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RNA-binding proteins (RBPs) are a set of proteins involved in
many steps of post-transcriptional regulation to maintain
cellular homeostasis. Ovarian cancer (OC) is the most deadly
gynecological cancer, but the roles of RBPs in OC are not
fully understood. Here, we reported that the RBP QKI5 was
significantly negatively correlated with aggressive tumor stage
and worse prognosis in serous OC patients. QKI5 could sup-
press the growth and metastasis of OC cells both in vitro and
in vivo. Transcriptome analysis showed that QKI5 negatively
regulated the expression of the transcriptional coactivator
TAZ and its downstream targets (e.g., CTGF and CYR61).
Mechanistically, QKI5 bound to TAZ mRNA and recruited
EDCH4, thus decreasing the stability of TAZ mRNA. Function-
ally, TAZ was involved in the QKI5-mediated tumor
suppression of OC cells, and QKI5 expression was inversely
correlated with TAZ, CTGF, and CYR61 expression in OC
patients. Together, our study indicates that QKI5 plays a
tumor-suppressive role and negatively regulates TAZ expres-
sion in OC.

INTRODUCTION

Ovarian cancer (OC) is the most deadly tumor among all gynecolog-
ical cancers. Around 21,750 new OC cases and 13,940 OC-related
deaths have been estimated in the United States in 2020." More
than half of the OC patients are diagnosed at advanced stages, with
a poor prognosis and a high relapse rate.” The 5-year overall survival
for women diagnosed at the advanced OC stage is approximately
30%."" Although various key molecular pathways or OC-related
genes have been reported, the mechanisms underlying the pathogen-
esis of OC remain largely unexplored.*® Thus, unraveling the
molecular mechanisms to identify biomarkers or therapeutic targets
is of great significance for OC treatment.

RNA-binding proteins (RBPs) participate in almost every aspect of
post-transcriptional regulation to maintain cellular homeostasis.
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Through regulating RNA splicing, turnover, and translation, RBPs
can direct the cell fate and mediate the functions of their target
genes. Currently, the relationship between RBPs and disease occur-
rence has been studied.”® For example, dysfunction of RBPs was
found to be associated with neuromuscular and neurological dis-
eases.” Moreover, a previous study depicted the expression profiles
of more than 1,500 human RBPs in different cancers in The Cancer
Genome Atlas (TCGA) database and demonstrated that a number
of RBPs were involved in cancer progression.'” As a RBP, QKI5
had been implicated in the processing of microRNA (miRNA)
and pre-mRNA and was downregulated in several cancers.'' "
However, the exact roles and detailed mechanisms of QKI5 in OC
are still ambiguous.

In this research, we demonstrated that QKI5 was markedly down-
regulated in serous OC (SOC) and the low level of QKI5 expression
predicated a poor prognosis. We also reported that QKI5 could
inhibit the growth and metastasis of OC cells both in vivo and
in vitro. Mechanistically, transcriptional coactivator with PDZ bind-
ing motif (TAZ) was identified as the key target of QKI5 by tran-
scriptome analysis. QKI5 negatively regulated the expression of
TAZ by interacting with its mRNA and decreasing its stability.
This study describes a novel QKI5-TAZ regulatory mechanism in
OC, and QKI5 can serve as a potential biomarker for OC
management.
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Figure 1. Low expression level of QKI5 is associated with tumorigenesis and poor outcome of OC patients

(A) Transcript levels of QKI5 were determined by gRT-PCR in fresh frozen tumor specimens (n = 40) and hNOSE samples (n = 27). The reference gene was GAPDH. (B)
Representative immunochemistry pictures of QKI5 protein expression level in primary tumor tissues and normal ovarian epithelial tissues. Original magnification, x 100. Scale
bar, 100 um. (C) Relative QKI5 protein expression was assessed by tissue microarray analysis in FFPE OC specimens (n = 134) and normal FFPE ovarian surface epithelial
tissues (n = 40). p < 0.0001. (D) Association analysis of QKI5 protein expression with clinicopathological features. p values were calculated by using the chi-square test. (E)
Progression-free survival and overall survival curves of OC patients with low or high QKI5 expression. According to the median QKI5 immunochemical stain score, patients
were divided into two subgroups. Log-rank test was employed for the comparative analysis.

RESULTS

Downregulation of QKI5 expression contributes to SOC
progression and poor prognosis

To identify the functional role of QKI5 in OC, we detected and
compared the levels of QKI5 in SOC tissues and human normal
ovarian surface epithelium (hNOSE). First, we examined the RNA
level of QKI5 in 40 SOC specimens and 27 hNOSE samples by
qRT-PCR and found that QKI5 was markedly downregulated in
SOC tissues (Figure 1A). In line with this, the results from tissue
microarray involving 134 SOC specimens and 40 hNOSE samples
demonstrated that the protein level of QKI5 was downregulated in
OC tissues (Figures 1B and 1C; Figure S1). To explore the relation-
ships between QKI5 expression and clinicopathologic characteristics,
we used both univariate and multivariable logistic regression tests.
The clinicopathological features of OC patients were reported in
our previous study.'® The findings revealed that QKI5 downregula-
tion was correlated with aggressive tumor stage, omentum majus
metastasis, cytoreduction, and sensitivity to initial chemotherapy.
However, as shown in Table 1 and Figure 1D, no significant correla-
tion of QKI5 expression with age or differentiation was found. Apart
from QKI5 downregulation, aggressive tumor stage, omentum majus
metastasis, cytoreduction, and sensitivity to initial chemotherapy
were also correlated with overall survival, as indicated by univariate
analysis (Table 1). The survival curve reflected that OC patients
with higher QKI5 protein level had a longer overall survival but
exhibited no significant difference in progression-free survival

(Figure 1E; Tables S1 and S2). These results demonstrate a potential
role of QKI5 in SOC progression.

QKI5 suppresses OC cell growth and induces apoptosis

Then gain- and loss-of-function experiments were performed in OC
cells to elucidate the biological functions of QKI5 in this disease. QKI5
was alternatively overexpressed or knocked down in A2780 and
SKOV3 cell lines (Figure 2A). The results of cell counting kit-8
(CCK-8) assays showed that QKI5 overexpression inhibited the pro-
liferation of OC cells: and conversely, QKI5 knockdown increased OC
cell proliferation (Figure 2B). To further determine the cytokinetic
effect of QKI5 on OC cells, we conducted flow cytometric analysis
to examine cell-cycle distribution and apoptotic death. Ectopic
QKI5 expression increased the accumulation of OC cells in the G1
phase, together with a low level of S-phase cell population. On the
contrary, QKI5 depletion reduced the amount of OC cells in the G1
phase, along with a high level of S-phase cell population (Figures
2C and 2D). Besides, we also found that the apoptotic rate of OC cells
was increased upon QKI5 overexpression, while QKI5 knockdown
suppressed the apoptosis of OC cells (Figures 2E and 2F). These
data imply that QKI5 suppresses the proliferation and induces the
apoptosis of OC cells.

QKI5 suppresses the tumorigenicity of OC cells in mice
To determine the effect of QKI5 expression on OC cell tumorigenesis
in vivo, we injected the QKI5-overexpressed (pCMV6-QKI5) or
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Table 1. Associations of QKI5 expression with clinicopathologic
characteristics of ovarian cancer

QKI5 expression

Characteristics High (n, %)  Low (n, %) X2 p value
Age - year 0.175 0.676
>50 6 (4.5%) 75 (56.0%)

<50 5 (3.7%) 48 (35.8%)

Tumor stage - no. (%) 16.713  0.000
Torll 10 (7.5%) 28 (20.9%)

III or IV 2 (1.5%) 94 (70.1%)

Differentiation - no. (%) well 2 (6.7%) 7 (23.3%) 2.083 0.149

Poorly 10 (33.3%) 115 (36.7%)

Oentum majus

4.527 0.033
metastasis — no. (%)

Absent 8 (5.9%) 39 (28.9%)
5 (3.7%) 83 (61.5%)

Cytoreduction - no. (%)* 4.266 0.039

Present

Optimal 10 (7.5%) 73 (54.5%)
Suboptimal 1 (0.7%) 50 (37.3%)
Chemotheapy - n0. 00 3466 0019
Sensitive 11 (10.1%) 55 (50.5%)
Resistant 1 (0.9%) 42 (38.5%)

p values were calculated after missing values were excluded.

QKI5-silenced (shQKI5-1 and shQKI5-2) A2780 OC cells or control
cells (pCMV6 or pSIH) into the nude mice. The tumors grown in
mice with QKI5-overexepressed cells were notably smaller than those
in the control group. Conversely, the tumors grown in mice with
QKI5-silencing cells were larger than those in the control group (Fig-
ure 3A). The average tumor weight and volume at sacrifice were lower
in mice with QKI5 overexpression and higher in mice with QKI5
knockdown, respectively, compared to their corresponding control
mice (Figures 3B and 3C).

Subsequently, we examined the cell proliferative and apoptotic
indices in these OC tissues. Immunohistochemistry staining demon-
strated that the proportion of Ki67-positive cells in the tumor tissues
collected from QKI5 overexpression group was lower compared to
the control group, while the QKI5 knockdown group displayed
more Ki67-positive cells (Figures 3D-3F). The apoptosis index was
analyzed by active caspase-3 staining and was significantly increased
in mice bearing tumors with QKI5 overexpression compared to the
control mice. On the contrary, QKI5 knockdown led to a decrease
in active caspase-3 staining in the mice bearing tumors compared
to the control mice (Figures 3D-3F).

QKI5 regulates OC cell metastasis
Next, Transwell assays were conducted to assess the effects of QKI5
on OC cell migration and invasion abilities. QKI5 overexpression
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markedly impaired the migration of A2780 and SKOV?3 cells, whereas
QKI5 silencing promoted the migration of these OC cells (Figures
4A-4D). Similar to the results of cell migration, matrigel invasion
assays revealed that ectopic QKI5 expression suppressed the invasion
of A2780 and SKOV3 cells; and conversely, QKI5 depletion promoted
OC cell invasion compared to the control cells (Figures 4A-4D).
These findings reveal that QKI5 negatively regulates the metastasis
of OC cells in vitro.

Furthermore, we conducted in vivo metastasis assays by injecting the
QKI5-overexpressed or QKI5-depleted A2780 OC cells or control
cells into the lateral tail vein of nude mice. After executing the mice
at 10 weeks post-injection, the lungs and livers were isolated. All
lung and liver samples did not show any large metastasis nodules in
these experimental groups (Figure S2). The lungs and livers were
then dissected for histological examination via hematoxylin and eosin
staining. The results showed that metastatic foci were found in the
lung sections but not in the liver sections of the tumor xenografts
(Figure 4E). The number of metastatic foci was markedly decreased
in the lung sections of mice with QKI5 overexpressing tumors
compared to the control group. Conversely, the lungs of mice with
QKI5-depleting tumors possessed more metastatic foci compared to
the control group (Figure 4F). Altogether, these data indicate QKI5
impairs the tumorigenicity and metastasis of OC cells in vivo.

QKI5 controls transcript abundance in OC cells

Our results strongly suggest that QKI5 can act as a tumor suppressor
gene in OC. As an RNA binding protein, QKI5 is able to regulate RNA
fate through post-transcriptional regulation (e.g., alternative splicing
and mRNA stability).'"? To further identify the targets of QKI5
involved in the regulation of OC cell growth and metastasis at a
transcriptome-wide level, we conducted gene expression profiling
in A2780 cells after QKI5 knockdown via RNA sequencing
(RNA-seq). Notably, QKI5 knockdown altered the abundance of
2,482 genes (fold-change > 1.5 and p < 0.05), of which 1,517 genes
were downregulated and 965 genes were upregulated (Figure 5A).
Gene ontology (GO) analysis of these differentially expressed genes
revealed multiple distinct gene clusters such as protein binding,
cytoplasm, cytosol, and mitogen-activated protein kinase (MAPK)
signaling pathway (Figure 5B).

QKI5 harbors a homology domain of KH protein family and binds
with the QKI response element (QRE) sequence (NACUAAYN;.
20UAAY).* A previous study has identified a set of transcripts with
the QRE sequence through a genome-wide computational analysis.'®
Thus, we overlapped the genes with QRE sequences and 2,482 differ-
entially expressed genes in OC cells after QKI5 knockdown and found
that 210 genes (including 108 downregulated genes and 102 upregu-
lated genes) were composed of the QRE sequences (Figures 5C and
5D). The top five differentially expressed genes with QRE sequences
in A2780 cells after QKI5 knockdown are shown in Figure 5E. These
RNA-seq results were then validated by qRT-PCR and the expression
levels of selected genes were assessed. Interestingly, a significant
consensus was observed between the QRT-PCR and RNA-seq results
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(Figures 5F and 5G). Hence, these data strongly imply that QKI5 con-
trols the transcript abundance in OC cells.

QKI5 represses the expression of TAZ by affecting its mRNA
stability

Among the 210 differentially expressed genes with QRE sequences, the
transcriptional cofactor TAZ was significantly upregulated; and more
importantly, the downstream genes of TAZ (e.g., CTGF and CYR61)
were also upregulated in both RNA-seq and qRT-PCR results. TAZ,
CTGF, and CYR61 are implicated in the Hippo pathway, and imbalance
of this pathway has been observed in many types of human cancer. In
Hippo pathway, TAZ binds directly to the TEAD family of transcrip-
tional factors and subsequently promotes the transcription of down-
stream targets (e.g., CTGF and CYR61).*"** Importantly, it has been re-
ported that TAZ could promote the proliferation and migration of OC
cells.”® Hence, TAZ was selected as a potential key target of QKI5, and its
effect on QKI5-mediated tumor suppression was further investigated.

We first assessed the abundance of TAZ, CTGF, and CYR61 in A2780
and SKOV3 cells after QKI5 knockdown. QKI5 depletion increased
the expression of TAZ, CTGF, and CYR61 at both RNA and protein
levels (Figures 6A and 6B). Subsequently, RNA immunoprecipitation
(RIP) assays were performed in A2780 cells with overexpression of
FLAG-tagged QKI5. The qRT-PCR results showed that TAZ
mRNA, but not glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA, was enriched using a FLAG-specific antibody after
normalization to immunoglobulin G (IgG; Figure 6C). In previous
studies,'™'” QKI5 was reported to regulate the abundance of its tar-
gets by affecting the decay of the target mRNAs. Thus, we speculate
that QKI5 may negatively regulate TAZ expression through inducing
QKI5 mRNA decay. To test this hypothesis, we treated the OC cells
with QKI5 knockdown with the transcription inhibitor actinomycin
D and performed qRT-PCR to assess the stability of TAZ mRNA.
The results demonstrated that the stability of TAZ mRNA was strik-
ingly increased after QKI5 knockdown (Figure 6D). Several factors
involved in RNA decay were identified by QKI5 IP and mass spectral
analysis (data not shown), among which EDC4 might serve as an
enhancer of mRNA turnover.”* The results of IP assays revealed
that QKI5 could interact with EDC4, suggesting that QKI5 may
promote RNA decay through recruiting EDC4 (Figure 6E).

TAZ is involved in the QKI5-mediated tumor suppression of OC
cells

To determine whether the influence of QKI5 on OC cells was
dependent on TAZ expression, the transcriptional activity of TAZ
was silenced in QKI5-depleting OC cells. Immunoblotting analysis
revealed that the expressions of TAZ, CTGF, and CYR61 were

Molecular Therapy: Nucleic Acids

upregulated after QKI5 knockdown, and TAZ silencing in QKI5-
depleted cells could decrease the expression of CTGF and CYR61
(Figure 7A). Growth curves showed that the QKI5 knockdown-
induced proliferation rates of OC cells were partially abrogated after
TAZ knockdown (Figure 7B). Besides, the migration and invasion
abilities of OC cells were promoted after QKI5 knockdown, while
TAZ silencing could suppress OC cell migration and invasion (Fig-
ures 7C and 7D). These findings indicate that the QKI5-mediated tu-
mor suppression of OC cells is partially dependent on TAZ activation.

QKI5 negatively regulates the expression of TAZ and its downstream
targets CTGF and CYR61 in OC cells. To verify this association in clin-
ical samples, we measured the expression levels of QKI5, TAZ, CTGF,
and CYRG61 in 41 OC samples and their matched normal ovarian epithe-
lial tissues and analyzed the correlations among QKI5, TAZ, CTGF, and
CYR61, respectively. As shown in Figures 7E-7G, the expression of
QKI5 was inversely correlated with TAZ expression, as well as CTGF
and CYR61 expression. These data indicate that QKI5 reduces the
expression of TAZ to exert its suppressive effect on OC patients.

DISCUSSION

Our study demonstrated that QKI5 exerted tumor suppressive effect
on OC. The expression of QKI5 was remarkably decreased in OC tis-
sues and was associated with a worse prognosis. Moreover, QKI5
depletion could promote the tumorigenesis and metastasis of OC cells
both in vitro and in vivo. In addition, we identified the targets of QKI5
in OC cells via transcriptomic analysis. As illustrated in Figure 8,
QKI5 could decrease the stability of TAZ mRNA, concomitant with
a decline in the protein expression of TAZ and its downstream targets
(CTGF and CYR61). These findings suggest that the depletion of
QKI5 significantly contributes to OC progression.

QKI5 is an isoform of the RBP QKI, and other isoforms are designated
as QKI6 and QKI7. QKI5 is the only nuclear isoform that shuttles be-
tween cytoplasm and nucleus, while QKI6 and QKI7 isoforms are
located mostly in the cytoplasm.*>>° In this study, the expression levels
of QKI6 and QKI7 in OC tissues were detected and compared with those
in ovarian epithelial cells. We found that these two isoforms were down-
regulated in accordance with the expression pattern of QKI5 in OC cells
(Figure S3). QKI isoforms are highly conserved RBPs that belong to the
family of STAR (signal transduction and activation of RNA).'”*” QKI is
highly expressed in the lungs, brain, heart, and testis of adults and can be
affected by developmental stages.”>*’ In the nervous system, the pro-
teins of QKI are key components in the regulation of oligodendrocyte
differentiation and myelination.’**" QKI depletion could promote the
tumorigenesis of gastric cancer and lung cancer cells.">'* A recent cross-

linking-immunoprecitation and high-throughput sequencing (CLIP-

Figure 2. QKI5 suppresses cell growth and promotes apoptosis in OC cells

(A) Overexpression or knockdown of QKI5 expression in OC cells was established by lentivirus infection. The protein levels of QKI5 in these cells were detected by
immunoblotting at 48 h after infection (tubulin was used as the reference gene). (B) Effect of QKI5 overexpression or knockdown on the proliferation of OC cells was analyzed
through CCK-8 assays. (C and D) Effect of QKI5 overexpression or knockdown on the cell cycle distribution of OC cells was determined by Pl staining and flow cytometry. (E
and F) Effect of QKI5 overexpression or knockdown on the apoptosis of OC cells followed by H,O, treatment was determined by Annexin /Pl staining and flow cytometry. All
data were expressed as mean + SD. *p < 0.05, *p < 0.01, **p < 0.001, according to Student’s t test.
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Arrows indicate metastatic nodules. All data were presented as mean + SD. *p < 0.05, **p < 0.01, according to Student’s t test.

seq) study demonstrated that QKI5 could interact with a set of genes
(e.g, p27 and SOX2) involved in tumorigenesis.'>**** However, we
did not observe the alterations of these genes in our RNA-seq data.
Instead, we identified TAZ and its downstream genes (CTGF and
CYR61) as the targets of QKI5. This implies that QKI5 may target
various genes depending on the specific cellular context.

mRNA decay is a key mode used by RBPs to control gene expression.
Notably, previous genome-wide studies have demonstrated the

converse roles for QKI as the inhibitor or stabilizer of target
mRNAs."”"% 1n clear cell renal cell carcinoma, QKI5 binds with
Ras GTPase-activating protein 1 (RASA) mRNA to increases its sta-
bility."® On the contrary, QKI5 promotes the decay of SOX2 mRNA
and FOXO1 mRNA in oral cancer cells and breast cancer cells,
respectively.17’3 ® In these cancer cells, QKI5 can act as a tumor sup-
pressor gene by regulating the stability of different target mRNAs.
Thus, transcriptome analysis of QKI5 target genes could be more
comprehensive for deciphering the mechanisms of QKI5 in specific

Figure 3. QKI5 suppresses the tumorigenesis of A2780 cells in vivo

(A-C) QKI5 suppressed the growth of OC xenografts. A2780 cells (10°%) with QKI5 overexpression or silencing plasmids or empty vector were injected into the subcutaneous
tissues of nude mice. Tumor size was measured every 4 days until 36 days after transplantation and the growth curves were drawn. The tumors of nude mice in each group
were excised and photographed 36 days after transplantation to measure the weight of tumor. (D) Histological analysis of the tumor sections in xenotransplantation mice.
Representative hematoxylin and eosin-stained images were shown and labeling with anti-Ki67 and anti-cleaved caspase-3 was performed. (E and F) The relative expression
of Ki67 and cleaved caspase-3 in the tumors was shown. All data were presented as mean + SD. *p < 0.05, **p < 0.01, according to Student’s t test.
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Figure 5. QKI5 controls transcript abundance in OC cells

(A) Heatmap shows differentially expressed genes in A2780 cells with QKI5 knockdown and control cells (fold-change > 1.5, p < 0.05). Blue and red indicate low and high

expression, respectively. (B) GO analysis of the altered genes in A2780 cells with QKI5

knockdown. (C) Venn diagrams showing differentially expressed genes and those with

QRE sequences. (D) The top differentially expressed genes harboring QRE sequences were depicted. (E) Volcanic map of the transcriptome profiles between QKI5
knockdown cells and control cells. Red and blue dots indicate the significantly upregulated and downregulated genes in QKI5 knockdown cells, respectively (p < 0.05).
Orange dots represent the genes with QRE sequences. (F) gqRT-PCR verified the gene alterations upon QKI5 knockdown based on the RNA-seq results (the reference gene
was GAPDH). (G) A comparison between gRT-PCR results and RNA-seq data. All data were expressed as mean + SD. *p < 0.05, *p < 0.01, **p < 0.001, according to

Student’s t test.

cancer cells. Furthermore, the novel QKI5-TAZ regulation was iden-
tified and explored in this study. QKI5 modulates its target genes
positively or negatively, but whether QKI5 can affect the overall
RNA stability is awaiting further investigation.

TAZ is homologous to YES-associated protein (YAP), and both are key
oncoproteins and final conduits in the Hippo pathway.** YAP and TAZ
regulate the activity of transcription factors TEA domain family mem-
bers (TEADs) and affect the transcription of their target genes.”® The
deregulation of Hippo pathway has been documented in various human
carcinomas, including breast cancer, OC, and liver cancer.’**® Overex-
pression of TAZ in endothelial cells could induce epithelioid heman-
gioendothelioma by a recurrent translocation involving TAZ-CAMTA1

fusion.”” Another study showed that TAZ overexpression could predict
a poor prognosis in OC patients and TAZ promoted the growth and
migration of OC cells.”” In our study, we found that QKI5 could nega-
tively regulate the expression of TAZ, and the mRNA levels of these two
genes were inversely correlated in OC samples, indicating that QKI5-
TAZ regulation may serve as a critical factor in the progression of
OC. It has been reported that TAZ promotes lung cancer cell prolifer-
ation through regulating cell cycle and apoptosis. TAZ knockdown in
lung cancer cells inhibits G1/S transition and induces apoptosis.*’ In gli-
oma cells, inhibition of TAZ resulted in radiation-induced senescence
and growth arrest through downregulating CTGF and CYR61.*!
CTGF knockdown exhibits G1 arrest in follicular thyroid carcinoma
cells."” CYR61 was associated with cell cycle regulation and cyclins’
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Figure 6. QKI5 negatively regulates TAZ expression in OC cells

(A) The expression levels of QKI5, TAZ, CTGF, and CYR61 in OC cells with QKI5 knockdown were detected by qRT-PCR (GAPDH was used as the reference gene). (B) The
protein levels of QKI5, TAZ, CTGF, and CYR61 in OC cells after QKI5 knockdown were detected by immunoblotting (tubulin was used as the reference gene). (C) gRT-PCR
and immunoblotting analyses were conducted to determine RIP-derived RNA and protein, respectively. The enrichment fold of gRT-PCR products was expressed
normalized to IgG. GAPDH was employed as the negative control in gRT-PCR and immunoblotting assays; while RASA was employed as the positive control in gRT-PCR
assays. (D) gRT-PCR was used to assess the stability of TAZ and GAPDH mRNA in A2780 cells with QKI5 knockdown and control cells over time after treatment with 50 pM
actinomycin D, and then normalized to 18S rRNA. (E) The interaction between QKI5 and EDC4 was evaluated by IP and immunoblotting. All data were presented as mean +
SD. NS, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, according to Student’s t test.

expression in progressive mantle cell lymphoma.”® These studies sug-
gest that TAZ-CTGF/CYR61 regulation could affect the cell cycle and
apoptosis. Alternatively, we could not exclude that QKI5 might affect
the cell cycle and apoptosis through other factors involved in cell cycle
and apoptosis regulation as QKI5 could regulate expression of multiple
genes. Despite this, our study proposed that QKI5 might regulate the cell
cycle and apoptosis through TAZ-CTGF/CYR61 regulation. Collec-
tively, our findings provide strong evidence that TAZ is involved in
the QKI5-mediated tumor suppression of OC cells and reveal a novel
QKI5-TAZ regulation in OC patients, which may help to illuminate
the underlying pathogenetic mechanisms and develop a better
treatment.

MATERIALS AND METHODS

Tumor tissues

hNOSE samples were collected from the ovaries of donors. Frozen
specimens and formalin-fixed paraffin-embedded (FFPE) samples
of hNOSE and SOC were collected from Daping hospital. All OC
tissues and tissue microarrays were reviewed by the pathologist,
and the information of patients was described in our previous study.'”

Plasmid construction

QKI5 cDNA was synthesized by RT-PCR and then cloned into pCDH
or pCMV6 vectors. For short hairpin RNA (shRNA) construction,
both sense and antisense (reverse complement) oligonucleotides
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targeting QKI5 or TAZ were annealed and inserted into the pSIH
or pLKO.1I vectors.

Cell culture

HEK293T cell line was maintained in DMEM (GIBCO) containing
10% fetal bovine serum (FBS, AusGeneX) and 1% streptomycin/
penicillin (GIBCO) at 37°C and 5% CO,. A2780 and SKOV3 OC
cell lines were cultured in RPMI-1640 (GIBCO) with 10% FBS and
1% streptomycin/penicillin (GIBCO). Where indicated, A2780 cell
line was treated with actinomycin D (Solarbio) at the indicated times
prior to RNA stability assay.

Cell viability

The cells were grown in 96-well plates, pretreated at 0, 24, 48, 72, and
96 h, and then exposed to CCK-8 (DOJINDO) for 2 h. The
absorbance was read at 450 nm using a microplate reader.

Apoptosis and cell cycle assays

Regarding apoptosis analysis, the cell lines were pretreated with H,0,
for 4 h, stained by Annexin V Apoptosis Detection Kit (DOJINDO),
and then assessed using an Accuri C6 flow cytometer (BD
Biosciences). As for cell cycle assessment, the cell lines were fixed,
treated with RNase (Invitrogen), stained by propidium iodide (PI,
Invitrogen), and then examined using the Accuri C6 flow cytometer
(BD Biosciences).



www.moleculartherapy.org

i A2780 SKOV3 N
& K A2780 & SKovV3
. ca\g\(\ e <3\e<‘\ S 257 = pSH S 297+ psiH
R . oF F 2 204~ shakis Q 2.0] = shakis
S S B 15| SNOKISNTAZ B 15| SQKIBNTAZ
TAZ [ [0 o o | 8., 8 1'0
CToF EmmEE $ [ =] 5" 5
CYR61 [N [T g 05 998
o [e]
TQKII'5 [~ —] [= ] g 00 o 24 48 72 96 g 0 24 48 72 96
ubulin [s= as <] BT Time (h) Time (h)
C D
c < M Migration
.% o M Invasion
D 2
s e
A2780 g’
£ -
kel
w |
ol
£
pSIH shQKI5 shQKI5/shTAZ
c : ko)
S © . .
® 1000 - iarati
e L m Migration
é” i 8 m Invasion
skovs |~ 2 500
= =
S 0
> Q o > P
g SF é(\@' P é@/y
B BN
o® F
§ §
E F
35) R2=0.1278 p=0.005 30
= 50 ~ 25
5 25 . (I__) 20
120 <15 5
15 w
g 10 210 0
5 : © 5 5
0 : : : ; 0 . . . . 0 : , : .
5 10 15 20 25 5 10 15 20 25 5 10 15 20 25
QKI5 (A CT) QKI5 (ACT) QKI5 (aCT)

Figure 7. TAZ is involved in the QKI5-mediated tumor suppression of OC

(A) The protein levels of QKI5, TAZ, CTGF, and CYR61 in OC cells after QKI5 and TAZ knockdown were detected by immunoblotting (tubulin was used as the reference gene).
(B) Effect of QKI5 knockdown with/without TAZ knockdown on OC cell growth, as revealed by CCK-8 assays. (C and D) The migration and invasion abilities of A2780 and
SKOV3 cells after QKI5 knockdown with/without TAZ knockdown. The number of migrated or invasive cells per field was calculated and shown. (E-G) The correlation of QKI5
expression with TAZ, CTGF, and CYR61 expression was determined in a set of OC tissues (n = 41) and normal ovarian epithelial tissues (n = 19). Pearson correlation analysis
was performed for ACT values (after normalization to 18S rRNA). All data were expressed as mean + SD. *p < 0.05, **p < 0.01, **p < 0.001, according to Student’s t test.

Immunohistochemistry

Immunohistochemistry was performed as described in the previous
study. Briefly, FFPE samples were dewaxed and soaked with
peroxidase-3% H,0O,. Then, sodium citrate (10 mM, pH 6.0) was

utilized for the antigen retrieval. After blocking with 5% BSA in
PBS, the samples were incubated with anti-QKI5 (1:1,000, Millipore)
antibody at 4°C overnight. A composite score was evaluated
according to the standard formula described in our previous study.'

Molecular Therapy: Nucleic Acids Vol. 26 December 2021 397


http://www.moleculartherapy.org

Molecular Therapy: Nucleic Acids

/ Normal cell \ /
- EDC4
Nnla®

TAZ mRNA EDCH
%
EDC4

R

Ovarian cancer cell

\ Figure 8. Proposed model of QKI5 downregulating
the expression of TAZ in OC

TAZ mRNA

For RNA-seq, NEBNext poly(A) mRNA Mag-

netic Isolation Module was employed to purify
l the poly(A) mRNA. Then, library preparation
was conducted using a NEBNext Ultra Direc-
tional RNA Library Prep Kit (New England
BioLabs, Ipswich, MA, USA). Illumina HiSeq
1000 with paired-end 150-bp read length was
used for sequencing. mRNA clean reads were
mapped to UCSC hg38 primary assembly

Immunoblotting

The cell lines were rinsed in PBS, pelleted, and then incubated with
lysis buffer on ice for 30 min. After centrifugation (16,000 x g,
10 min, 4°C), the lysate was harvested, separated by SDS-PAGE,
and then blotted. The following antibodies were used: anti-QKI5
(1:2,000, Millipore), anti-tubulin (1:10,000), anti-GAPDH (1:5,000),
anti-TAZ (1:500), anti-CTGF (1:50), anti-CYR61 (1:500), and anti-
EDC4 (1:1,000). All these antibodies were obtained from Proteintech
(USA), unless otherwise specified.

Cell migration and invasion assays

Cell migration assay was carried out through the Transwell chamber
system (Corning). Briefly, 10 cells were added in the top chamber
containing serum-free culture medium, while the bottom chamber
filled with the culture medium containing 20% FBS. After 24 h, the
cells were fixed and then stained with crystal violet. For cell invasion
assay, Matrigel (Corning) was added to the upper chamber before
plating cells. All experiments were performed independently three
times.

Animal assays

For tumorigenesis assay, cells (5 x 10°) were subcutaneously injected
into BALB/C nude mice. The volume and weight of tumors were
measured every 4 days for 36 days. For cell metastasis assay, 1 X
10° cells were injected into the lateral tail vein of mice. After 5 weeks
of injection, all mice were executed. The lungs and livers were iso-
lated, fixed, paraffin embedded, and then stained with hematoxylin
and eosin. The animal experiments were approved by the Institu-
tional Animal Care and Use Committee of Daping Hospital and the
care was in accordance with institution guidelines.

RNA isolation, gRT-PCR, and RNA-seq

TRI Reagent (Sigma-Aldrich) was used to extract total RNA in
compliance with the reagent protocol. QqRT-PCR was conducted
to measure the RNA level using a QuantStudio 5 Dx Real-Time
PCR System (Applied Biosystems, Life Technologies). The oligo-
nucleotides used for qRT-PCR are presented in Table S3.
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genome using TopHat2 software. HTSeq was
used to calculate counts among transcripts. Bio-
conductor package DESeq2 was used for read
normalization, size factor estimation, and differential expression
analysis, and then bioinformatics analysis was conducted in R expres-
sion quantification.

Co-IP and mass spectrometry

Cells were pelleted, rinsed, and then lysed in IP lysis buffer (20% glyc-
erol, 0.2 mM EDTA, 50 mM KCI, 50 mM Tris, and 150 mM NacCl)
containing protease inhibitor cocktail and 0.1% NP40 (Solarbio).
Following the addition of antibodies, the lysates were incubated
with protein G beads (50 pL, Invitrogen) for 4 h at 4°C. After rinsing,
the proteins were collected, fractioned through SDS-PAGE, and
measured by immunoblotting. For mass spectrum, the co-precipi-
tated proteins were analyzed by silver staining and then subjected
to mass spectrometry analysis.

RIP

The cells were pelleted and then lysed in IP lysis buffer with RNase
inhibitor (Thermo Fisher Scientific). The lysates with 3 pg anti-
body were incubated with protein G beads (50 pL, Invitrogen)
for 4 h at 4°C. After rinsing, the co-precipitated RNA was
extracted by TRI Reagent, treated with DNase, and then detected
by qRT-PCR.

Statistical tests

The specific statistical test used is described in each figure legend,
together with the significant p values. SPSS 16.0 was used for perform-
ing both survival and immunohistochemical analyses, while other
tests were conducted using GraphPad Prism 6.0. The significance
threshold was set at p < 0.05.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
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