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CircVPS13C promotes pituitary adenoma growth by decreasing
the stability of IFITM1 mRNA via interacting with RRBP1
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CircRNAs play important roles in a variety of biological processes by acting as microRNA sponges and protein scaffolds or by
encoding functional proteins. However, their functions and underlying mechanisms remain largely unknown. Distinctive circRNA
patterns were explored by comparing nonfunctioning pituitary adenomas (NFPAs) and normal pituitary tissues with a circRNA array.
The biological functions of selected circRNAs were determined in vitro and in vivo. RNA-seq and circRNA pulldown assays were
applied to investigate the underlying mechanisms. The circRNA profile of NFPAs is tremendously different from that of normal
pituitary tissues. CircVPS13C is significantly upregulated in NFPA samples and cell lines. Gain- and loss-of-function experiments
demonstrate that silencing circVPS13C inhibits the proliferation of pituitary tumor cells in vitro and in vivo. Mechanistically,
circVPS13C silencing increases the expression of IFITM1 and subsequently activates its downstream genes involved in MAPK- and
apoptosis-associated signaling pathways. Rescue experiments show that IFITM1 overexpression partly reverses the biological
effects of circVPS13C. Further studies reveal that circVPS13C inhibits IFITM1 expression through a novel mechanism mainly by
competitively interacting with RRBP1, a ribosome-binding protein of the endoplasmic reticulum membrane, and thereby alleviating
the stability of IFITM1 mRNA. Clinically, circVPS13C expression is markedly higher in high-risk NFPA samples and is downregulated
in patient serum 7 days post-transsphenoidal adenoma resection. Our findings suggest that circVPS13C is a critical regulator in the
proliferation and development of NFPAs through a novel mechanism, whereby regulating mRNA stability via interacting with
ribosome-binding proteins on the endoplasmic reticulum membrane.
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INTRODUCTION
Pituitary adenomas are among one of the most common
intracranial tumors and have increased to 115 cases per 100,000
population over the past several decades, probably as a result of
enhanced awareness and improved diagnostic imaging [1].
Approximately 30–40% of these cases are clinically nonfunction-
ing pituitary adenomas (NFPAs), which are characterized by a lack
of hormonal secretion [2, 3]. According to the 4th edition of the
World Health Organization classification of endocrine tumors,
NFPAs can be categorized into eight subtypes: silent gonadotroph,
corticotroph, somatotroph, thyrotroph, lactotroph, plurihormonal
Pit-1, null-cell, and double/triple NFPAs [4]. Among them, silent
corticotroph adenomas are recognized as high-risk pituitary
adenomas [4]. Patients with NFPAs usually suffer from headache,
visual field defects, and even hydrocephalus due to mass effects
[5]. Moreover, NFPAs are the most frequent cause of hypopituitar-
ism, which has been proven to be associated with overall excess
mortality compared with that of the general population [6].
Surgical resection is currently the main treatment method.

However, 16–30% of these patients relapse postoperatively [5].
Medical treatment and early detection of pituitary tumors could
be potentially effective alternatives for preventing and managing
invasive NFPAs. However, the development of these strategies has
been hampered by the limited understanding of the mechanisms
underlying pituitary tumorigenesis and development.
Unlike the functioning pituitary adenomas, very few gene

mutations are associated with sporadic NFPA development, and
genetic evaluation is rarely helpful for NFPA management [7].
Increasing studies have suggested that epigenetic modulation is
tightly associated with the development of NFPAs [8]. Circular RNAs
(circRNAs) represent a novel class of noncoding RNAs that are
abundant and highly conserved in mammals. Aberrant expression
patterns of circRNAs have been implicated in a variety of physiological
and pathological processes [9–11]. CircRNAs are primarily known to
act as competing endogenous RNAs or microRNA (miRNA) sponges
to regulate transcriptional activity [12]. Our previous research found
that circOMA1 promotes NFPA progression by acting as a sponge of
the tumor suppressor miR-145–5p [13]. More recently, studies
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revealed that circRNAs could have roles in tumor progression beyond
acting as miRNA sponges [10]. For example, circPABPN1 was proven
to decrease ABPN1 translation by competitively binding to and
sequestering HuR [14]. Circ-Foxo3 can function as a scaffold to bind to
p53 and MDM2, thus promoting MDM2-induced p53 ubiquitination
and degradation [15]. Circ-Amotl1 was shown to facilitate STAT3
nuclear translocation to bind to the DNMT 3a promoter and promote
DNMT 3a transcription [16]. These studies indicate that circRNAs could
influence protein expression, biogenesis, and pathophysiological
processes by binding, storing, and sequestering proteins to
subcellular locations [11]. Moreover, certain endogenous circRNAs
can be translated to form protein or peptide isoforms in biologically
significant amounts [17, 18]. Therefore, investigating circRNA-protein
interactions is a fascinating and exciting endeavor, and the exact
underlying mechanisms need to be characterized.
In the present study, we identified a circRNA derived from the

VPS13C gene, termed circVPS13C (hsa_circ_0000607), which is
markedly upregulated in NPFA samples and promotes the
proliferation and colony formation of NFPA cells. CircVPS13C
decreases the stability of interferon-induced transmembrane
protein 1 (IFITM1) mRNA by competitively interacting with
ribosome-binding protein 1 (RRBP1), which can promote mRNA
stability by recruiting mRNA to anchor in the endoplasmic
reticulum [19, 20]. The results of this study revealed a novel
mechanism whereby circRNAs regulate mRNA stability by inter-
acting with ribosome-binding proteins on the endoplasmic
reticulum membrane. To the best of our knowledge, this is the
first study to reveal the interaction of circRNAs and endoplasmic
reticulum proteins.

RESULTS
Differential circRNA expression between NFPA and NP tissues
and significantly increased circVPS13C expression in NFPA
samples
CircRNA expression profiles were compared between age- and
sex-paired NFPA (n= 10) and NP tissues (n= 4) by using a circRNA
microarray. The boxplots of microarray intensity values demon-
strated low variation between samples, suggesting that the
circRNA expression pattern was similar between the two groups
(Fig. 1a). Heat map (Fig. 1b) and volcano plots (Fig. 1c) were used
to display the differentially expressed circRNAs in the two groups.
A total of 1493 circRNAs were differentially expressed between the
two groups (fold change ≥ 4, FDR < 0.01). Among them, 990 were
significantly upregulated and 503 were significantly downregu-
lated in the NFPA samples. We focused on upregulated circRNAs
with higher absolute expression level, which could potentially be
therapeutic targets and be more likely to be detected in tumor
sample and serum.
Considering the fold change (>10), normalized relative abun-

dance (>10), annotated genomic region (exonic) and FDR (<0.002),
a total of 91 circRNAs were selected for further analysis. Then, ten
of these circRNAs were chosen for further investigation because
their parental genes have been reported to be involved in the
regulation of cell proliferation. We examined the levels of these
circRNAs in another 18 NFPA and 8 NP tissues by qRT-PCR, and all
of them were confirmed to be significantly upregulated in NFPA
samples compared to NP tissues (Fig. 1d). Then, the top five
circRNAs with the lowest cycle threshold value of qRT-PCR were
selected, and their biological function in pituitary tumor-derived

Fig. 1 Differential circRNA expression between NFPA (n= 10) and NP tissues (n= 4) and significantly increased circVPS13C expression in
NFPA samples. Boxplots of microarray intensity values (a), heat map (b) and volcano plots (c) were used to display the expression profiles of
circRNAs in the two groups (fold change≥4, FDR < 0.01). d Relative expression of ten selected circRNAs in NFPA and normal pituitary (NP)
samples, as evaluated by qRT-PCR. e CCK-8 assay was performed to evaluate the biological effects of selected circRNAs on PDFS cells.
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folliculostellate (PDFS) cells was evaluated with the CCK-8 assay.
As shown in Fig. 1e, circVPS13C (circBase ID: hsa_circ_0000607)
displayed the best inhibitory effect on cell proliferation when it
was silenced. However, circRNAs silencing has none detectable
effects on their parental linear genes (Fig. S1). Collectively, these
results prompted us to investigate the role of circVPS13C in the
occurrence and progression of NFPAs.

Identification and validation of circVPS13C in pituitary
adenoma cells
CircVPS13C is transcribed from the VPS13C gene locus and is
localized on human chromosome 15. It is 608 bp and contains exons
8–13. To confirm that circVPS13C is a circRNA, Sanger sequencing
was performed to identify the head-to-tail splice junction (Fig. 2a).
Then, divergent primers were designed to amplify the head-to-tail
splicing site of endogenous circVPS13C using cDNA or gDNA
extracted from PDFS cells as a template. The putative fragments
were detected only with the cDNA template (Fig. 2b). Finally, RNase
R resistance assay and agarose electrophoresis analysis confirmed
that circVPS13C was resistant to RNase R, while GAPDH and linear
VPS13C were sensitive (Fig. 2c). Taken together, these data
confirmed that circVPS13C is a bona fide circRNA.
To characterize the subcellular location of circVPS13C, we

performed costaining of circVPS13C with RNA-FISH assays and
nucleoli with DAPI, in which circVPS13C was found to be enriched
in both the cytoplasm and nucleoli in PDFS cells. Subcellular
fractionation analysis followed by semiquantitative PCR further
validated both the cytoplasmic and nuclear enrichment of
circVPS13C (Fig. 2d). In addition, we detected the distribution of
circVPS13C in NFPA and normal pituitary samples with RNA-FISH.
In consistent with the finding of qRT-PCR, circVPS13C staining is
more concentrated in NFPA samples than the one in normal
pituitary tissues (Fig. 2e).

CircVPS13C silencing inhibits the proliferation of NFPA cells
partly by increasing apoptosis
To evaluate the biological functions of circVPS13C in the
development of NFPAs, gain- and loss-of-function experiments
were performed by using both PDFS and human-derived NFPA
primary cells. First, two back-splicing sequence-targeting shRNAs
were designed to silence circVPS13C, and PDFS cells with stable
expression of circVPS13C were also established. The results
showed that circVPS13C expression was effectively silenced by
both shRNAs and stably upregulated in PDFS cells transfected with
the circVPS13C vector without a detectable effect on linear
VPS13C expression (Fig. 3a). The CCK-8 assay revealed that
circVPS13C silencing significantly impaired the proliferation of
PDFS cells and human-derived NFPA cells, while circVPS13C
overexpression had the opposite effects (Fig. 3b). Then, we further
determined the effect of circVPS13C on another 6 human-derived
NFPA primary cells. The CCK-8 assay showed that all of them were
significantly inhibited by circVPS13C silencing at 72 h after culture
(Fig. 3c). Similarly, the colony formation of PDFS cells was also
significantly suppressed when circVPS13C was knocked down (Fig.
3d). Moreover, flow cytometry apoptosis assays showed that the
fraction of apoptotic cells was significantly increased in cells with
circVPS13C knockdown but decreased in cells overexpressing
circVPS13C (Fig. 3e and Fig. S2a, b). Moreover, circVPS13C
knockdown induced G0/G1 phase arrest (Fig. S2c) and inhibited
cell invasion and migration (Fig. S2d–f).
To further prove the ability of circVPSC13C on pituitary adenoma

cells, we evaluated the effect of circVPSC13C on the Mitogen-
activated protein kinases (MAPK) signaling pathway, which has been
shown to play crucial roles in cell proliferation of various tumors,
including pituitary adenomas [21, 22]. Consistently, circVPS13C
silencing decreased the protein levels of Bcl-2, phospho-ERK1/2 (p-
ERK1/2), and phospho-P38 (p-P38) and increased the levels of
cleaved Caspase-3, cleaved Caspase-9 and Bax in vitro. CircVPS13C

overexpression exerted the opposite effects (Fig. 3f). Finally, to
determine whether circVPS13C affects the proliferation of NFPA cells
in vivo, we injected PDFS cells transfected with the circVPS13C
expression vector or sh-circVPS13C into the subcutaneous tissue of
nude mice. Tumors grown from circVPS13C-knockdown cells were
significantly smaller and lighter than those grown from control cells
(Fig. 3g). And the staining pattern of proteins related to apoptosis
and MAPK signaling pathway in subcutaneous xenograft tumors is
similar with the one from in vitro finding (Fig. S3). Taken together,
these data suggest that silencing circVPS13C inhibits the prolifera-
tion of NFPA cells in vitro and in vivo, partly by increasing apoptosis.

CircVPS13C silencing inhibits cell proliferation partly by
upregulating IFITM1 expression
Although most circRNAs are reported to function as sponges of
miRNAs, their interactions with proteins are drawing increasing
attention [11]. To investigate the potential mechanisms underlying
the biological effects of circVPS13C on NFPA cells, we performed
mRNA-seq analysis of three pairs of circVPS13C-silenced PDFS cells
and control cells. The results showed that a total of 429 genes were
significantly upregulated and 19 were downregulated after
circVPS13C was silenced (Fig. 4a). The top ten genes with the most
increased expression and nine genes with the most decreased
expression were further verified in 15 NFPAs and 8 NP samples, and
IFITM1 was one of the most significantly changed genes (Fig. 4b).
Furthermore, the expression of IFITM1 was also significantly
associated with circVPS13C in NFPA samples (Fig. S4). By reviewing
the literature, we found that IFITM1 has been widely described to be
involved in cell proliferation and migration [23–25]. Moreover,
downregulated expression of IFITM1 was confirmed in 18 samples
by western blot (Fig. 4c) and in 43 NFPA samples by qRT-PCR (Fig.
S5a), and a significantly negative correlation was observed between
circVPS13C and IFITM1 in the 43 NFPA samples (and Fig. 4d).
Moreover, the IFITM1 level was negatively correlated with tumor size
(Fig. S5b) and Knsop grade (Fig. S5c). Gain- and loss-of-function
experiments showed that knockdown of circVPS13C increased
IFITM1 expression, while circVPS13C overexpression produced the
opposite results, as shown by qRT-PCR and western blotting in PDFS
(Fig. 4e) and 6 human-derived NFPA primary cells (Fig. S5d). We
used qRT-PCR to detect the expression of IFITM1 in xenograft tumor
of PDFS with knockout or overexpression of circVPS13C, and the
same result was obtained (Fig. S5e). Moreover, IFITM1 overexpres-
sion could significantly inhibit the proliferation of PDFS cells and
induce cell apoptosis (Fig. S5f–h). To determine whether the
biological effects of circVPS13C on NFPA cells were mediated by
repressing IFITM1, a rescue assay involving circVPS13C and IFITM1
was performed. The results revealed that IFITM1 knockdown partly
reversed the inhibition of cell proliferation and colony-forming
ability induced by circVPS13C knockdown in PDFS cells (Fig. 4f–h). In
addition, knockdown of IFITM1 partly reversed the effects of
circVPS13C silencing on the levels of apoptosis-related proteins
and proteins in the MAPK pathway (Fig. 4i). Collectively, these data
suggest that circVPS13C silencing inhibits NFPA cell growth partly by
enhancing IFITM1 expression.

By interacting with RRBP1, circVPS13C decreases the stability
of IFITM1 mRNA, and thereby suppress its expression
We then attempted to investigate how circVPS13C modulates
IFITM1 expression. The negative correlation between these
molecules in NFPA samples indicated that circVPS13C is unlikely
to regulate IFITM1 expression by sponging miRNAs. Furthermore,
bioinformatic analysis showed that most of the potential miRNA
targets of circVPS13C have only one or two binding sites. We thus
speculated that circVPS13C might function through novel mechan-
isms beyond miRNA sponging. Recent evidence has revealed that
circRNAs participate in molecular regulation by interacting with
proteins [11]. First, we determined the influence of circVPS13C on
the activity of the IFITM1 promoter. By performing a dual luciferase
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reporter assay, we found that neither overexpression nor silencing
of circVPS13C could induce detectable changes in IFITM1 promoter
activity (Fig. S6a). We then hypothesized that circVPS13C might
regulate IFITM1 expression via a posttranscriptional mechanism.
Based on this hypothesis, we performed ChIRP assays to identify
potential circVPS13C-associated proteins, as illustrated in Fig. 5a.
The cell lysate of PDFS cells was incubated with biotin-labeled
oligos to capture circVPS13C. CircVPS13C was then pulled down

and purified with magnetic beads. As verified by ChIRP-qPCR, the
enrichment efficiency of the circVPS13C-sense probe was 104-fold
higher in the treated group than in the NC group (Fig. 5b). Agarose
electrophoresis and silver staining were applied to identify
circVPS13C RNA-related proteins, and we found a significantly
different positive signal in the anti-circVPS13C probe group
compared with the NC probe group. Then, LC-MS/MS assay was
applied to identify the proteins in the positive sample (Fig. 5c).

Fig. 2 Identification and validation of circVPS13C in pituitary adenoma cells. a Illustration of the annotated genomic region of circVPS13C,
which was confirmed by Sanger sequencing. b Primers were designed to amplify the linear or back-splicing products using cDNA and
genomic DNA (gDNA) extracted from PDFS cells as templates. c Total RNA from PDFS cells with or without RNase R treatment was subjected
to qRT-PCR. d Costaining in RNA-FISH assays and nucleoli with DAPI indicates the cellular localization of circVPS13C. Relative expression of
circVPS13C in the nucleus and cytoplasm was evaluated with qRT-PCR. GAPDH and U6 were used as reference genes. e RNA FISH assay was
performed to detect the cellular localization and level of circVPS13C in pathologically defined NFPA and normal pituitary tissue.
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Among the proteins enriched in the circVPS13C-sense probe
group, RRBP1 (also known as p180), is of particular interest due to
its top expression in the circVPS13C-sense probe group, since
RRBP1 has been reported to be associated with the development

of various malignant tumors (Fig. 5d) [26, 27]. We further
confirmed the result with ChIRP-western blot analysis (Fig. 5d).
Meanwhile, a significant positive correlation between IFITM1 and
RRBP1 expression in 43 NFPA tissues was detected by qRT-PCR

Fig. 3 Silencing of circVPS13C inhibits the proliferation of NFPA cells partly by increasing apoptosis. a PCR was performed to measure the
level of circVPS13C in PDFS cells after treatment with two shRNAs and circVPS13C expression vectors. Silencing of circVPS13C inhibits the
proliferation of PDFS (b) and human-derived NFPA cells (c), as shown by CCK-8 assays. d CircVPS13C promotes the growth of PDFS cells, as
demonstrated by colony formation assays. e Silencing of circVPS13C induces apoptosis of PDFS cells, and circVPS13C expression inhibits
apoptosis. f The key molecules of the MAPK pathway and apoptosis pathway were analyzed by western blotting. Silencing of circVPS13C
decreases the protein levels of Bcl-2, phospho-ERK1/2 (p-ERK1/2) and phospho-P38 (p-P38) and increases the levels of cleaved Caspase-3,
cleaved Caspase-9, and Bax. CircVPS13C overexpression exerts the opposite effects. g Xenograft tumor models show that tumors grown from
circVPS13C-knockdown cells are significantly smaller and lighter than those grown from control cells.
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(Fig. S6b). Then, we asked whether RRBP1 is involved in
modulating the expression of IFITM1. As demonstrated in Fig.
5e, both IFITM1 mRNA and protein levels were markedly
decreased after RRBP1 was silenced but increased in RRBP1-
overexpressing cells, without a significant change in circVPS13C
levels. Similarly, as confirmed by western blotting, RRBP1 over-
expression increased IFITM1 levels and partly rescued the
suppression of IFITM1 expression by circVPS13C (Fig. 5f). Previous
studies have verified that RRBP1 is a protein located on the
endoplasmic reticulum membrane that can regulate mRNA

stability and enhance mRNA binding with ribosomes to promote
translation [19, 28]. After the cells were treated with actinomycin D
to suppress transcription, total RNA was extracted at different
times for qPCR to detect the stability of IFITM1 mRNA. The results
showed that degradation of IFITM1 mRNA was significantly
accelerated when RRBP1 was silenced or circVPS13C was over-
expressed. Overexpression of RRBP1 partly abolished the effects of
circVPS13C on IFITM1 mRNA (Fig. 5g). Taken together, these data
suggested that circVPS13C may regulate IFITM1 expression partly
by interacting with RRBP1.

Fig. 4 Silencing of circVPS13C inhibits cell proliferation partly by upregulating IFITM1 expression. a mRNA-seq analysis of three pairs of
PDFS circVPS13C-knockdown cells and control cells. b Genes with the most significant differences were evaluated in more NFPA (n= 15) and
NP (n= 8) samples by qRT-PCR, and IFITM1 was identified as one of the most significantly upregulated genes after circVPS13C knockdown. c
Decreased expression of IFITM1 in NFPA samples was confirmed by western blotting. d IFITM1 is negatively correlated with circVPS13C in a
cohort of 43 NFPA samples. e Knockdown of circVPS13C increased IFITM1 expression, while circVPS13C expression produced the opposite
results, as shown by qRT-PCR and western blotting. Knockdown of IFITM1 partly reverses the effects of circVPS13C silencing on cell growth
and apoptosis, as demonstrated by the CCK-8 assay (f), colony formation assay (g) and flow cytometry (h). i Knockdown of IFITM1 partly
reverses the effects of circVPS13C silencing on the levels of apoptosis-related proteins and proteins in the MAPK pathway.
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CircVPS13C suppresses IFITM1 expression by competitively
interacting with RRBP1
Then, we asked how circVPS13C interacts with RRBP1 to suppress
IFITM1 expression. Gain and loss of circVPS13C expression did not
induce significant changes in RRBP1 protein levels (Fig. 6a).
Similarly, RRBP1 and circVPS13C mRNA expression had no
significant correlation in NFPAs samples (n= 43) (Fig. S6b). These
data suggest that circVPS13C is unlikely to regulate RRBP1
expression. The RIP-qPCR results demonstrated that circVPS13C
overexpression increased the level of circVPS13C and RRBP1
interaction, but decreased the one of IFITM1 and RRBP1
interaction, along with reduced IFITM1 mRNA expression.

CircVPS13C silencing exerted the opposite effects. We thus
concluded that circVPS13C suppress IFITM1 expression by
competitively interacting with RRBP1 (Fig. 6b, c).
To declare the interaction between circVPS13C and RRBP1

protein, we firstly analyzed the potential binding sites of simulated
structure for RRBP1-circVPS13C complex through RING software
[29], and the results indicated that K51, E473, K474, Q479, Q551,
T554, and T600 might be critical for the interaction. Then, the
following mutant RRBP1 protein plasmids, RRBP1T554A+Q551A-
flag (T554A), RRBP1T600A-flag (T600A), RRBP1Q479A+ K474A+
E473A-flag (Q479A) and RRBP1K51A-flag (K551A) were con-
structed. Specific antibodies were used to against flag tag,

Fig. 5 CircVPS13C alleviates the stability of IFITM1 mRNA by interacting with RRBP1. a Schematic illustration of chromatin isolation by RNA
purification (ChIRP) assays used to identify potential circVPS13C-associated proteins. b ChIRP-qPCR data indicate the enrichment efficiency of
the circVPS13C-sense probe. c Agarose electrophoresis and silver staining show a different positive band in the anti-circVPS13C probe group
compared with the NC probe group. d LC-MS/MS was applied to identify the proteins in the positive band, and RRBP1 was shown to have the
best unique peptide spectrum match (PSM) and confirmed with ChIRP-western blot analysis. e Knockdown of RRBP1 decreases IFITM1
expression, while overexpression of RRBP1 produces the opposite results, as demonstrated by qRT-PCR and western blotting. f
Overexpression of RRBP1 partly reduces the effects of circVPS13C on IFITM1. g After treated with actinomycin D, total RNA was extracted at
different times for qPCR to detect RNA stability. RNA stability assay indicates that degradation of IFITM1 mRNA is significantly accelerated
when RRBP1 is silenced or circVPS13C is overexpressed. Overexpression of RRBP1 partly abolishes the effects of circVPS13C on IFITM1 mRNA.
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Fig. 6 CircVPS13C suppresses IFITM1 expression by competitively interacting with RRBP1. a Knockdown or overexpression of circVPS13C
did not affect the expression level of the RRBP1 protein confirmed with western blot analysis. b RNA-binding protein immunoprecipitation
(RIP) demonstrates the interaction between RRBP1 and circVPS13C in PDFS cells. RIP-qPCR results indicate that circVPS13C overexpression
increased the interaction level of circVPS13C and RRBP1 but decreased the interaction level of IFITM1 mRNA and RRBP1. c Silencing of
circVPS13C produced the opposite effects. d RRBP1T554A+Q551A(T554A) and circVPS13C interaction level decreased significantly compared
to the one of RRBP1WT(WT) and circVPS13C, but there was no statistical significance in those of circVPS13C and RRBP1T600A(T600A),
RRBP1Q479A+ K474A+ E473A(Q479A) or RRBP1K51(K51A) confirmed with RIP-qPCR. e Fluorescence colocalization results showed that
circVPS13C and RRBP1WT protein colocalize in the cytoplasm of PDFS cells, but there was no detectable colocation with RRBP1T554A+Q551
(T554A). f Molecular docking diagram of circVPS13C and RRBP1.

W. Zhang et al.

1557

Oncogene (2022) 41:1550 – 1562



following transfection of mutant RRBP1 and wild-type RRBP1 (WT)
plasmids. RIP-qPCR results showed that RRBP1T554A+Q551A and
circVPS13C interaction level decreased significantly compared to
the one of RRBP1WT and circVPS13C, but there was no statistical
significance in those of circVPS13C and RRBP1T600A,
RRBP1Q479A+ K474A+ E473A or RRBP1K51 (Fig. 6d). We then
transfected PDFS cells with plasmids of RRBP1T554A+Q551A and
RRBP1WT for colocalization assays. Fluorescence colocalization
results showed that circVPS13C and RRBP1WT protein colocalize in
the cytoplasm of PDFS cells, but there was no detectable
colocation with RRBP1T554A+Q551 (Fig. 6e). These results
suggest that RRBP1 interacts with circVPS13C through residues
including GLN551 and THR554. The simulated structure of the
RRBP1-circVPS13C complex and the detailed residue interactions
were visualized in Fig. 6f

Clinical significance of circVPS13C in NFPAs
The level of circVPS13C was evaluated in 93 NFPAs and 23 age-
and sex-paired NP tissues by qRT-PCR (Table S1). As shown in Fig.
7a, the circVPS13C level was significantly increased in NFPA tissues
compared with normal tissues, and upregulation of circVPS13C
expression was demonstrated in almost all NFPA samples.
However, the level of circVPS13C expression was not significantly
changed in GH secreting adenomas (n= 15) and prolactinomas (n
= 26), but downregulated in TSH adenomas (n= 11), compared to
normal pituitary tissues (Fig. 7b).
Clinical factors influence circVPS13C expression were also

analyzed. Much greater upregulated expression of circVPS13C
was noted in the Knosp’s grade IV samples (Fig. 7c) and the larger
tumors (Fig. 7d). Silent corticotroph adenomas are recognized as
high-risk pituitary adenomas [4]. We found that the average
circVPS13C expression was significantly higher in silent cortico-
troph adenomas than in the other tumors (Fig. 7e). However, there
was no significant difference of circVPS13C level between the
primary and recurrent tumors (Fig. S6c). These data suggested that
upregulation of circVPS13C expression might be associated with
the progression and invasiveness of NFPAs, which is accordance
with in vitro findings (Fig. S2d–f).
More interestingly, circVPS13C expression was downregulated

in patient serum 7 days post operation (Fig. 7f). Furthermore,
serum circVPS13C level was correlated with the one in tumor
samples, and significantly associated with tumor diameter (Fig.
7g). Meanwhile, supernatant circVPS13C level was significantly
related to intracellular expression and culture time of PDFS cells
(Fig. 7h). In summary, our findings suggest that circVPS13C
specially binding to and sequestering RRBP1, decreasing the
expression of IFITM1 through promoting degradation of IFITM1
mRNA thus ultimately promoting the proliferation of NFPAs (Fig.
7i).

DISCUSSION
CircRNAs have been widely recognized to be involved in the
pathogenesis and development of various tumors, including
glioblastoma and breast, colon, and hepatocellular cancers [10].
However, the expression patterns and biological functions of
circRNAs in pituitary adenoma development are not well known.
The present study revealed a considerably different circRNA
pattern between NFPA and NP tissues. CircVPS13C expression was
found to be markedly upregulated and associated with aggressive
features of NFPAs. CircVPS13C inhibits IFITM1 expression through
a novel mechanism that mainly involves competitive interactions
with RRBP1, a critical molecule in regulating endoplasmic
reticulum stress. Our study reveals a new aspect of circRNA
functions in development, whereby circRNAs recruit and bind
endoplasmic reticulum proteins.
CircVPS13C was shown to be upregulated in NFPAs, but not GH

secreting adenoma, prolactinoma, and TSH adenomas. Moreover,

serum circVPS13C expression was significantly correlated with the
one in tumor sample, and positively correlated with tumor
diameter. These data indicate that serum circVPS13C might
potentially act as an adjuvant biomarker for diagnosis and
follow-up of NFPAs. However, it is far to demine the prognostic
value for NFPAs. Much more prospective studies with larger
samples and follow-up information are encouraged to declare this
hypothesis. CircRNAs are generated by a “back-splicing” process,
which is regulated by different cis-regulatory elements and trans-
acting proteins [30]. All these elements may be involved in
circVPS13C dysregulation in NFPAs. Recently, N6-methyladenosine
modification was also suggested to modulate the expression of
circRNAs [31]. Due to the design of this study, we did not explore
the mechanisms regulating circVPS13C expression in NFAPs,
which is to be declared in future studies.
To date, most functional circRNAs have been proposed to

function as miRNA sponges in the cytoplasm. One of the best-
known sponging circRNAs in humans is ciRS-7, which contains
more than 70 selectively conserved binding sites for miR-7. It
strongly suppresses miR-7 activity, resulting in increased levels of
miR-7 targets [12]. However, only a few circRNAs contain multiple
binding sites to trap one specific miRNA, and AGO2 PAR-CLIP data
revealed that most circRNAs do not bind extensively to miRNAs
[32]. Some circRNAs also serve as templates to produce
biologically active protein or peptide isoforms [10, 33]. Recently,
an increasing number of studies have identified multiple functions
of circRNAs beyond their miRNA sponging and protein-coding
abilities. Among them, the interactions between circRNAs and
proteins are complicated and remain to be defined. RNA-binding
proteins (RBPs) are the most common proteins that are known to
interact with circRNAs, which, in turn, mediate the maturation,
transport, and translation of proteins. CircRNAs could function as
decoys to change the regular function of proteins [14] or as
scaffolds facilitating the contact between two or more proteins
[15]. In the present study, we found that circVPS13C decreased the
expression of IFITM1 by recruiting RRBP1, which is a protein
located on the endoplasmic reticulum membrane involved in
regulating mRNA stability [19]. This is similar to the mechanism
described by Chen et al., in which circRNA FECR1 modulates FL1
methylation by recruiting TET1 [34].
The IFITM family of genes encodes small homologous proteins

localized in the plasma and endolysosomal membrane. To date,
five IFITM genes have been identified in humans [35]. IFITM
proteins have mostly been studied in terms of their immune
functions, and IFITM members enable cells to be resistant to viral
infections [25, 36]. However, IFITM proteins and their dysregulated
expression have also been described to play an antiproliferative
role by cell cycle control, apoptosis, and ERK pathway inhibition
[23, 37], suggesting that these proteins may also play important
roles in other diseases, such as cancers. Yu et al. found that
increased IFITM1 expression in human colorectal cancer signifi-
cantly correlated with a more advanced clinical stage and worse
prognosis [38]. Similarly, elevated IFITM1 expression was con-
firmed in breast and oral cancers and was reported to be
correlated with poor overall survival and chemotherapy resistance
[39, 40]. In contrast to previous studies, in this investigation,
IFITM1 expression was significantly decreased in NFPAs compared
with normal pituitary tissue. Furthermore, overexpression of
IFITM1 in NFPA cells inhibited, whereas knockdown of IFITM1
promoted, cell proliferation in vitro. The distinct role of IFITM1 in
NFPAs from highly malignant tumors indicated that the tumor
microenvironment is a vital determinant of IFITM1 function. Our
study suggested a novel role of IFITM1 in proliferation and
development, which deserves more attention in the future.
RRBP1 (also known as p180) is mainly localized on the

endoplasmic reticulum membrane and is a critical molecule in
regulating endoplasmic reticulum stress [27, 41]. RRBP1 over-
expression can enhance the association of mRNAs with the
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endoplasmic reticulum [20]. It can also regulate mRNA stability and
enhance mRNA binding with ribosomes to promote translation by
recruiting membrane proteins or secreted proteins to anchor in the
endoplasmic reticulum [28]. In the present study, due to the
increase in circVPS13C and RRBP1 interaction, the interaction of
RRBP1 and IFITM1 was decreased, thus enhancing IFITM1 stability.

Clinically, RRBP1 expression was frequently observed to be elevated
in solid malignant tumors, including breast [42], colorectal [26], and
lung cancers [27], and high RRBP1 predicted shorter disease-free
survival [26, 42]. However, in the present study, RRBP1 seemed to
function as a tumor suppressor, since it could increase the
expression of IFITM1, which was shown to suppress the

Fig. 7 Clinical significance of circVPS13C in NFPAs. a The level of circVPS13C was evaluated in 93 NFPAs and 25 age- and sex-paired normal
pituitary tissues by qRT-PCR. b The level of circVPS13C was evaluated in 15 growth hormone-secreting pituitary adenomas (GH), 26 prolactin-
secreting pituitary adenomas (PRL), 11 thyroid-stimulating hormone-secreting pituitary adenomas (TSH), and 8 normal pituitary tissues by
qRT-PCR. c The level of circVPS13C was significantly higher in Knosp’s grade IV samples than in the other tumor samples. d The level of
circVPS13C in tumor samples with a maximum diameter larger than 40mm was significantly higher than that in other tumor samples with
smaller diameters. e The level of circVPS13C is significantly higher in silent corticotroph adenomas than in other adenomas. f The serum level
of circVPS13C is significantly downregulated in NFPA patients 7 days post-transsphenoidal adenoma resection in a cohort of 25 patients. g
Serum circVPS13C level was positively correlated with tumor size (n= 25) and the one in tumor samples in 17 patients with enough tissues for
RNA extraction. h qRT-PCR was performed to measure circVPS13C level in cell culture supernatant of PDFS with knockdown or overexpression
of circVPS13C. i Proposed model of circVPS13C repressing IFITM1 and promoting NFPA growth.
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proliferation of NFPAs. Moreover, we demonstrated that the
stability of IFITM1 mRNA was decreased when the interaction of
circVPS13C and RRBP1 was enhanced. Therefore, circVPS13C was
predicted to function as a sponge of RRBP1, thus promoting the
proliferation of NFPA cells by suppressing IFITM1 expression.
The present study also has some limitations. Firstly, circVPS13C

displays impressive suppression on the proliferation of NFPA cells.
Better in vivo and in vitro models, if possible, are warranted to further
confirm our finding. Secondly, mechanisms regulating circVPS13C
expression and the role of nucleus circVPS13C remain to be clarified
in the future. Finally, more prospective studies with larger number of
patients and longer follow-up period are encouraged to declared the
prognostic value of circVPS13C for NFPAs.

CONCLUSIONS
CircVPS13C is significantly upregulated in NFPA samples and
associated with aggressive features of NFPAs. Through competi-
tive interactions with RRBP1, circVPS13C silencing decreases the
stability of IFITM1 mRNA, thereby suppressing the growth of NFPA
cells. CircVPS13C is a critical regulator in the proliferation and
development of NFPAs, suggesting its potential role to be a
diagnostic factor and therapeutic target for NFPA management.

METHODS
Human tissue samples
Pituitary adenomas with no clinical evidence of hormonal hypersecretion
were considered as NFPAs [2, 3]. A total of 93 human clinically NFPA tissues
were obtained from surgical resections of patients at the Department of
Neurosurgery of Sun Yat-sen University Cancer Center from 2015 to 2019.
The patient’s clinical and pathological information has been uploaded to
the online database. A total of 23 samples of human normal pituitary (NP)
tissues were obtained from autopsy materials (healthy people who died
accidentally without disease) from the Forensic Assurance Center of Sun
Yat-sen University, where each sample was confirmed to be free of any
previous pathologically detectable conditions by HE staining. Informed
consent, including a tissue sharing clause, was obtained from a family
member of the deceased individual before the autopsy. To rule out RNA
degradation, NP RNA quantity and quality were assessed by a NanoDrop
ND2000 (Thermo Fisher Scientific, Waltham, MA) before use, and RNA
integrity was tested by denaturing agarose gel electrophoresis. The use of
human tissues in the study was approved by the medical ethics committee
of Sun Yat-sen University Cancer Center.

Cell culture
A PDFS cell line was a gift from the Neuroendocrine Unit, Massachusetts
General Hospital, Harvard Medical School [43] and cultured in Dulbecco’s
modified Eagle’s medium (DMEM)/high glucose supplemented with 10%
fetal bovine serum (FBS) (Gibco, USA), 100 U/mL penicillin, and 100 μg/mL
streptomycin. Primary tumor cells from NFPA tissues were isolated and
cultured as described previously [13] and cultured in DMEM/F12 medium
(Gibco, NY, USA) supplemented with 10% FBS. All cultured cells were
maintained at 37 °C in a humidified atmosphere of 5% CO2.

Animal experiments
Female nude mice (BALB/c-nu/nu), 4 weeks old and weighing approxi-
mately 12 g, were purchased from GemPharmatech (Jiangsu, China). All
animals were housed under pathogen-free conditions with water and food
provided ad libitum at 20–26 °C, 40–70% relative humidity, 15 times/h
ventilation, and a 12 h light/12 h dark cycle. Mice were randomly assigned
to a group of 5 and were subcutaneously injected with 5×106 PDFS cells in
100 µL serum-free DMEM. The tumor volume (V) was evaluated by
measuring tumor length (L) and width (W) with vernier calipers and
calculated using the formula V= 0.52 × L ×W2. After 25 days, the mice
were killed, and the tumor tissues were harvested.

RNA and genomic DNA (gDNA) extraction
Total RNA was extracted from cells or tissue using TRIzol reagent (Thermo
Fisher Scientific, MA, USA) according to the manufacturer’s instructions. In

addition, gDNA was extracted using a gDNA isolation kit (Tiangen, Beijing,
China).

RNase R treatment, cDNA synthesis, and PCR/qPCR
Aliquots of total RNA (2 μg) were incubated with or without 3 U/μg RNase R
(cwbiotech, Beijing, China) for 30min at 37 °C, and the RNA products were
purified using an RNeasy MinElute cleaning kit (Qiagen, Germany). First,
isolated RNA was reverse transcribed to cDNA using PrimeScript RT Master
Mix (TaKaRa, Dalian, China). Then, PCR was performed using PrimeSTAR
Max DNA Polymerase (TaKaRa, Dalian, China) according to the manufac-
turer’s instructions. PCR products were subjected to electrophoresis on 2%
agarose gels and visualized using Safe Green (Biosharp, China). qPCR was
performed according to the manufacturer’s instructions (Yesen, Shanghai,
China) using a CFX96 Touch Real-Time PCR Detection System (Bio-Rad). To
evaluate mRNA and circRNA expression, the qPCR results were normalized
to GAPDH mRNA expression as the internal control using the 2−ΔΔCt

method. Sanger sequencing and primer synthesis were performed by
Sangon Biotech (Shanghai, China). Primer sequences are provided in the
Additional file.

CircRNA microarray
CircRNA expression profiles of NFPAs (n= 10) and NP tissues (n= 4) were
compared by using a circRNA microarray (Arraystar human circRNA Array
V2, Aksomics, China). Total RNA from each sample was quantified using a
NanoDrop ND-1000. The sample preparation and microarray hybridization
were performed based on Arraystar’s standard protocols. Briefly, total RNA
was digested with RNase R (Epicentre, Inc.) to remove linear RNAs and
enrich circRNAs. Then, the enriched circRNAs were amplified and
transcribed into fluorescent cRNA utilizing a random priming method
(Arraystar Super RNA Labeling Kit; Arraystar). The labeled cRNAs were
hybridized onto the Arraystar Human circRNA Array V2 (8×15 K, Arraystar).
After washing the slides, the arrays were scanned by the Agilent Scanner
G2505C. Agilent Feature Extraction software (version 11.0.1.1) was used to
analyze the acquired array images. Quantile normalization and subsequent
data processing were performed using the R software limma package.
Differentially expressed circRNAs with statistical significance between two
groups were identified through volcano plot filtering. Differentially
expressed circRNAs between two samples were identified through fold
change filtering. Hierarchical clustering was performed to show the
distinguishable circRNA expression pattern among samples.

SiRNA, plasmid synthesis, and lentivirus infection
SiRNAs were synthesized by RiboBio (Guangzhou, China). Short hairpin
RNA (shRNA) targeting circVPS13C was designed according to the siRNA
sequence. Plasmid and the prepackaged lentivirus were purchased from
GenePharma (Guangzhou, China) and used to infect PDFS cells according
to the manufacturer’s instructions, followed by puromycin (5 μg/mL)
selection for 4 weeks. SiRNA sequences are provided in the Additional files.

Cell proliferation and colony formation assays
Cells were seeded at a density of 5 × 103 cells/well in 96-well plates and
cultured for 24, 48, 72, and 96 h. Cell Counting Kit-8 (Dojindo Laboratories,
Japan) reagent was used to measure cell proliferation according to the
manufacturer’s instructions. For colony formation assays, the cells were
seeded at a density of 400 cells/well into each well of six-well plates and
incubated for 14 days. Next, the colonies were fixed with 4%
paraformaldehyde (Sigma-Aldrich, MO, USA) for 20m and then stained
with 0.1% crystal violet (Sigma-Aldrich, MO, USA) for 10m. The colonies
were imaged and counted.

Cell apoptosis assay, cell migration, and invasion assay
An Annexin V-FITC/PI Apoptosis Detection Kit (Keygen, Nanjing, China) was
used to quantify cell apoptosis. Cells were seeded in six-well plates at a
density of 1 × 106 cells/well and incubated for 24 h before transfection.
After 48 h of culture, the cells were rinsed with phosphate-buffered saline
(PBS) and centrifuged twice at 1,200 rpm for 3 m. The cells were
resuspended in binding buffer and stained with Annexin V-FITC/PI
according to the manufacturer’s instructions. The apoptotic fraction was
analyzed by a fluorescence-activated cell sorting flow cytometer (Beckman
Coulter, Inc. Brea, CA, USA). Cell migration and invasion assay were
performed with Transwell Chamber and Corning Matrigel Invasion
Chamber, respectively [13].
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Western blot analysis
Antibodies against IFITM1 (Cat# ab106265), GAPDH (Cat# ab8245), and
RRBP1 (Cat#ab95983) were purchased from Abcam (USA). Antibodies
against Phospho-p38 (Cat#4511), p38 (Cat#9212), Phospho-Erk1/2
(Cat#4370), Erk1/2 (Cat#4695), Cleaved Caspase-3 (Cat#9664), Caspase-3
(Cat#9662), Caspase-9 (Cat#9508), Bax (Cat#5032) and Bcl-2 (Cat#105071)
were purchased from Cellsignal Technology (USA). Total proteins from cells
or tissue were extracted using RIPA lysis buffer (CWBIO, Beijing, China), and
the protein concentration was measured using a BCA assay kit (Invitrogen,
USA). Proteins were separated using 10% SDS-PAGE and transferred to a
0.45 µm polyvinylidene fluoride (PVDF) membrane (Merck Millipore, USA).
The PVDF membrane was blocked with 5% nonfat milk in PBS with Tween
20 at 37 °C for 1 h and incubated at 4 °C overnight with primary antibodies
against the following antigens: IFITM1 (1:1000), GAPDH (1:3,000), RRBP1
(1:1000) and other antibodies (1:2000). The membranes were then
incubated with horseradish peroxidase (HRP)-conjugated goat anti-
mouse IgG (H+ L) or HRP-conjugated goat anti-rabbit IgG (H+ L)
secondary antibody for 1 h at room temperature. The membranes were
visualized with Immobilon ECL Ultra Western HRP Substrate (Merck,
Shanghai, China) and a Bio-Rad ChemiDoc system (Bio-Rad, Shanghai,
China).

Fluorescence in situ hybridization (FISH)
FISH was conducted in PDFS cells with CY3-labeled RNA fluorescence
probes (GenePharma, Shanghai, China). Cells were fixed when they
reached a confluency of 50–75%. After prehybridization according to the
FISH kit instructions (GenePharma), the cells were hybridized with
circVPS13C-specific CY3-labeled probe at 37 °C overnight. Then, the signal
was detected under a confocal microscope. The probe sequence and CY3-
labeled site are provided in the Additional file.

Chromatin isolation by RNA purification (ChIRP) and liquid
chromatography tandem mass spectrometry (LC-MS/MS)
analysis
A Magna ChIRP Kit (Millipore, MA, USA) and biotin-labeled circVPS13C
probes (GenePharma, Shanghai, China) were used to pulldown circVPS13C
and its binding protein. First, cells were lysed with lysis buffer
supplemented with protease inhibitor and 1 U/μL RNase inhibitor (Thermo
Fisher Scientific) on ice for 30min with occasional mixing. Second, the
probes or negative control (NC) probes were added to the lysate at 37 °C
for 4 h. Third, streptavidin magnetic beads were mixed with the lysate at
37 °C for 1 h and washed with wash buffer five times. Finally, RNA was
isolated and purified for qRT-PCR, and proteins were isolated and purified
for silver staining, mass spectrometry, and western blotting. Silver staining
analysis was performed using a silver stain kit (Beyotime Biotechnology,
Shanghai, China) according to the manufacturer’s instructions. LC-MS/MS
detection and analysis were provided by Wininnovate Bio (Shenzhen,
China). The probe sequence and biotin-labeled site are provided in the
Additional file.

Actinomycin D assay
Cells were cultured with or without 2 μg/mL actinomycin D (Sigma-Aldrich,
MO, USA) in medium. Then, the cells were harvested at different time
points, followed by RNA extraction and qPCR detection of RNA stability, as
described above.

Ribonucleoprotein immunoprecipitation (RIP)
A total of 1 × 107 cells were lysed with IP lysis buffer (Beyotime Shanghai,
China). Cell extracts were incubated with an RRBP1 antibody (1 µg
antibody/1mg total cellular protein) or NC normal mouse IgG. The RRBP1
complex (RRBP1 protein, bound RNA, and RRBP1 antibody) was purified
using Protein G Plus/Protein A agarose. The final proteins were digested
using Proteinase K, and RNA was isolated and used for qPCR.

Molecular docking analysis
The protein structure of RRBP1 was predicted by I-TASSER (PMID:
25883148). The secondary structure of circVPS13C was predicted by the
Vienna RNA web server (PMID: 12824340, 16452114) and then employed
to predict 3D structure by 3dRNA (PMID: 28482022). The structure of the
RRBP1-circVPS13C complex was modeled by HDOCK (PMID: 28521030) and
visualized by PyMOL (https://pymol.org).

Statistical analysis
All experiments were performed at least in technical triplicates and in three
independent biological repeats. Numerical data are presented as the
mean ± SD. Student’s t test was used to determine the statistically
significant differences between the two groups. Analysis of variance was
used to determine the statistically significant differences between three or
four groups. Variance associations between circVPS13C and IFITM1 were
determined using Pearson analysis. Statistical analyses were performed
using SPSS statistical software, version 16.0 (IBM Corp., NY, USA). Values
were considered statistically significant at P < 0.05.

DATA AVAILABILITY
Clinical information of samples and primers used in the present study can be found
in supplementary tables. Other original data in our study are available upon request.
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