Smad4/ZEB1/miR-142-5p loop leads to PTX-resistance and
the intervention of this axis may be a good therapeutic strategy.
The previous report shows that SRI has a possible prognostic value
in childhood lymphoblastic leukemia [45], while inactivation of
Smad4 results in drug resistance in colon cancer [44]. Targeting
SRI by a miRNA has also been reported. For instance, miR-1
inhibits SRI expression in gastric cancer [9]. Some groups show
that natural compounds such as dihydromyricetin and triptolide
can be able to reverse drug resistance by decreasing SRI
expression in vitro [46, 47], indicating that SRI is most likely a
good targeting candidate to reverse or prevent chemoresistance.
Our study also showed for the first time that miR-142-5p affected
PTX-resistance and cellular behavior partially through regulating
SRI expression, suggesting that miR-142-5p mimic may have a
potential application in OC treatment. Indeed, the therapeutic
potential of miR-142-5p for gefitinib resistance in lung cancer cells
is reported [48]. The current work indicated that ZEB1 functions as
a transcription factor of miR-142-5p, while data from another
group indicated that ZEB1 is involved in PTX-resistance in prostate
cancer [49]. Thus, based on these studies, we propose a
therapeutic strategy by targeting this loop in OC.

In summary, SRl is overexpressed in PTX-resistant OC cells and
is related to the poor prognosis of patients, acting as a PTX-
resistant protein involved in cell proliferation, EMT, stemness,
and PTX-resistance. miR-142-5p directly binds to the 3-UTR of
SRI to suppress its expression, whereas ZEB1 inhibits the
transcription of miR-142-5p by blocking its promotor E-box
binding sites. ZEB1 is negatively regulated by SRl which
transiently interacts with the Smad4 complex to block its
translocation from the cytosol to the nucleus (Fig. 7I). Our
findings unveil a novel homeostatic loop of SRI that drives the
PTX-resistance and malignant progression via Smad4/ZEB1/miR-
142-5p in human OC. Targeting this SRI/Smad4/ZEB1/miR-142-
5p loop may reverse the PTX-resistance.

MATERIALS AND METHODS

Cell lines and cell culture

The human OC cell lines (OVCAR-3, SK-OV-3, Caov-3, A2780, ES-2) and non-
tumorous human ovarian surface epithelial cells (HOSEpiC) have been
described previously [50]. PTX-resistant OVCAR-3 cells (OV3R-PTX) [25] and
SK-OV-3 cells (SK3R-PTX) were generated in our laboratory. The PTX-
resistant SK3R-PTX cells were derived from parental SK-OV-3 cells by
treating cells with the PTX regimen through a gradually increasing PTX
dose in Dulbecco’s Modified Eagle’s Medium with 10% fetal bovine serum
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(FBS) (Invitrogen, Carlsbad, CA, USA) and 1% streptomycin/penicillin
(Beyotime, Shanghai, China).

Transfection of siRNA, miRNA, and plasmid and infection of
shRNA lentivirus

Brief transfection and infection methods were provided in Supplementary
Methods. All sequences are listed in Supplementary Table S2.

Quantitative RT-PCR
Quantitative RT-PCR was performed as described previously [50]. Primer
sequences are listed in Supplementary Table S3.

Extraction of the total, cytoplasmic, and nuclear proteins and
western blot

Protein was extracted and described in Supplementary Methods. Western
blot analysis was performed as described previously [50]. All primary
antibodies are listed in Supplementary Table S4.

Immunohistochemical staining (IHC)

A total of 20 paraffin-embedded ovarian tumor tissues and 9 non-
tumorous ovarian tissues were obtained from Jinshan Hospital, Fudan
University. All patients had not received chemotherapy or radiotherapy
before surgery. Ethics approval was approved by the Ethics Committee of
Jinshan Hospital (JYLLKY-2019-01-01). IHC was performed as described
previously [50] and Supplementary Methods.

Immunofluorescence (IF) and confocal microscopy
IF and confocal microscopy were described in Supplementary Methods. All
antibodies are listed in Supplementary Table S4.

Migration, invasion, and proliferation assays

OV3R-PTX (5% 10% and SK3R-PTX (8x10% cells were suspended in a
serum-free medium and plated on the upper chamber. The bottom
chamber was supplied with a medium containing 10% FBS. After 48 h, the
migrant or invasive cells were counted as described previously [50]. Cell
proliferation was measured by Cell Counting Kit-8 (CCK-8, Dojindo
Laboratories, Kumanoto, Japan) assay.

Three-dimensional cell culture

Agar gel (1%, Sigma) was plated on a 96-well plate. SRI-shRNA-infected
cells and NC cells were seeded to each well at a density of 3000 cells/
well. The growth characteristics of spheroids were recorded every 3 days
using an inverted microscope (IX73; Olympus Corporation). The diameter
(D) of a spheroid was calculated by the formula as described previously
[51].

Spheroid formation assay
Spheroid formation assay was performed as described previously [25] and
Supplementary Methods.
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Chromatin immunoprecipitation (ChIP)-qPCR assay

ChIP was performed using the SimpleChIP® Enzymatic Chromatin IP Kit
(Cell Signaling Technology) according to the manufacturer’s protocol.
Briefly, SK3R-PTX cells were cross-linked with 1% PFA for 10 min at
room temperature and terminated with glycine. Chromatin was
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sheared by micrococcal nuclease to generate DNA fragments in
=150-900 bp. After incubation with ZEB1 antibody or control IgG (Cell
Signaling Technology) at 4 °C overnight, immunoprecipitated DNA was
eluted from antibody/protein G magnetic beads and reversal of cross-
links. The immunoprecipitated DNA was detected by gPCR. Fold
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Fig. 7 Effect of Sorcin (SRI) on ZEB1 and Smads in PTX-resistant OC cells. A ZEB1T mRNA and protein expression in SRI-shRNA-infected
OV3R-PTX cells detected by qRT-PCT and Western blot, respectively. B ZEB1T mRNA and protein expression in SRI-plasmid-transfected OVCAR-3
cells detected by qRT-PCT and Western blot. C Gene Set Enrichment Analysis (GSEA) of significant enrichment in the genes regulated by
transforming growth factor-f (TGF-p) with different expression levels of SRI. D Immunofluerensce staining of Smad4 in SK3R-PTX cells after
SRI-shRNA infection. The cells of Smad4-positive in the nucleus were counted at least in 3 fields and a percentage of Smad4-positive cells was
shown. E Detection of phospho-Smad 2, Smad2, Smad4, and SRI proteins from the cytosol and nucleus of SRI-shRNA-infected SK3R-PTX cells
by Western blot. GAPDH and Lamin B1 served as cytoplasmic and nuclear protein loading controls, respectively. F Detection of phospho-Smad
2, Smad2, Smad4, and SRI proteins from the cytosol and nucleus of SRI plasmid-transfected OVCAR-3 cells by Western blot. G Co-
immunoprecipitation of Smad4 with SRI in OV3R-PTX and SK3R-PTX cells. Smad4 was immunoprecipitated with an anti-Smad4 antibody or
IgG and analyzed by Western blot with anti-Smad4 and anti-SRI antibodies. H Co-immunoprecipitation of SRI with Smad4 and Smad2 in OV3R-
PTX and SK3R-PTX cells. SRI was immunoprecipitated with an anti-SRI antibody or IgG and analyzed by Western blot with anti-SRI and anti-
Smad4 antibodies. | Detection of Smad4 and SRI co-localization in OV3R-PTX cells in the presence or absence of 10 ng/ul TGF-f1 by confocal
microscopy. Alexa Fluor 488 (green) or Alexa Fluor 594 (red) was used to detect Smad4 and SRI, respectively. The images of Smad4 and SRI
were merged. The nucleus was stained with DAPI. J Effect of TGF-f/Smad4 on ZEB1 expression in OV3R-PTX cells. K Effect of TGF-/Smad4 on
ZEB1 expression in SK3R-PTX cells. L Schematic illustration of the regulatory mechanism of a Sorcin/Smad4/ZEB1/miR-142-5p homeostatic
loop in paclitaxel-resistant ovarian cancer cells. The dashed lines of the displayed SRl indicated that the interaction of SRl with Smad complex

might be weak and/or transient.

change was calculated based on Ct as 2 2T, where ACt=Ctp—
Ctinput and (AACt) = ACtantibody — ACtigs. The primer sequences were
listed in Supplementary Table S3.

Protein co-immunoprecipitation

Proteins were extracted by centrifugation and incubated with an anti-
Smad4 monoclonal antibody, an anti-SRI monoclonal antibody, or normal
IgG control (Beyotime) (2ug each) overnight at 4°C with rotation,
followed by the incubation of protein A+ G Agarose (Beyotime) for 6 h.
After boiling at 100 °C for 5 min, proteins were detected by SDS-PAGE
and Western blotting.

Bioinformatics analysis

The expression level of SRI was assessed by Gene Set Enrichment Analysis
(GSEA). A GSEA-4.0.0 software (http://software.broadinstitute.org/gsea/index.
jsp) on various functional gene signatures was used to analyze our microarray
profiling. A P value of <0.05 was set as the cutoff criteria. miRWalk (version
1.0; http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk/
predictedmirnagene.html) was used to predict the miRNAs targeting SRI.
The University of California Santa Cruz (UCSC) genomic database (http://
genome.ucsc.edu/) and the JASPAR database (http://jaspar.genereg.net/)
were used to predict transcriptional factor ZEB1 binding sites in the miR-142
promoter region. The Kaplan-Meier plotter (www.kmplot.com) was applied
to investigate the prognostic value of SRI, ZEB1, and miR-142 [52]. The cutoff
value for an indicated gene is set as an auto-selected best cutoff expression
level (high versus low expression). The expression data of GSE51373 for SR,
ZEB1, and Smad4 were obtained from the Gene Expression Omnibus
database (GEO, https://www.ncbi.nlm.nih.gov/geo/), which contained 12
chemotherapy-resistant and 16 chemotherapy-sensitive high-grade serous
ovarian carcinoma samples [53].

Xenograft mouse model

The study on animal subjects was approved by the Ethics Committee of
Shanghai Public Health Clinical Center. A total of 5x 10° cells in 100 yl
medium were subcutaneously injected into 5-week-old female BALB/c
nude mice (n=5/group, Shanghai Super-B&K Laboratory Animal Corp.
Ltd., Shanghai, China). PTX (20 mg/kg) was administered by inter-tumor
injection every 3 days for 3 weeks when the tumor reached a volume of
approximately 80-100 mm?>. Tumor volume was calculated as described
previously [50]. Tumor size was measured using the vernier caliper. For
tumor metastasis assay, 1.5x 10° cells per mice were injected intraper-
itoneally into 5-week old female nude mice (n = 5/group). PTX (15 mg/kg)
was administered by intraperitoneal injection every 3 days for 3 weeks.
Metastasis nodes and organs were collected.

Statistical analysis

Statistical analyses were performed with GraphPad Prism 8. Statistical
significance was determined using an unpaired two-tailed Student's t-test
or one-way ANOVA, followed by the Tukey test according to the type of
experiment. A x>-test was applied to analyze the relationship between SRl
and ZEBI1. Statistical significance was considered when P < 0.05.

Oncogene (2021) 40:4906 -4918

REFERENCES

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA Cancer J Clin. 2020;70:7-30.

2. Torre LA, Trabert B, DeSantis CE, Miller KD, Samimi G, Runowicz CD, et al. Ovarian
cancer statistics, 2018. CA Cancer J Clin. 2018;68:284-96.

3. Vaughan S, Coward JI, Bast RC Jr., Berchuck A, Berek JS, Brenton JD, et al.
Rethinking ovarian cancer: recommendations for improving outcomes. Nat Rev
Cancer. 2011;11:719-25.

4. Armstrong DK, Bundy B, Wenzel L, Huang HQ, Baergen R, Lele S, et al. Intra-
peritoneal cisplatin and paclitaxel in ovarian cancer. N Engl J Med.
2006;354:34-43.

5. Baird RD, Tan DS, Kaye SB. Weekly paclitaxel in the treatment of recurrent ovarian
cancer. Nat Rev Clin Oncol. 2010;7:575-82.

6. Monk BJ, Herzog TJ, Tewari KS. Evolution of chemosensitivity and resistance
assays as predictors of clinical outcomes in epithelial ovarian cancer patients.
Curr Pharm Des. 2016;22:4717-28.

7. Lloyd KL, Cree IA, Savage RS. Prediction of resistance to chemotherapy in ovarian
cancer: a systematic review. BMC Cancer. 2015;15:117.

8. HuY, LiS, Yang M, Yan C, Fan D, Zhou Y, et al. Sorcin silencing inhibits epithelial-
to-mesenchymal transition and suppresses breast cancer metastasis in vivo.
Breast cancer Res Treat. 2014;143:287-99.

9. Deng LM, Tan T, Zhang TY, Xiao XF, Gu H. miR1 reverses multidrug resistance in
gastric cancer cells via downregulation of sorcin through promoting the
accumulation of intracellular drugs and apoptosis of cells. Int J Oncol.
2019;55:451-61.

10. Maddalena F, Laudiero G, Piscazzi A, Secondo A, Scorziello A, Lombardi V, et al.
Sorcin induces a drug-resistant phenotype in human colorectal cancer by
modulating Ca(2+) homeostasis. Cancer Res. 2011;71:7659-69.

11. Gao Y, Li W, Liu X, Gao F, Zhao X. Reversing effect and mechanism of soluble
resistance-related calcium-binding protein on multidrug resistance in human
lung cancer A549/DDP cells. Mol Med Rep. 2015;11:2118-24.

12. Genovese |, Fiorillo A, llari A, Masciarelli S, Fazi F, Colotti G. Binding of doxorubicin
to Sorcin impairs cell death and increases drug resistance in cancer cells. Cell
Death Dis. 2017;8:€2950.

13. llari A, Fiorillo A, Poser E, Lalioti VS, Sundell GN, Ivarsson Y, et al. Structural basis of
Sorcin-mediated calcium-dependent signal transduction. Sci Rep. 2015;5:16828.

14. Colotti G, Poser E, Fiorillo A, Genovese |, Chiarini V, llari A. Sorcin, a calcium
binding protein involved in the multidrug resistance mechanisms in cancer cells.
Molecules. 2014;19:13976-89.

15. Marmugi A, Parnis J, Chen X, Carmichael L, Hardy J, Mannan N, et al. Sorcin links
pancreatic beta-cell lipotoxicity to ER Ca2+ Stores. Diabetes. 2016;65:1009-21.

16. Suarez J, McDonough PM, Scott BT, Suarez-Ramirez A, Wang H, Fricovsky ES, et al.
Sorcin modulates mitochondrial Ca(2+) handling and reduces apoptosis in
neonatal rat cardiac myocytes. Am J Physiol Cell Physiol. 2013;304:C248-256.

17. Zhang L, Nadeem L, Connor K, Xu G. Mechanisms and therapeutic targets of
microRNA-associated chemoresistance in epithelial ovarian cancer. Curr Cancer
Drug Targets. 2016;16:429-41.

18. Yang H, Kong W, He L, Zhao JJ, O’'Donnell JD, Wang J, et al. MicroRNA expression
profiling in human ovarian cancer: miR-214 induces cell survival and cisplatin
resistance by targeting PTEN. Cancer Res. 2008;68:425-33.

19. Yu W, Li D, Zhang Y, Li C, Zhang C, Wang L. MiR-142-5p Acts as a Significant
Regulator Through Promoting Proliferation, Invasion, and Migration in Breast
Cancer Modulated by Targeting SORBS1. Technol Cancer Res Treat.
2019;18:1533033819892264.

SPRINGER NATURE

4917


http://software.broadinstitute.org/gsea/index.jsp
http://software.broadinstitute.org/gsea/index.jsp
http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk/predictedmirnagene.html
http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk/predictedmirnagene.html
http://genome.ucsc.edu/
http://genome.ucsc.edu/
http://jaspar.genereg.net/
http://www.kmplot.com
https://www.ncbi.nlm.nih.gov/geo/

J. Zhang et al.

4918

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Islam F, Gopalan V, Vider J, Lu CT, Lam AK. MiR-142-5p act as an oncogenic
microRNA in colorectal cancer: Clinicopathological and functional insights. Exp
Mol Pathol. 2018;104:98-107.

Jolly MK, Somarelli JA, Sheth M, Biddle A, Tripathi SC, Armstrong AJ, et al. Hybrid
epithelial/mesenchymal phenotypes promote metastasis and therapy resistance
across carcinomas. Pharmacol therapeutics. 2019;194:161-84.

Caramel J, Ligier M, Puisieux A. Pleiotropic roles for ZEB1 in cancer. Cancer Res.
2018;78:30-35.

Madany M, Thomas T, Edwards LA. The curious case of ZEB1. Discoveries
(Craiova). 2018;6:e86.

Noman MZ, Van Moer K, Marani V, Gemmill RM, Tranchevent LC, Azuaje F, et al.
CDA47 is a direct target of SNAIT and ZEB1 and its blockade activates the phago-
cytosis of breast cancer cells undergoing EMT. Oncoimmunology. 2018;7:e1345415.
Wang F, Zhang L, Liu J, Zhang J, Xu G. Highly expressed STAT1 contributes to the
suppression of stemness properties in human paclitaxel-resistant ovarian cancer
cells. Aging (Albany NY). 2020;12:11042-60.

Gong Z, Sun P, Chu H, Zhu H, Sun D, Chen J. Overexpression of sorcin in
multidrug-resistant human breast cancer. Oncol Lett. 2014;8:2393-8.

Battista T, Fiorillo A, Chiarini V, Genovese |, llari A, Colotti G. Roles of Sorcin in
drug resistance in cancer: one protein, many mechanisms, for a novel potential
anticancer drug target. Cancers. 2020;12:887.

He Q, Zhang G, Hou D, Leng A, Xu M, Peng J, et al. Overexpression of sorcin
results in multidrug resistance in gastric cancer cells with upregulation of P-gp.
Oncol Rep. 2011;25:237-43.

Parekh HK, Deng HB, Choudhary K, Houser SR, Simpkins H. Overexpression of
sorcin, a calcium-binding protein, induces a low level of paclitaxel resistance in
human ovarian and breast cancer cells. Biochem Pharm. 2002;63:1149-58.
Shibue T, Weinberg RA. EMT, CSCs, and drug resistance: the mechanistic link and
clinical implications. Nat Rev Clin Oncol. 2017;14:611-29.

Pattabiraman DR, Weinberg RA. Tackling the cancer stem cells-—what challenges
do they pose? Nat Rev Drug Discov. 2014;13:497-512.

Mladinich M, Ruan D, Chan CH. Tackling cancer stem cells via inhibition of EMT
transcription factors. Stem Cells Int. 2016;2016:5285892.

Mohammad RM, Mugpbil |, Lowe L, Yedjou C, Hsu HY, Lin LT, et al. Broad targeting
of resistance to apoptosis in cancer. Semin cancer Biol. 2015;35(Suppl):578-5103.
Bushweller JH. Targeting transcription factors in cancer - from undruggable to
reality. Nat Rev Cancer. 2019;19:611-24.

Yoshida T, Song L, Bai Y, Kinose F, Li J, Ohaegbulam KC, et al. ZEB1 mediates
acquired resistance to the epidermal growth factor receptor-Tyrosine Kinase
Inhibitors in Non-Small Cell Lung Cancer. PLoS One. 2016;11:e0147344.

Zhang X, Zhang Z, Zhang Q, Zhang Q, Sun P, Xiang R, et al. ZEB1 confers
chemotherapeutic resistance to breast cancer by activating ATM. Cell Death Dis.
2018;9:57.

Orellana-Serradell O, Herrera D, Castellon EA, Contreras HR. The transcription
factor ZEB1 promotes chemoresistance in prostate cancer cell lines. Asian J
Androl. 2019;21:460-7.

Long L, Xiang H, Liu J, Zhang Z, Sun L. ZEB1 mediates doxorubicin (Dox) resis-
tance and mesenchymal characteristics of hepatocarcinoma cells. Exp Mol Pathol.
2019;106:116-22.

Wellner U, Schubert J, Burk UC, Schmalhofer O, Zhu F, Sonntag A, et al. The EMT-
activator ZEB1 promotes tumorigenicity by repressing stemness-inhibiting
microRNAs. Nat cell Biol. 2009;11:1487-95.

Katsuno Y, Meyer DS, Zhang Z, Shokat KM, Akhurst RJ, Miyazono K. et al. Chronic
TGF-beta exposure drives stabilized EMT, tumor stemness, and cancer drug
resistance with vulnerability to bitopic mTOR inhibition. Sci signal. 2019;12:
eaau8544.

Peinado H, Olmeda D, Cano A. Snail, Zeb and bHLH factors in tumour progres-
sion: an alliance against the epithelial phenotype? Nat Rev Cancer.
2007;7:415-28.

Shirakihara T, Saitoh M, Miyazono K. Differential regulation of epithelial and
mesenchymal markers by deltaEF1 proteins in epithelial mesenchymal transition
induced by TGF-beta. Mol Biol cell. 2007;18:3533-44.

Fuxe J, Vincent T, Garcia de Herreros A. Transcriptional crosstalk between TGF-
beta and stem cell pathways in tumor cell invasion: role of EMT promoting Smad
complexes. Cell cycle. 2010;9:2363-74.

Papageorgis P, Cheng K, Ozturk S, Gong Y, Lambert AW, Abdolmaleky HM, et al.
Smad4 inactivation promotes malignancy and drug resistance of colon cancer.
Cancer Res. 2011;71:998-1008.

Dabaghi M, Rahgozar S, Moshtaghian J, Moafi A, Abedi M, Pourabutaleb E.
Overexpression of SORCIN is a Prognostic Biomarker for Multidrug-Resistant

SPRINGER NATURE

Pediatric Acute Lymphoblastic Leukemia and Correlates with Upregulated MDR1/
P-gp. Genet Test Mol Biomark. 2016;20:516-21.

46. Sun Y, Wang C, Meng Q, Liu Z, Huo X, Sun P, et al. Targeting P-glycoprotein and
SORCIN: Dihydromyricetin strengthens anti-proliferative efficiency of adriamycin
via MAPK/ERK and Ca(2+) -mediated apoptosis pathways in MCF-7/ADR and
K562/ADR. J Cell Physiol. 2018;233:3066-79.

47. Hu H, Zhu S, Tong Y, Huang G, Tan B, Yang L. Antitumor activity of triptolide in
SKOV3 cells and SKOV3/DDP in vivo and in vitro. Anticancer Drugs. 2020;31:483-91.

48. Zhu W, Wang JP, Meng QZ, Zhu F, Hao XF. MiR-142-5p reverses the resistance to
gefitinib through targeting HOXDS8 in lung cancer cells. Eur Rev Med Pharmacol
Sci. 2020;24:4306-13.

49. Kim JJ, Yin B, Christudass CS, Terada N, Rajagopalan K, Fabry B, et al. Acquisition
of paclitaxel resistance is associated with a more aggressive and invasive phe-
notype in prostate cancer. J Cell Biochem. 2013;114:1286-93.

50. Zhang L, Zhou D, Guan W, Ren W, Sun W, Shi J, et al. Pyridoxine 5'-phosphate
oxidase is a novel therapeutic target and regulated by the TGF-beta signalling
pathway in epithelial ovarian cancer. Cell Death Dis. 2017;8:3214.

51. Zhou D, Zhang L, Sun W, Guan W, Lin Q, Ren W, et al. Cytidine monophosphate
kinase is inhibited by the TGF-beta signalling pathway through the upregulation
of miR-130b-3p in human epithelial ovarian cancer. Cell Signal. 2017;35:197-207.

52. Gyorffy B, Lanczky A, Szallasi Z. Implementing an online tool for genome-wide
validation of survival-associated biomarkers in ovarian-cancer using microarray
data from 1287 patients. Endocr Relat Cancer. 2012;19:197-208.

53. Koti M, Gooding RJ, Nuin P, Haslehurst A, Crane C, Weberpals J, et al. Identifi-
cation of the IGF1/PI3K/NF kappaB/ERK gene signalling networks associated with
chemotherapy resistance and treatment response in high-grade serous epithelial
ovarian cancer. BMC Cancer. 2013;13:549.

ACKNOWLEDGEMENTS

We are thankful for all research participants and technical assistants involved in this
research project. This work was supported by grants from the National Natural
Science Foundation of China (grant no. 81872121) and the Natural Science
Foundation of Shanghai (grant no. 17ZR1404100) to GX.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541388-021-01891-6.

Correspondence and requests for materials should be addressed to G.X.

Reprints and permission information is available at http://www.nature.com/
reprints

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

Open Access This article is licensed under a Creative Commons

By Attribution 4.0 International License, which permits use, sharing,
adaptation, 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 license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license 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 license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

Oncogene (2021) 40:4906 -4918


https://doi.org/10.1038/s41388-021-01891-6
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	A novel homeostatic loop of sorcin drives paclitaxel-resistance and malignant progression via Smad4/ZEB1/miR-142-5p in human ovarian cancer
	Introduction
	Results
	Sorcin is overexpressed in PTX-resistant OC related to the poor prognosis
	Sorcin promotes OC cell proliferation, migration, invasion, and EMT
	Sorcin is involved in stemness, tumor growth, and metastasis
	Sorcin is negatively regulated by miR-142-5p
	miR-142-5p affects cellular behavior that is partially abolished by sorcin
	ZEB1 represses miR-142-5p expression to mediate sorcin expression
	Sorcin interacts with Smad4 and regulates ZEB1 expression

	Discussion
	Materials and methods
	Cell lines and cell culture
	Transfection of siRNA, miRNA, and plasmid and infection of shRNA lentivirus
	Quantitative RT-PCR
	Extraction of the total, cytoplasmic, and nuclear proteins and western blot
	Immunohistochemical staining (IHC)
	Immunofluorescence (IF) and confocal microscopy
	Migration, invasion, and proliferation assays
	Three-dimensional cell culture
	Spheroid formation assay
	Chromatin immunoprecipitation (ChIP)-qPCR assay
	Protein co-immunoprecipitation
	Bioinformatics analysis
	Xenograft mouse model
	Statistical analysis

	Acknowledgements
	Competing interests
	ADDITIONAL INFORMATION




