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Circular RNA circRILPL1T promotes nasopharyngeal carcinoma
malignant progression by activating the Hippo-YAP signaling
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Circular RNAs (circRNAs) play an important regulatory role in the pathogenesis and progression of nasopharyngeal carcinoma
(NPC), which have not been thoroughly elucidated. In this study, we revealed for the first time that circRILPL1 was upregulated in
NPC, weakened adhesion and decreased stiffness of NPC cells, and promoted NPC proliferation and metastasis in vitro and in vivo.
Mechanistically, circRILPL1 inhibited the LATS1-YAP kinase cascade by binding to and activating ROCK1, resulting in decrease of
YAP phosphorylation. Binding and cooperating with transport receptor IPO7, circRILPL1 promoted the translocation of YAP from
the cytoplasm to the nucleus, where YAP enhanced the transcription of cytoskeleton remodeling genes CAPN2 and PXN. By which,
circRILPL1 contributed to the pathogenesis of NPC. Our results demonstrated that circRILPL1 promoted the proliferation and
metastasis of NPC through activating the Hippo-YAP signaling pathway by binding to both ROCK1 and IPO7. Highly expressed
circRILPL1 in NPC may serve as an important biomarker for tumor diagnosis and may also be a potential therapeutic target.
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INTRODUCTION

Nasopharyngeal carcinoma (NPC) is a polygenic hereditary
malignancy originating from nasopharyngeal epithelial cells. NPC
is especially common in East and Southeast Asia with obvious
regional clustering and ethnic predilection [1, 2]. Genetic
components and environmental factors such as Epstein-Barr virus
(EBV) infection are considered to be the synergic pathogenic
contributors to NPC, which exhibits strong tendency of local
invasion and lymph node metastasis [3, 4]. However, during the
pathogenesis of NPC, the oncogenic genomic changes and the
relevant signaling processes remain far from clear [5-7].

Circular RNAs (circRNAs) are covalently closed non-coding RNAs
formed by back-splicing at the 3’ and 5’ ends with lengths of
hundreds or even thousands of bases. They have tissue-specific
expression patterns, conserved and stable structures [8-11].
Studies have shown that circRNAs play important regulatory roles
during tumorigenesis by acting as miRNA sponges, binding to
proteins, or encoding small peptides [12-14]. For instance,
circSETD3  competitively adsorbs miR-615-5p and miR-1538,
thereby upregulating the expression of MAPRE1 [15]. CircARH-
GAP12 directly binds to the 3’ UTR of EZR mRNA, promoting its
stability and thus enhancing the invasiveness of NPC cells [16]. In
recent years, several unique circRNAs have been identified in NPC
cells using high-throughput sequencing technology and

bioinformatics techniques. They are significantly differentially
expressed between NPC cells and normal cells, closely correlated
with NPC proliferation, differentiation levels, lymph node and
distant metastases, TNM stages, and overall survival rates [17, 18],
suggesting that circRNAs can be used as potential clinical
diagnostic and prognostic indicators. However, there are still
many circRNAs whose specific roles and pathological mechanisms
in the development of NPC remain largely unknown.

In this study, we discovered that a circRNA, circRILPL1, is highly
expressed in NPC which promotes NPC progression through
activating the Hippo signaling pathway. The Hippo pathway is an
evolutionarily conserved signaling pathway that plays a biological
role through its core transcriptional co-activators YAP/TAZ to
initiate downstream gene expression. YAP/TAZ are mainly
regulated by LATS1/2, which directly phosphorylate YAP/TAZ,
leading to its destabilization and restricting its entry into the
nucleus [19]. Many upstream signals affect the activation of the
Hippo pathway, such as the extracellular matrix, cell polarity,
mechanical forces, and cell adhesion [20]. The Rho/ROCK pathway
is involved in cancer metastasis through regulating cellular actin
dynamics [21]. Actin polymerization and microtubule assembly
also play an important role in regulating the Hippo pathway
[22, 23]. We found that in this study circRILPL1 bound to and
activated ROCKT1 to inhibit the LATS1 kinase, thereby inhibited the
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phosphorylation of YAP at Ser127 and Ser397 by LATS1, and
enhanced the YAP activity. Therefore, circRILPLT promoted YAP
translocation into the nucleus by enhancing the interaction
between YAP and IPO7, a nuclear transport receptor. In the
nucleus, activated YAP promoted the transcription of CAPN2 and
PXN. Through which, circRILPL1 was shown to promote the
proliferation and metastasis of NPC in vitro and in vivo.

RESULTS

CircRILPL1 is highly expressed in NPC and associated with
poor prognosis of NPC patients

To evaluate the role of circRNAs in the pathogenesis of NPC, we
searched the RNA-seq dataset for NPC (GSE68799) in the GEO
database, which includes data from 4 chronically inflamed
nasopharyngeal epithelial tissues and 41 NPC tissues. We
analyzed the expression levels of circRNAs in these RNA-Seq
data and identified 30 circRNAs with high expression in NPC
tissues by extensive analysis (Table S1), among which circRILPL1
(hsa_circ_0007552) that located on chromosome 12
(chr12:123983090-123984082) was not reported in cancer before
(Fig. STA). Results of gRT-PCR and Sanger sequencing confirmed
that it was formed by circular splicing of the exons 3 and 4 of
the Rab interacting lysosomal protein like 1 (RILPL1) gene
(NM_178314), with a total length of 341 nt (Fig. 1A). To examine
the expression level of circRILPL1T in NPC, 38 NPC tissues and 16
non-cancerous tissues (chronic rhinitis epithelial tissues, as
controls) were collected for qRT-PCR detection, and the results
showed that the expression of circRILPLT was significantly
elevated in NPC tissues than that in the controls (Fig. 1B,
Fig. S1B). The results of ISH on paraffin sections of 99 NPCs and
46 non-cancer nasopharyngeal epithelial (NPE) tissues also
confirmed that the expression of circRILPLT in NPCs was
significantly higher than that in the NPE samples. Importantly,
Kaplan-Meier analysis revealed that the overall survival rate of
patients with high circRILPL1 expression was lower than that of
patients with low circRILPL1 expression (Fig. 1C). RNase R
digestion assays showed that circRILPLT was more resistant to
RNase R digestion than RILPLT mRNA (Fig. 1D, Fig. S1Q).
Actinomycin D treatment further showed that the stability of
circRILPLT was much higher than that of RILPL1 linear mRNA
(Fig. S1D), which is consistent with the stable circular RNA
structure of circRILPL1. Results of RNA cytosolic/nuclear fraction
assay and FISH showed that circRILPL1 was distributed both in
the cytoplasm and the nucleus (Fig. 1E, F). All these data
demonstrated that circRILPL1, a new circRNA that is highly
expressed in NPC, may play a role in NPC progression.

CircRILPL1 promotes the proliferation and metastasis of NPC
cells, and alters the mechanical properties of NPC cells in vitro
To investigate the biological functions of circRILPL1, circRILPL1
was overexpressed in NPC cell lines HNE2, CNE2, and HONE1
(Fig. S2A, B), or its expression was knocked down by using the
specific ASO targeting to circRILPL1 splice site without affecting
RILPL1 linear mRNA (Fig. S2C). Conversely, knockdown of RILPL1
linear mRNA had no effect on the expression of circRILPL1
(Fig. S2D). Wound healing and transwell assays showed that
circRILPL1 could significantly enhance the migration and invasion
of NPC cells (Fig. 2A, B and Fig. S3A). MTT and colony formation
assays showed that overexpression of circRILPLT promoted NPC
cells proliferation, whereas knockdown of circRILPL1 exerted
opposite effects (Fig. 2C, Fig. S3B). The process of carcinogenesis
is also reflected by changes in the biophysical properties of cells
[24]. Atomic force microscopy (AFM) assays showed that over-
expression of circRILPL1 resulted in weakened adhesion and
decreased stiffness of NPC cells, suggesting that cells were easier
to detach from the surrounding tissues and their deformability
was enhanced, which is consistent with the elevated capabilities

SPRINGER NATURE

of invasion and metastasis in NPC cells with high expression of
circRILPL1. And opposite results were obtained after knockdown
of circRILPL1 (Fig. 2D-F). Cytoskeleton remodeling and pseudopod
formation are closely associated with cancer invasion and
metastasis. Immunofluorescence with phalloidin-labeled F-actin
showed that overexpression of circRILPL1T promoted the poly-
merization of actin filaments, whereas knockdown of circRILPL1
resulted in reduced microfilaments and loss of cytoskeleton
integrity in NPC cells (Fig. S3C). The above results indicated that
circRILPL1 regulated the biophysical properties of NPC cells and
promoted their proliferation, invasion, and migration in vitro.

CircRILPL1 promotes the proliferation and metastasis of NPC
cells in vivo

To explore the tumor-promoting capability of circRILPL1 in vivo,
xenograft tumor models were established by injection of CNE2
cells transfected with circRILPL1 overexpression plasmid or ASO-
CircRILPL1 into 4-week-old nude mice. In the subcutaneous tumor
model, tumor volume and tumor weight in the circRILPL1
overexpression group increased significantly compared to that
of the control group. In contrast, knockdown of circRILPL1 resulted
in significantly lower tumor volume and weight (Fig. 3A, B). IHC
data revealed that, when compared with the control group, the
expression of Ki67 was higher in the circRILPL1 overexpression
group but lower in the circRILPLT knockdown group (Fig. 3C,
Fig. S4A), indicating that circRILPLT promoted NPC cells prolifera-
tion in nude mice. In the tail vein-lung metastasis model, the
number and area of lung metastatic nodules were significantly
increased in the circRILPL1 overexpression group, while there
were fewer and smaller lung metastatic nodules in the circRILPL1
knockdown group when compared with the control group
(Fig. 3D-F), indicating that circRILPL1 significantly promoted lung
metastasis of NPC cells in mice. NPC cells commonly spread
through lymphoid vessels [25, 26]. In the footpad-lymph node
metastasis model, the inguinal lymph nodes were dissected and
analyzed after 28 days as the tumor volume in situ gradually
increased (Fig. S4B, C). The data showed the weight and volume of
metastatic inguinal lymph nodes in the circRILPL1 overexpression
group were significantly higher than that in control group,
whereas circRILPLT knockdown produced the opposite effect
(Fig. 3G, H). H&E staining confirmed that the area and number of
metastatic tumor cells in lymph nodes were significantly increased
after overexpression of circRILPL1, while there were fewer
metastatic tumor cells in lymph nodes in the circRILPL1 knock-
down group compared to the control group (Fig. 3I). All of these
data demonstrated that circRILPL1 promoted NPC proliferation
and metastasis in vivo.

CircRILPL1 activates the Hippo-YAP signaling pathway
An interesting phenomenon is the recent discovery that circRNAs
can regulate biological processes and influence tumorigenesis by
encoding small peptides [12]. There is a potential open reading
frame (ORF) on circRILPL1 by prediction using circRNADb (http://
reprod.njmu.edu.cn/circrnadb). However, when this potential ORF
was tagged with flag and transfected into HNE2 cells, we failed to
detect any flag tagged protein by western blot, thus excluding the
possibility that circRILPL1 is a peptide-encoding circRNA (Fig. S5).
To investigate the molecular mechanism underlying circRILPL1-
mediated NPC proliferation and metastasis, the liquid chromato-
graphy coupled to tandem mass spectrometry (LC-MS/MS) was
performed to identify differentially expressed proteins upon
overexpression of circRILPLT in HNE2 cells (Table S2). DAVID
bioinformatics site (https://david.ncifcrf.gov/) was used to classify
the function categories of differentially expressed proteins and the
data showed that 11 proteins were enriched in the Hippo
signaling pathway (Table S3). Dysregulation of the Hippo pathway
leads to cancer development. The core of the Hippo pathway
consists of a kinase cascade, kinases MST1/2 and LATS1/2, as well
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Fig. 1 CircRILPL1 is highly expressed in NPC and associated with poor prognosis of NPC patients. A Schematic diagram of the structure of
circRILPL1. Sanger sequencing verified that circRILPL1 was formed by reverse splicing of exons 3 and 4 of RILPL1 mRNA. F1, R1, F2, and R2:
primer sites for detecting circRILPL1 and RILPLT mRNA are indicated. B The differential expression of circRILPL1 in 16 chronic rhinitis epithelial
tissues and 38 NPC tissues was detected by gRT-PCR. C ISH assays indicated that circRILPL1 was highly expressed and correlated with the
prognosis of NPC patients in 99 NPC paraffin tissue sections, as compared with 46 adjacent non-cancerous NPEs. Left, representative images
of ISH. Magnification: 200x, Scale bar = 100 pm; Magnification: 400%, Scale bar = 50 pm. Middle, statistical analysis of ISH scores. Right,
Kaplan-Meier survival analysis showed that the overall survival rate of NPC patients with high circRILPL1 expression was significantly lower
than that of NPC patients with low circRILPL1 expression, p = 0.0009. D The relative expression levels of circRILPL1T and RILPLT mRNA in NPC
cells were detected after treating with RNase R for 30 min. E The intracellular localization of circRILPL1 was detected by RNA cytoplasm/
nucleus fractionation assay in NPC cells. U6 was used as the nuclear internal reference, and GAPDH was used as the cytoplasmic internal
control. F The intracellular localization of circRILPLT was detected by FISH in NPC cells. Nuclei were stained with DAPI (blue). Scale bar =
20 um. Data were presented as the means £ SD. *p < 0.05, ***p < 0.001, ****p < 0.0001.
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Fig. 2 CircRILPL1 promotes NPC cells migration, invasion, proliferation and alters the mechanical properties of NPC cells in vitro. A The
migration ability of circRILPL1 was examined in HNE2 cells after overexpression or knockdown of circRILPL1 by wound healing assay. Images
were acquired at 0 and 24 h. Scale bars = 200 pm. B The invasion ability of circRILPL1 was assessed in NPC cells after overexpression or
knockdown of circRILPL1 by transwell assay. Scale bars =100 pm. C The effect of circRILPL1 on proliferation was evaluated in NPC cells after
overexpression or knockdown of circRILPLT by MTT assay. D Representative AFM deflection images (top) and representative three-
dimensional height distribution images (bottom) of NPC cells. E, F The stiffness (N/m) and adhesion force (nN) of NPC cells were measured
and analyzed by using JPK image processing software. All experiments were performed in at least triplicate samples. Data were presented as
the means = SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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as their downstream effectors such as transcriptional coactivators
YAP and TAZ [27, 28]. Phosphorylation of Ser127 and Ser397
inactivates YAP as Ser397 phosphorylation triggering its ubiqui-
tination and proteasomal degradation, whereas Ser127 phosphor-
ylation mediating the interaction with 14-3-3 proteins and
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cytoplasmic retention [29]. Western blotting confirmed that the
phosphorylation levels of YAP (Ser127 and Ser397), and phos-
phorylation level of LATS1 in NPC cells were decreased by
overexpression of circRILPL1, concomitant with the increase of
total YAP protein level. In contrast, knockdown of circRILPL1 in
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Fig. 3 CircRILPL1 promotes the proliferation and metastasis of NPC cells in vivo. CNE2 cells (2 x 10°) transfected with the empty vector, the
circRILPL1 overexpression plasmid, antisense oligonucleotides against circRILPL1 (ASO-circRILPL1), or the scramble negative control were
injected subcutaneously, through the tail vein, or footpad of nude mice (n =6 per group). A Representative images of subcutaneous tumor
tissues (n =6 per group). B The tumor volume growth curves (top) and the tumor weights (bottom) of subcutaneous tumors in nude mice.
C Representative images of H&E staining, circRILPL1 staining, and Ki67 staining of subcutaneous tumor sections. Magnification: 200X, scale bar
= 100 pm. D Representative images of lung tissues dissected from nude mice (top, n =6 per group). Representative images of metastatic
nodules on the lung surface as indicated by arrows (bottom). E Quantification of the number of metastatic nodes in the lungs.
F Representative images of H&E staining of metastatic lung lesions and the expression of circRILPL1 by ISH assay. Magnification: 40x, scale bar
= 500 pm; Magnification: 200X, scale bar = 100 pm. G Images of inguinal lymph nodes dissected from nude mice 28 days after injection via
footpad (n = 6 per group). H The volume (top) and weight (bottom) of lymph nodes were measured for each group. | Representative images
of H&E staining of inguinal lymph nodes showing metastatic tumor cells. Magnification: 100x, scale bar = 200 pm; Magnification: 200x, scale
bar = 100 pm; Magnification: 400x, scale bar = 50 pm. All experiments were technically repeated six times. Data were presented as the

means + SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

NPC cells exerted opposite effects on phosphorylated YAP,
phosphorylated LATS1 and total YAP. CircRILPL1 had no significant
effect on MST1 (Fig. 4A). While the mRNA expression levels of
them were not significantly altered (Fig. S6A). Cycloheximide
(CHX) treatment and ubiquitination assays confirmed that
circRILPL1 inhibited the ubiquitin-mediated degradation of YAP
and increased its protein stability, leading to the upregulation of
YAP protein level (Fig. 4B, C and Fig. S6B). Moreover, immuno-
precipitation assay showed that circRILPL1 inhibited the binding
of YAP to 14-3-3 (Fig. 4D). Cytosolic/nuclear protein fractionation
assay and immunofluorescence staining further showed that
circRILPL1 enhanced the abundance of YAP in nucleus while
reduced the amount of YAP in cytoplasm, consistent with the
reduction of binding of YAP to 14-3-3 by circRILPL1 and also
suggesting that circRILPL1T may function as a regulator for YAP-
mediated transcription (Fig. 4E, Fig. S6C). The CTGF luciferase
reporter assay revealed that overexpression of
circRILPL1 significantly enhanced the transcriptional activity of
YAP, while knockdown of circRILPLT had the opposite effects
(Fig. 4F). Furthermore, qRT-PCR assays indicated that circRILPL1
upregulated the mRNA levels of YAP target genes, including CTGF,
cysteine-rich angiogenic inducer 61 (CYR61), and ankyrin repeat
domain 1 (ANKRD1) (Fig. S6D). IHC data also confirmed that the
expression of YAP was higher in the circRILPL1 overexpression
group but lower in the circRILPL1T knockdown group in
subcutaneous xenograft tumors and lung metastases (Fig. S6E).

We further verified whether YAP participated in circRILPL1-
mediated proliferation and migration of NPC cells. Overexpression
of YAP partially restored the inhibitory effect of circRILPL1 knock-
down on migration (Fig. 5A and Fig. S7A, B), invasion (Fig. 5B), and
proliferation (Fig. 5C, Fig. S7C) of NPC cells. AFM assays revealed that
overexpression of YAP partially reversed the circRILPL1 knockdown-
induced changes of cell biophysical properties (Fig. 5D-F). Addi-
tionally, knockdown of YAP significantly impaired the promotive
effects of circRILPL1 overexpression on migration (Fig. S7D),
invasion (Fig. S7E), and proliferation (Fig. S7F, G) in NPC cells.
Alterations of mechanical properties induced by circRILPLT over-
expression in NPC cells were also reversed by knockdown of YAP
(Fig. S7H-J). These data suggested that the function of circRILPL1 in
NPC cells was dependent on activation of the YAP signaling
pathway.

CircRILPL1 relieves LATS1-mediated YAP inhibition by binding
to ROCK1

To explore the mechanism by which circRILPLT regulates the
Hippo-YAP signaling pathway, RNA pull-down assay was per-
formed and the result showed that circRILPL1 did not directly bind
to LATS1 or YAP (Fig. S8A, B). Then, the RNA pull-down product
was further analyzed by mass spectrometry and a total of 69
peptides were identified (Fig. 6A, Table S4). Among these
interacting candidates, Rho associated coiled-coil containing
protein kinase 1 (ROCK1) was selected for further analysis as it
plays essential roles in cytoskeleton remodeling and cell polarity
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regulation, contributing to cancer cells proliferation and metas-
tasis, while actin and cytoskeleton regulate YAP activity by
stimulating of LATS1/2 kinase [30, 31]. RNA pull-down assay
confirmed the binding of circRILPL1 to ROCK1 (Fig. 6B). On the
other hand, RIP assay showed that circRILPL1 was significantly
enriched in the precipitated complex using anti-ROCK1 antibody
compared to IgG control (Fig. 6C). The co-localization of circRILPL1
and ROCK1 was demonstrated by IF-FISH (Fig. 6D). The above data
indicated that there was an interaction between circRILPLT and
ROCK1.

To investigate the role of ROCK1 in circRILPLT regulated
pathway, phosphorylation of Thr 696 on MYPT1, a well-known
substrate of ROCK1 [32], was examined in NPC cells using western
blotting after overexpression or knockdown of circRILPL1. The
data showed that circRILPL1 promoted the phosphorylation of
MYPT1 (Fig. 6E), but had no effect on the expression of ROCK1 at
the protein and mRNA levels (Fig. 6E, Fig. S8C). Treatment with
ROCK1 inhibitor Y27632 or siRNA targeting ROCK1 in NPC cells
significantly inhibited dephosphorylation of LATS1, which in turn
inhibited dephosphorylation of YAP and resulted in decrease of
YAP protein level (Fig. S8D, E). When Y27632 or ROCK1 siRNA
were used in circRILPL1-overexpressing NPC cells, the depho-
sphorylation of LATS1 and YAP, and the stability of YAP induced
by circRILPL1 were significantly reduced (Fig. 6F, G). These results
suggested that circRILPL1-mediated ROCK1 activation was critical
for the regulation of LATS1-YAP kinase cascade. Transwell and
MTT assays demonstrated that knockdown of ROCK1 partially
reversed the promoting effects of circRILPL1 overexpression on
the invasion and proliferation capabilities of NPC cells (Fig. S8F,
G). Together, these data demonstrated that ROCK1, as an
important downstream effector of circRILPL1, is essential for the
activation of YAP and promoting the proliferation and migration
of NPC cells.

CircRILPL1 promotes YAP protein nuclear translocation by
binding to IPO7

According to mass spectrometry analysis, we noticed that
importin 7 (IPO7), a nuclear transport receptor [33, 34], was
pulled down by circRILPL1. The interaction between circRILPL1
and IPO7 was further confirmed by RNA pull-down, RIP assay,
and IF-FISH assays (Fig. 7A, B and Fig. S9A). Immunoprecipitation
assays showed that ROCK1 did not bind to IPO7 (Fig. S9B). To
test whether circRILPL1 regulated the nuclear import of IPO7,
cytosolic/nuclear protein fractionation and immunofluorescence
were performed and the results showed that overexpression of
circRILPL1 facilitated the entry of IPO7 into nucleus and
knockdown of circRILPL1 reduce its entry (Fig. 7C, Fig. S9C).
Results of qRT-PCR and western blotting showed that circRILPL1
had no effect on the protein and mRNA expression of IPO7
(Fig. S9D, E). In addition, a weak interaction existed between
endogenous IPO7 and YAP. But IPO7 did not regulate the
expression and phosphorylation of YAP (Fig. S9F, G). Immuno-
precipitation and immunofluorescence assay showed that the
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binding between IPO7 and YAP was significantly enhanced
following overexpression of circRILPL1 (Fig. 7D, E). These results
suggested that circRILPLT promoted the binding between IPO7
and YAP proteins. Notably, knockdown of IPO7 hindered
circRILPL1-induced translocation of YAP from the cytoplasm to
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the nucleus and inhibited YAP transcriptional activity (Fig. 7F, G
and Fig. S9H), indicating that circRILPL1 increasing the YAP
nuclear import was partially IPO7-dependent. And this inhibition
was more pronounced after simultaneous knockdown of IPO7
and ROCKT1 (Fig. 7H).
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Fig.4 CircRILPL1 activates the Hippo-YAP signaling pathway. A The effect of circRILPL1 on the expression level of key proteins of the Hippo
signaling pathway was examined by western blotting in NPC cells. B The stability of YAP protein was measured in NPC cells after
overexpression of circRILPL1. Cells were treated with cycloheximide (CHX, 50 pg/mL) for 0, 4, 8, 12 h and western blotting was used to measure
the expression of YAP protein. The experiments were repeated three times. C The effect of circRILPL1 on the ubiquitination level of YAP
protein was detected in NPC cells treated with MG132 for 12 h after overexpression of circRILPL1 plasmid for 48 h. Cell lysates were subjected
to immunoprecipitation using anti-YAP antibody followed by western blotting using anti-ubiquitin antibody. D The interaction between YAP
and 14-3-3 proteins in NPC cells after overexpression of circRILPL1 was detected by immunoprecipitation using anti-14-3-3 antibody, followed
by western blotting using YAP antibody. GAPDH was used as a negative control. E The abundance of YAP protein in nucleus and cytoplasm
was examined in NPC cells after overexpression or knockdown of circRILPL1. PARP was used as a nuclear marker and p-tubulin as a
cytoplasmic marker. F The result of CTGF luciferase reporter assay showed that circRILPL1 increased the transcriptional activity of YAP in NPC
cells. Data were presented as the means + SD. *p < 0.05, **p < 0.01, ****p < 0.0001.

CircRILPL1 interacts with ROCK1 and IPO7 through
nucleotides 136-189

Using catRAPID (http://s.tartaglialab.com/page/catrapid_group)
and RNAfold (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/
RNAfold.cgi) bioinformatics tools, two well-characterized stem
loop structures (136-189 nt and 251-291 nt) on circRILPL1 were
predicted to bind with ROCK1 and IPO7 proteins (Fig. S10A, B).
RNA pull-down and RIP assays showed that the deletion mutant
DEL1 lack of 136-189 nt failed to bind with ROCK1 and IPO7
proteins, whereas deletion mutant DEL2 lack of 251-291 nt still
possessed the binding ability, suggesting that the 136-189 nt
region was essential for circRILPL1 binding with ROCK1 and IPO7
proteins (Fig. S10C, D). Functionally, the deletion mutant
circRILPL1-DEL1 had no effect on the migration and proliferation
of HNE2 cells (Fig. S10E, F).

To further illustrate whether nucleotides 136-189 is critical
for regulating YAP activation by circRILPL1, we overexpressed
wild-type circRILPL1 or the deletion mutant circRILPL1-DEL1 in
HNE2 cells. The data showed circRILPL1-DEL1 failed to activate
the Hippo-YAP signaling pathway (Fig. S11A) and could not
stabilize and promote nuclear translocation of YAP protein
(Fig. S11B, C), when compared with wild-type circRILPL1. Also,
circRILPL1-DEL1 failed to promote the activation of ROCK1
(Fig. S11D) and lost the potential to facilitate the binding
between YAP and IPO7 (Fig. ST1E). Wound healing and MTT
assays showed that wild-type circRILPL1, rather than the mutant
circRILPL1-DEL1, promoted the migration and proliferation of
HNE2 cells (Fig. S11F, G). Collectively, these data further
confirmed that binding with ROCK1 and IPO7 through nucleo-
tides 136-189 is crucial for circRILPL1 to promote tumor
progression in NPC cells.

The expression levels of YAP, ROCK1 and IPO7 in the NPC
clinical samples were detected by IHC assays, and the results
showed that YAP and ROCK1 protein levels were higher in NPC
tissues when compared to that in NPE tissues, while levels of IPO7
protein in NPC and NPE tissues had no difference (Fig. S12A, B).

CircRILPL1-YAP signaling promotes the transcription of
CAPN2 and PXN

To search for the key downstream effectors activated by the
circRILPL1-YAP axis in NPC cells, those upregulated proteins
identified by mass spectrometry analysis following overexpression
of circRILPLT and associated with cytoskeleton remodeling and
malignant behaviors of cancers were further analyzed (Table S5).
Results of gRT-PCR and western blotting confirmed that circRILPL1
up-regulated the mRNA and protein expression of CAPN2 and PXN
in NPC cells (Fig. 8A, B). Overexpression of YAP promoted the
transcription of CAPN2 and PXN, while knockdown of YAP
inhibited their transcription (Fig. S13A, B). Overexpression of YAP
partially reversed the decrease of CAPN2 and PXN mRNA induced
by circRILPLT knockdown (Fig. 8C). ChIP experiment showed that
circRILPLT prompted the enrichment of YAP on the CAPN2 and
PXN promoters in NPC cells (Fig. 8D). These results suggested that
circRILPL1 promoted the transcription of CAPN2 and PXN through
activation of YAP.

SPRINGER NATURE

In summary, circRILPL1, as a tumor activator, bound to and
activated ROCK1 to inhibit the LATS1 kinase, which led to
reduction of YAP phosphorylation at Ser127 and Ser397 sites.
Binding and cooperating with nuclear transport receptor IPO7,
circRILPL1 promoted YAP nuclear translocation by enhancing its
interaction with IPO7. CircRILPL1 activated the Hippo-YAP signal-
ing pathway to promote the transcription of CAPN2 and PXN and
NPC progression (Fig. 8E).

DISCUSSION

CircRNAs are a new class of non-coding RNAs with covalently
closed structure that have attracted much attention recently.
CircRNAs regulate the occurrence and progression of a large
variety of cancers [35]. For example, circRNF13 directly binds to
and stabilizes SUMO2 mRNA and promotes GLUT1 degradation
through SUMOylation and ubiquitination, thereby inhibiting the
glycolysis [36]. EBV-encoded CircBART2.2 promotes the expression
of PD-L1 in NPC cells by binding with RIG-I and activating the
transcription factors IRF3 and NF-kB, leading to tumor immune
escape [37]. In this study, circRILPL1, which is derived from reverse
splicing of exons 3 and 4 of RILPL1 gene, was identified to be
elevated in NPC tissues. RILPL1 regulates cell morphology and
polarity, and studies have shown that RILPL1 plays an important
role in LRRK2-mediated pathogenic interference with centrosomal
cohesion and ciliogenesis [38, 39]. Previous studies showed that
circRILPL1 acts as a sponge for miR-145 to activate IGF1R/PI3K/AKT
signaling, thus promoting bovine muscle proliferation [40].
However, the role of either RILPL1 or circRILPL1 in tumors has
not been reported. Our study confirmed for the first time that
circRILPL1 promotes the proliferation and metastasis of NPC.

By using proteomic approaches, we found proteins involved in
Hippo signaling pathway were significantly perturbed by over-
expression of circRILPLT in NPC cells. The Hippo pathway is an
evolutionarily conserved signaling pathway that regulates cell
morphology, proliferation, and migration in response to extra-
cellular stimuli such as mechanical sensation or cell density. The
activity of YAP, a core transcription factor of the Hippo pathway, is
directly regulated by its upstream kinase LATS1/2 [41]. Phosphor-
ylation of Ser397 (annotated as Ser381 by Zhao et al. [42]) by
LATS1/2 triggers B-TrCP-mediated YAP ubiquitination and protea-
somal degradation, while phosphorylation of YAP at Ser127 is
essential for binding of 14-3-3 and cytoplasmic retention [43]. The
roles of Hippo signaling pathway in NPC development are largely
unknown. Our data showed that circRILPL1 activated the Hippo-
YAP signaling pathway through stabilizing YAP and facilitating its
nuclear translocation, thereby transcriptionally activating CAPN2
and PXN, which are functional genes involved in cytoskeleton-
remodeling and cancer metastasis. The mechanical properties of
cancer cells are influenced by the dynamic assembly of the
cytoskeleton, which reflects their potential of malignant transfor-
mation, proliferation, and migration. Cells with different degrees
of malignancy have different biophysical properties such as
stiffness and adhesion tendency [44, 45]. By employing AFM, we
accurately measured biophysical features of cancer cells, including
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Fig. 5 CircRILPL1 regulates NPC cells migration, invasion, proliferation and mechanical properties through YAP signaling. Wound healing
assay (A), transwell assay (B), MTT assay (C), and AFM assay (D-F) were performed to assess the effects of YAP on NPC cells migration, invasion,
proliferation and biophysical properties that regulated by circRILPL1. All experiments were performed in at least triplicate samples. Data were
presented as the means + SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Cell Death & Differentiation (2023) 30:1679 - 1694 SPRINGER NATURE



P. Wu et al.

1688
A HNE2 CNE2 HONE1
M |nput Biotin Un-biotin Input Biotin Un-biotin  Input Biotin Un-biotin  Input Biotin Un-biotin
- ROCK1 | e . [ - [= =
180 kD — 1 ROCK1
130 kD " IPo7 GAPDH |« | - | [— |
100 kD D DAPI  ROCK1 circRILPL1 Merge Colocalize
70 kD o
55 kD — %
I
40 kD —
N
i
35kD — | N =
25kD — -
w
s
C T
6 HNE2 CNE2 HONE1
Eg‘t-ﬂng.R K1F Y27632 = = + + = = + + = = + +
g % B nti-ROC CircRILPLT = 4 = 4 = 4+ = - - +
o
o~ p-MYPT1 |——-=.-- -||-——-—¢-||—-__|
g ‘:, 24 — kEEE 1.00 1.67 0.71 0.65 1.00 1.59 0.66 0.72 1.00 1.29 0.67 0.80
55 ROCK1 I—-—-—||-_.—-¢-—_||---_|
- @ : 1.00 1.27 1.35 1.22  1.00 1.24 1.36 1.17 1.00 0.93 0.94 1.00
58" (32325 - -
'3 0 1.00 0.23 2.05 2.21 1.00 0.92 1.36 1.37 1.00 0.38 1.70 1.79
. T T T RV p——— s
©  HNE2 CNE2 HONE1 (Ser397) - e
1.00 0.62 1.34 1.31  1.00 0.48 3.36 4.22 1.00 0.42 3.17 3.37
E YAP‘—-—- - —-—-—‘|_-- |
1.00 1.53 0.51 0.43 1.00 1.60 0.77 0.71 1.00 1.45 0.48 0.44
circRILPL1 EV OE NC ASO p-LATS1 - S i o |_. e o ...|
p-MYPT1 EI I‘jl 1.00 0.59 1.80 1.82 1.00 0.49 1.55 1.63 1.00 0.55 1.30 1.40
~ 1.00 1.97 1.00 0.63 LATS1 I-—-—H-———”—-——l
% ROCK1 1.00 1.00 1.01 1.08 1.00 1.12 0.91 0.90 1.00 0.79 0.89 1.02
I 1.00 1.29 1.00 0.93 GAPDH ‘-—-—— —-——H——-—
GAPDH G HNE2 CNE2 HONE1
E”EI si-ROCK1 = = 4+ + = = 4+ 4+ = = 4 +
p-MYPT1 GircRILPLT = + = 4+ = 4+ = 4+ = 4 = 4
1.00_1.47 1.00 0.67
o p-MYPT1 ‘——.—. B S e |—--—
5 ROCK1 1.00 1.28 0.31 0.26 1.00 1.37 0.61 0.65 1.00 1.32 0.32 0.33
1.00_1.29 1.00 0.76 ROCKA l""""“ - _____”__ 5 -
GAPDH VAP 1.00 0.89 0.58 0.42 1.00 0.84 0.60 0.42 1.00 1.06 0.30 0.31
p-
— e — — — . — — -— QP e—
p-MYPT1 (Ber127) |1.oo 0.87 1.33 1.42 1.00 0.49 1.74 1.64 1.00 0.57 1.66 1.79
T 1.00 1.43 1.00 0.66 (Szg:;; PR | pmp— "‘_| P pep—
g ROCK1 * 1.00 0.63 4.57 4.86 1.00 0.70 1.45 1.42 1.00 0.65 1.20 1.39
= 1.00 1.11 1.00 0.85 YAP | —— JR— ||_,,- .
GAPDH 1.00 1.77 0.46 0.49 1.00 1.39 0.31 0.32 1.00 1.61 0.34 0.22
PLATST [ ==« o o | [ me s - —

adhesion force and stiffness.

circRILPL1

LATST |

1.00 0.47 1.26 1.68

1.00 0.62 1.69 1.74

1.00 0.60 2.05 1.90

-_— emn eE TuD | | ey o= Cum e —— — —

1.00 0.84 0.81 0.78

1.00 0.74 0.81 0.90

1.00 1.24 1.10 1.24

O Py | P | ——

Our work demonstrated that
reduced the adhesion and stiffness of NPC cells,

making them prone to invasion and migration, ultimately
promoting the malignant progression of NPC.
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In addition, we found that circRILPL1 regulates the Hippo-YAP

signaling pathway by binding with ROCK1 and IPO7 proteins. As a
downstream effector of Rho, ROCK1 phosphorylates and regulates
downstream protein kinases including MYPT, ERM, and LIMK to

Cell Death & Differentiation (2023) 30:1679 - 1694



P. Wu et al.

Fig. 6 CircRILPL1 inhibits the LATS1-YAP kinase cascade by binding to ROCK1. A The proteins pulled-down by circRILPL1 were separated
by the SDS-PAGE, followed by silver staining and identification by LC-MS/MS. Biotin: biotinylated probe targeting the circRILPL1 back-spliced
site; Un-biotin: unbiotinylated probe, as control. Bands corresponding to ROCK1 (158 kDa) and IPO7 (119 kDa) were marked. B The interaction
between circRILPLT and ROCK1 protein was detected in NPC cells using RNA pull-down assay with a biotin-labeled circRILPL1 probe. GAPDH
was used as a negative control. C The interaction between circRILPL1 and ROCK1 protein was detected in NPC cells by RIP assay using anti-
ROCK]1 antibody. The fold enrichment of circRILPL1 was relative to that of the control IgG. Data were presented as the means + SD. *p < 0.05,
**¥p < 0.001, ****p < 0.0001. D The co-localization between circRILPL1 and ROCK1 protein was detected by IF-FISH. DAPI: blue; ROCK1: green;
CircRILPL1: red; Scale bar = 20 pm. E The effects of circRILPLT on MYPT1 (Thr696) phosphorylation and ROCK1 protein were measured by
western blotting in NPC cells after overexpression or knockdown of circRILPL1. F. The expressions of p-MYPT1 (Thr696), ROCK1, p-YAP (Ser127
and Ser397), YAP, p-LATS1, and LATS1 were measured in the circRILPL1 overexpressed NPC cells treated with the ROCK1 inhibitor Y27632 (10
uM) for 2 h by western blotting. G The expressions of p-MYPT1 (Thr696), ROCK1, p-YAP (Ser127 and Ser397), YAP, p-LATS1, and LATS1 were
measured in NPC cells after co-transfection of the circRILPL1 overexpression plasmid and ROCK1 siRNA by western blotting.

modulate actin polymerization. Actin and cytoskeleton remodel-
ing stimulates LATS1/2 kinase activity, leading to YAP phosphor-
ylation [22, 46]. Xin Zhou et al. demonstrated that GPER
stimulation activated YAP and TAZ via the Gag-11, PLCB/PKC,
and Rho/ROCK signaling pathways, leading to actin reorganization
in breast cancer [47]. Yang XM et al. found that RACGAP1 inhibited
Hippo signaling and activated YAP in HCC cells by increasing the
activity of RhoA, leading to polymerization of filamentous actin
[48]. SPON2 regulates the activities of RhoA and Rac1 through
unique integrin signaling, affecting the F-actin reorganization,
LATS1-Hippo pathway, and liver cancer cell migration [49]. Here
we discovered that circRILPLT modulated the LATS1-YAP kinase
cascade through binding to and activating ROCK1, resulting in
decreased YAP phosphorylation. Of course, the exact mechanism
by which ROCK1 inhibits the kinase activity of LATS1 still needs to
be further investigated.

IPO7 functions in protein nuclear import through acting as a
nuclear transport receptor or as an adapter-like protein in
association with the importin-beta subunit KPNB1. FOXM1
induced nuclear import and transcription of GLIT by promoting
the expression of IPO7, which contributes to cells proliferation and
invasion in glioma [50]. KRT19 promotes the nuclear localization of
Egr1 by mediating the binding between Egr1 and IPO7, thereby
negatively regulating Akt signaling pathway in breast cancer [34].
Many proteins were discovered to shuttle between the nucleus
and the cytoplasm in response to cellular stress signals [51, 52].
Maria Garcia-Garcia et al. newly found that IPO7 drives nuclear
import of YAP in response to mechanical signals, whereas YAP
governs the mechanoresponse of Imp7 by forming a YAP/Imp7
complex in response to mechanical cues via the kinases MST1/2
[53]. IPO7 usually binds to protein substrates containing nuclear
localization signal (NLS) [54, 55]. A conserved bipartite NLS was
identified in the N-terminal region of NUAK1, which is responsible
for its nuclear import [56]. However, many proteins lacking the
typical NLS have also been reported to undergo nuclear
translocation. For instance, the sequence (Ser-Pro-Ser, SPS) in
ERKs is phosphorylated upon stimulation. The phosphorylated ERK
then binds to IPO7 and leads to its nuclear translocation [57]. In
addition, IPO7 has been reported to be responsible for nuclear
import of plasmid DNA and human mitochondrial DNA, suggest-
ing that IPO7 may represent a key molecule for nuclear import of
DNA [58-60]. In this study, circRILPLT was demonstrated to bind
with IPO7 and facilitate the interaction between YAP and IPO7,
thereby promoting the nuclear translocation of YAP. Our study
extended the understanding of non-coding RNA-mediated YAP
activation during cancer progression. It would be of great interest
to unveil the exact mechanism by which circRILPL1 facilitates IPO7
nuclear translocation.

Collectively, we characterized a circRNA circRILPL1 playing a
pivotal oncogenic role in NPC progression through synergically
regulating the activation of YAP and its nuclear translocation by
binding to both ROCK1 and IPO7. This finding highlights the
diagnostic and therapeutic potential of targeting circRILPL1 in
NPC, uncovers a direct interaction between a circRNA and
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signaling proteins, and emphasizes the significance of circRNA
functions in NPC proliferation and metastasis.

MATERIALS AND METHODS

Patient samples

Two cohorts of NPC tissue samples were collected at Hunan Cancer
Hospital, Changsha. The first cohort included 38 NPC tissues and 16
chronic nasopharyngeal inflammation tissues (Table S6) which were used
for quantitative real-time polymerase chain reaction (qRT-PCR). The second
cohort included 99 NPC tissues and 46 adjacent non-NPC tissues (Table S7)
for in situ hybridization (ISH). This study was approved by the Joint Ethics
Committee of Central South University, and informed consents were
obtained from all participants.

Cell culture and cell transfection

Cell lines (HNE2, CNE2, and HONE1) were obtained from the Cell Center of
Central South University, and cultured in RPMI-1640 (Gibco, USA) contain-
ing 10% fetal bovine serum (Gibco, USA) at 37 °C and 5% CO2.

The full-length circRILPL1 (hsa_circ_0007552) was amplified by PCR and
then inserted into pcDNA3.1% circRNA Mini Vector, which was a gift from
Professor Li Yong at Baylor College of Medicine. The YAP cDNA was cloned
into pcDNA3.1". The construct for overexpression of IPO7 (IPO7
pcDNA3.1-3xFlag-C) was purchased from YouBio Company (Changsha,
China). All constructs were confirmed by sequencing. Antisense oligonu-
cleotides (ASO) specifically targeting circRILPL1, siRNAs targeting RILPL1,
YAP, IPO7, and ROCK1, and the controls were purchased from RiboBio Co.,
Ltd. (Guangzhou, China). The sequences for siRNA were listed in Table S8.
Neofect (Neofect biotech Co., Ltd. China) was used for plasmid
transfection. Hiperfect (Qiagen, Hilden, Germany) was used to transfect
ASOs and siRNAs. The ROCK1 inhibitor Y-27632 (Selleck, Shanghai, China)
was used in cells with a concentration of 10 uM.

RNA extraction and qRT-PCR

Total RNA was extracted from cells or tissues using TRIzol (Life, USA).
Reverse transcription was performed using the HiScript cDNA Synthesis kit
(Vazyme, Nanjing, China). Then, gRT-PCR was performed on CFX96™ Real-
Time PCR Detection System using 2xSYBR Green gPCR Master Mix (Bimake,
USA). All primers used were listed in Table S8.

Northern blot

10-20 pg of RNA was electrophoresed in a 1.5% formaldehyde-agarose gel
in MOPS buffer. RNA was transferred to Hybond-N + membranes
(Amersham, UK) with 10 x SSC buffer by capillary transfer. After UV
cross-linking and fixation, the membranes were hybridized with
digoxigenin-labelled circRILPL1 or RILPL1 mRNA probes (Table S8) at
65 °C for 16-18 h and detected by Anti-Digoxigenin-AP (Roche). Then the
signal was developed with the chemiluminescent substrate NBT/BCIP.

Western blotting

RIPA buffer (Beyotime Biotechnology, Shanghai, China) and Protease
Inhibitor cocktail (Roche Applied Sciences, Mannheim, Germany) were
used for cell lysis and protein extraction. Protein samples (30-50 pg) were
separated via 10-12% SDS-PAGE and transferred onto 0.2 pm PVDF
membrane (Millipore, Billerica, MA, USA). After blocking with 5% nonfat
milk for 1h, the membrane was incubated with primary and secondary
antibodies sequentially following the manufacturer’s instruction. After
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washing with tris-buffered saline (TBS) or phosphate-buffered saline (PBS)
supplemented with 0.1% Tween 20 for 3 times, the target protein bands
were detected using the ECL detection system (Millipore, USA).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a
loading control. All antibodies used are listed in Table S9.
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RNase R and actinomycin D treatment

Actinomycin D (Sigma, USA) was added into NPC cells at a final
concentration of 2 pg/ml, and RNA was collected at Oh, 8h, 16 h, and
24 h for gRT-PCR. For RNase R (RNR07250, Epicentre, USA) digestion, 20 U/
pl RNase R was incubated with RNA extracted from NPC cells at 37 °C for
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Fig. 7 CircRILPL1 promotes YAP nuclear translocation through mediating its binding to IPO7. A The binding between circRILPL1 and IPO7
protein was detected in NPC cells by RNA pull-down with biotin-labeled circRILPL1 probe. GAPDH was used as a negative control. B The
binding between circRILPLT and IPO7 protein was examined in NPC cells using anti-IPO7 antibody by RIP assay. The fold enrichment of
circRILPL1 is relative to that of the control IgG. C CircRILPL1 promotes the nuclear translocation of IPO7 in NPC cells as examined by cytosolic/
nuclear protein fractionation. PARP was used as a nuclear marker and -tubulin as a cytoplasmic marker. D. Co-localization of YAP and IPO7 in
NPC cells after overexpression of circRILPL1. DAPI: blue; YAP: red; IPO7: green; Scale bar = 10 pm. E The effect of circRILPL1 on the interaction
between YAP and IPO7 was detected by immunoprecipitation using anti-Flag (IPO7) antibody, followed by western blotting using YAP
antibody in NPC cells transfected with Flag-IPO7 plasmid, co-transfected with circRILPL1 overexpression plasmid or empty vector. GAPDH was
used as a negative control. F The transcriptional activity of YAP was measured by luciferase reporter assay after overexpression or knockdown
of circRILPL1 or IPO7 in NPC cells. G Knockdown of IPO7 blocked the nuclear import of YAP induced by circRILPL1 in NPC cells. PARP was used
as a nuclear marker and p-tubulin as a cytoplasmic marker. H The effects of knockdown of IPO7 or ROCK1 on circRILPL1-induced YAP nuclear
translocation in HNE2 cells. Data were presented as the means + SD. *p < 0.05, **p < 0.01, ***p < 0.001.

30min, and then the enzyme was inactivated by heating at 70°C for
10 min.

Cytosolic/nuclear fraction assay

Cytosolic and nuclear RNAs were isolated using the PARIS™ Protein and
RNA Isolation System (Invitrogen, USA) following to the manufacturer’s
instructions. Cytosolic and nuclear proteins were separated using the NE-
PER Nuclear and Cytoplasmic Extraction Reagent (Thermo Scientific, USA).

Immunohistochemistry (IHC) and in situ hybridization (ISH)
IHC was done using an immunohistochemical kit (KIT-9720, MXB
Biotechnologies, Fuzhou, China). For ISH, digoxigenin-labeled cir-
cRILPL1-specific probes were synthesized by Sangon Biotech (Shanghai,
China) and the expression of circRILPL1 in NPC tissue was detected
specimens using the Enhanced Sensitive ISH Detection kit | (POD)
(MK1030, BOSTER, China) following the manufacturer’s instruction. The
probes used were listed in Table S8. All sections were independently
scored by two pathologists who were blind to the clinicopathological
features of the samples (Table S7). A semi-quantitative scoring criterion
was used based on the staining intensity and the proportion of positive
cells. When the tissue was not stained, scoring 0. When the tissue was
pale yellow, scoring 1; light brown, scoring 2; dark brown, scoring 3. On
the other hand, when less than 25% of cells were positive, scoring 0;
25% - 50% positive, scoring 1; 50%-75% positive, scoring 2; and more
than 75% positive, scoring 3. Finally, a comprehensive score was
calculated as the product of the staining intensity score and the positive
ratio score. Scores greater than 5 were determined as high expression;
others were considered as low expression.

RNA fluorescence in situ hybridization (FISH)

Cells were fixed with 4% paraformaldehyde and penetrated with 0.1%
Triton-100. After incubation with pre-hybridization solution for 2-4 h at
37°C, cells were incubated with digoxigenin-labeled circRILPL1-specific
probes (Sangon Biotech, China) at 37 °C overnight. After washing with SSC
buffer, cells were incubated with biotinylated mouse anti-digoxigenin
antibody for 1h. Red fluorescence-labeled mouse secondary antibody
(LIFE, USA) was added at a dilution ratio of 1:200, and further incubated in
the dark at 37 °C for 1 h. DAPI (Invitrogen, USA) was added to counterstain
the nuclei. Cells were imaged and analyzed using confocal microscope
Ultra-View Vox (Perkin-Elmer, USA).

Wound healing and transwell assays

For wound healing assay, transfected cells were plated in 6-well
plateand scratched evenly using sterilized mini tips. Then cells in each
well were photographed and counted at Oh and 24 h. For transwell
assay, the diluted Matrigel (BD, Shanghai, China) was added to the upper
chamber of Transwell chamber (Millipore, USA). Then transfected cells
were added to the upper chamber and RPMI-1640 medium containing
20% FBS was added to the bottom chamber. Two days later, cells in the
bottom chamber were photographed and counted using an inverted
phase-contrast microscope after fixation and staining with 0.1% crystal
violet.

MTT and colony formation assays

For MTT assay, 800 transfected cells were seeded in 96-well plates with 5
replicates in each group. After cell adhesion, 20 ul MTT (Beyotime, China)
was added and incubated in the dark for 4 h at 37 °C. Then, the plate was
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scanned at 490 nm using a microplate reader from day 0 to day 6. For
colony formation assay, 2,000 transfected cells were seeded in 12-well
plate and cultured for a week. The colonies in each well were
photographed and counted after washing with PBS, fixation with 4%
paraformaldehyde, and staining with 0.1% crystal violet.

Atomic Force Microscopy (AFM)

AFM (JPK NanoWizard 4 BioScience, JPK Instruments, Germany) was used
to measure the biophysical properties of NPC cells. The cells were fixed in
2% glutaraldehyde for 45s, 4% paraformaldehyde for 20 min, and then
washed and maintained in appropriate amount of PBS for AFM scanning.
The probe HYDRA6V-100NG (AppNano, CA, USA) with a spring constant of
0.292N/m was used in the experiments. The indentation process was
performed at a loading and retraction rate of approximately 2.5 um/s with
an indentation depth of at least 1 mm. Images were captured under QI
mode and analyzed with JPK software to obtain data on cell adhesion,
stiffness, and Rq.

Immunofluorescence (IF)

Cells were fixed with pre-warmed 4% paraformaldehyde, penetrated with
0.1% Triton-100, and blocked with 5% calf serum albumin for 30 min at
room temperature. Then cells were incubated with primary antibodies at
4°C overnight. After washing with PBS, they were incubated with
fluorescently labeled secondary antibody (LIFE, USA) at 37°C for 1h.
Images were captured with laser confocal microscope Ultra-View Vox
(Perkin-Elmer, USA) after counterstaining the nuclei with DAPI.

Luciferase reporter assay

Cells were co-transfected with the YAP luciferase reporter plasmid and the
pRL-TK plasmid (which expresses Renilla luciferase as an internal control)
after overexpression or knockdown of circRILPL1. The luciferase activity
was measured using the Dual-Luciferase® Reporter Assay System (E1910,
Promega, USA) 48 hours later. Relative luciferase activity was obtained by
normalizing with the Renilla luciferase activity.

RNA immunoprecipitation (RIP) and chromatin
immunoprecipitation (ChIP)

RIP was performed to analyze the interaction between circRILPLT and
ROCK1 or IPO7 using the Magna RIP™ Kit (17-701, Millipore, USA)
according to the manufacturer’s instruction. ChIP was performed using the
ChIP Assay Kit (P2078, Beyotime, China) following the manufacturer’s
instruction.

RNA pull-down

After transfection of biotin-labeled circRILPL1 probes for 24 hours, cells
were lysed with the RIP buffer (150 mM KCl, 25 mM Tris-HCI, 0.5 mM DTT,
0.5% NP40) and incubated with 50 ul of Streptavidin Dynabeads (M-280,
Invitrogen, USA) overnight at 4°C with rotation. Then the RNA-protein
complexes were examined by western blotting.

Immunoprecipitation

Cell lysates were incubated with antibodies (or the control IgG) and 50 ul
of protein A/G magnetic beads (Bimake, Houston, Texas, USA) overnight at
4°C with rotation. After washing with GLB™ buffer (10 mM NaCl, 10 mM
Tris-HCI, 10 mM EDTA, 0.5% Triton-100) for 3 times, the precipitates were
analyzed by western blotting.
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Liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS)

To identify circRILPL1 interacting proteins, cell lysates were incubated with
biotin-labeled probes and biotin-affinity magnetic beads overnight at 4 °C
to pull-down circRILPL1-associated proteins. The purified proteins were
separated by SDS-PAGE gels and followed by liquid chromatography
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coupled to tandem mass spectrometry (LC-MS/MS) using Ultimate 3000
RSLC Nano System (Dionex, CA, USA) coupled with LTQ Orbitrap Velos Pro
mass spectrometer (Thermo Scientific). Whole proteomic analysis was
performed by searching the UniProt KB/Swiss-Prot database using the
Proteome Discoverer 1.4 software. A fold change of >1.68 or <0.62 was
used to define differentially expressed proteins. DAVID bioinformatics site
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Fig. 8 CircRILPL1-YAP signaling promotes the transcription of CAPN2 and PXN. A The expression levels of CAPN2 and PXN mRNA were
examined by gRT-PCR in NPC cells after overexpression or knockdown of circRILPL1. B The expressions of CAPN2 and PXN protein were
examined by western blotting in NPC cells after overexpression or knockdown of circRILPL1. C The effects of circRILPL1T and YAP on the
expressions of CAPN2 and PXN mRNA in NPC cells were detected by qRT-PCR. D The effect of circRILPL1 on the enrichment of YAP on CAPN2
and PXN promoters was examined by ChIP assay. E Schematic diagram of the signaling pathways regulated by circRILPLT in NPC cells.
CircRILPL1 inhibits the LATS1 kinase through binding to and activating ROCK1, thereby suppressing the phosphorylation of YAP. In
cooperation with the nuclear transport receptor IPO7, circRILPL1 prompts loading of YAP onto IPO7 and thus enhances YAP translocation into
nucleus, where YAP activates the transcription of cytoskeleton remodeling genes CAPN2 and PXN. CircRILPL1 activates the Hippo-YAP
signaling pathway, ultimately resulting in biomechanical differences, proliferation, and metastasis of NPC cells. Data were presented as the

means + SD. *p < 0.05, **p < 0.01, ***p < 0.001.
<

(https://david.ncifcrf.gov/) was used to classify the function categories of
differentially expressed proteins.

Animal experiments

Female BALB/C nude mice were randomly divided into four groups. CNE2
cells (2 x 10°% transfected with the vector, the circRILPL1 overexpression
plasmid, antisense oligonucleotides against circRILPL1 (ASO-circRILPL1) or
the scramble negative control were injected subcutaneously, via tail vein,
or footpad, respectively. For the subcutaneous tumor model, mice (6 per
group) were sacrificed 30 days after inoculation. The size of the
subcutaneous tumor nodule was measured every 5 days and histological
examinations were done after 30 days of inoculation. For the tail vein-lung
metastasis model, mice (6 per group) were sacrificed 8 weeks after
inoculation. The number and area of lung surface metastatic nodules in
each mouse were recorded. The lungs were removed, imaged, and
embedded in paraffin. Then, the tissues were sectioned for hematoxylin-
eosin (H&E) staining, ISH experiments, and metastatic evaluation. For
footpad-lymph node metastasis, mice (6 per group) were sacrificed 28 days
after inoculation and the ipsilateral inguinal lymph nodes were excised for
analysis. All experimental protocols involving animals were performed in
accordance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and approved by the Institutional Animal Care
and Use Committee of Central South University (Changsha, China).

Statistical analysis

Statistical analysis was performed using the GraphPad Prism 8.0. Student’s
t-test (two-tailed) to compare the difference between two groups of data.
All data were represented as mean + standard deviation (SD). P value <
0.05 was considered statistically significant.

DATA AVAILABILITY
All data that support the findings of this study are available from the corresponding
authors upon reasonable request.
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