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Abstract: Dysregulation of Hippo signaling by long non-coding RNA (IncRNA) contributes to colon adenocarcinoma
(COAD) progression, while the underlying mechanisms remain elusive. Our study shows that IncRNA USP2-AS1 is a
Yes-associated protein 1 (YAP1) binding IncRNA, and inactivates Hippo signaling in COAD cells. Moreover, our data
indicated that USP2-AS1 lowered the phosph-YAP (S127), elevated the total level of YAP1, and triggered the expres-
sion of downstream target genes in COAD cells. The loss- and gain-of function assays demonstrated that USP2-
AS1 promotes cellular proliferation and metastasis of COAD cells. Clinically, the USP2-AS1 levels were significantly
elevated in COAD tissues and were positively correlated with tumor grade, size, and TNM stage. Collectively, these
findings demonstrated that USP2-AS1 modulates and regulates Hippo signaling in COAD and could be a valuable

therapeutic target.
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Introduction

Colon adenocarcinoma (COAD) is the third lead-
ing cause of cancer-related mortalities in the
world. Cancer mortality rates have been incre-
asing gradually. Diagnostic and treatment ad-
vancements have only been of benefit to a few
patients [1]. There is an urgent need to un-
derstand the molecular characteristics of this
tumor and uncover new therapeutic targets.
Hippo signaling is a highly conserved regulator
of organ size, stem cell proliferation and main-
tenance. Its a modulator of several pathways
in cancers, including COAD [2-4]. Core Hippo
components include the kinases MST1/2 and
LATS1/2. Activated LATS1/2 kinases phosph-
orylate YAP (Yes-associated protein) thereby
inactivating it through cytoplasmic sequestra-
tion and degradation. Phosphorylation of YAP
and a transcriptional co-activator with a PDZ-
binding motif (TAZ; also known as WWTR1)
inhibits its activity by creating 14-3-3 binding
sites that allow their accumulation in the cyto-
plasm. This stimulates their ubiquitin-mediat-
ed proteolysis [5]. Contrarily, dephosphorylated

YAP promotes cellular proliferation and organ
growth that is primarily mediated by the TEAD
(TEA domain) family transcription factors [6].
The YAP and TAZ are closely related paracyclic
homologous substances that mediate the do-
wnstream effects of Hippo signal transducti-
ons. They are transcriptional co-activators that
shuttle between the cytoplasm and the nucle-
us. They induce cellular proliferation and ex-
pression of anti-apoptotic genes. This is accom-
plished through their interactions with tran-
scription factors, particularly members of the
TEAD family. When the inhibitory Hippo kinase
module “turns on”, LATS1 and LATS2 phosph-
orylate and inactivate YAP and TAZ, thereby bl-
ocking the production of output genes [7].

Long non-coding RNA (IncRNA) are long RNA
transcripts that are more than 200 nucleotid-
es in length without any coding potential [8].
Studies have demonstrated that IncRNAs se-
rve important roles in carcinogenesis and can-
cer metastasis. Uncharacteristic expression of
IncRNAs have been implicated in COAD pro-
gression [9-11]. For instance, IncRNA H19 mod-
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ulates the expression of multiple genes involv-
ed in EMT (epithelial-mesenchymal transition)
by acting as a competing endogenous RNA in
colorectal cancer [12]. The human colorectal
cancer-specific CCAT1-L IncRNA regulates long-
range chromatin interactions at the MYC loci
[13]. IncRNA CRNDE promotes colorectal can-
cer cell proliferation and chemoresistance th-
rough miR-181a-5p-mediated regulation of the
Wnt/B-catenin signaling pathway [14]. In colo-
rectal cancer, the IncRNA GAS5 interacts with
the WW domain of YAP to facilitate the translo-
cation of endogenous YAP from the nucleus to
the cytoplasm. Furthermore, GAS5 also pro-
motes the phosphorylation of YAP that leads to
ubiquitin-mediated YAP degradation and ulti-
mately inhibits colorectal cancer progression
[16]. Equally, IncRNA KCNAS3 inhibits colorec-
tal cancer progression by down-regulating the
level of YAP [16]. By interacting with LATS1 or
recruiting YAP to the nucleus to modulate the
Hippo signaling pathway, IncRNAs can serve as
oncogenes in other types of cancers [17, 18].

In the current study, we report that a previous-
ly unrecognized IncRNA USP2-AS1 plays an
oncogenic role in COAD progression. We dem-
onstrate that USP2-AS1 binds to YAP1 and
inactivates Hippo signaling by downregulating
phosphorylated YAP in COAD cells.

Materials and methods
Clinical specimens

Forty three samples of fresh paired colon can-
cer tissues were collected from surgical resec-
tions. This was done at the Department of
Digestive Surgery at the First Affiliated Hospital
of Zhengzhou University. Healthy tissues were
also collected at a distance of 2 cm from the
malignant tissues. The inclusion criteria for the
study participants were: (i) aged 30-70; (ii) dia-
gnostically free from other types of tumors or
diseases; and (iii) without preoperative chemo-
therapy or radiation therapy. All tissues were
obtained under sterile conditions, fast-frozen in
liquid nitrogen, and stored at -80°C. Patients
were provided with an informed consent before
the samples could be obtained. Ethical approv-
als were obtained from the ethical review com-
mittee of Zhengzhou University.
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Cell cultures

Normal human colon epithelial cells (NCM460),
and colon cancer cell lines (SW480, SW620,
and Lovo) were purchased from ATCC (Ameri-
can Type Culture Collection, Manassas, VA).
They were cultured in ATCC recommended
media, supplemented with 10% FBS (fetal bo-
vine serum, sigma aldrich), 100 units/mL peni-
cillin, and 100 pg/ml streptomycin (GIBCO).

Lentivirus infection and establishment of
stable cell lines

The USP2-AS1 (pLVX-USP2-AS1) or vector
(pLVX) were purchased from GeneCopoeia (Gu-
angzhou, China), while shRNA targeting USP2-
AS1 (sh#1, sh#2) or the negative control (NC)
were obtained from RiboBio (RiboBio, China).
Lentivirus were cultured in HEK-293T cells and
collected from the supernatant at 24 and 48
hours post-transfection. These lentiviruses we-
re then introduced into the SW480, SW620, or
Lovo cells before selction using 2 pg/mL of
puromycin (Millipore, USA) after 48 hours.

Quantitative real-time PCR (qRT-PCR)

Total RNAs were isolated from tissues and ce-
lIs using TRIzol reagent (Invitrogen, USA) follow-
ing the manufacturer’s instructions. 1 pg of
total RNA was subjected to reverse transcrip-
tion with the MMLV system (Promega, USA). Qu-
antitative real-time PCR (qRT-PCR) assays we-
re then performed using an ABI 7500 real-time
RT-PCR system with SYBR® Green Real-time
PCR Master Mix (ABI, USA). The 18S RNA was
used as the reference. Primer sequences used
are shown in Table 1.

Western blot analysis

Marked cells were seeded into a 6 cm plate at
a concentration of 5 x 10° cells per plate for 48
hours. Cell lysates were subjected to an SDS-
PAGE electrophoretic system. They were then
transferred onto a nitrocellulose membrane
and blocked with 5% skim milk at room tem-
perature for 1 hour. The resulting mixture was
incubated with primary antibodies overnight at
4°C. The membranes were then washed with
PBS buffer and incubated with anti-mouse or
rabbit IgG-HRP. The p-LAST1 (CST) and LAST1
(CST), LAST2 (Abcam), p-YAP (Abcam), YAP1
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Table 1. Primer Sequenes and shRNAs

Name

Sequence (5’-3)

USP2-AS1 primer

GAPDH primer

F: GGGAGAGGCAGAGAGATCCA
R: CAAGGGAGCAGGACAGTGAG
F: GTAACCCGTTGAACCCCATT
R: CCATCCAATCGGTAGTAGCG

U1 primer F: TCCTCTCCAAAATGCCAGAG
R: GGCGGATTGGAAATGCTT
CTGF primer F: CAGCATGGACGTTCGTCTG
R: AACCACGGTTTGGTCCTTGG
CYR61 F: CTCGCCTTAGTCGTCACCC
R: CGCCGAAGTTGCATTCCAG
SOX9 F: AGCGAACGCACATCAAGAC
R: CTGTAGGCGATCTGTTGGGG
Sh-#1 CCGGTTCAGCGATATGAAGTTAAATCTCGAGATTTAACTTCATATCGCTGAATTTTTG
Sh-#2 CCGGCTCAGCGAGATGAAGAGTTTACTCGAGTAAACTCTTCATCTCGCTGAGTTTTTG

(Abcam), and GAPDH (Proteintech) antibodies
served as loading controls.

Cellular colony formation assays

The indicated cells (1000 cells/3 ml) were
seeded into 6-well plates and incubated for 14
days at 37°C and 5% CO,. The culture medium
was changed after every 2 days. On the 14%
day, colonies were washed once using phos-
phate-buffered saline and fixed with 4% para-
formaldehyde for 20 min. Thereafter, the cells
were stained with crystal violet, and the num-
ber of clones per well counted. All assays were
conducted in triplicate, and their mean values
calculated.

Transwell invasion assay

Marked cells were seeded into 6-well plates
at a density of 5 x 102 cells per well. After 24
hours, shRNA, and pLVX or pLVX-USP2-AS1
were transferred and incubated for 48 hours.
Cells were then harvested and transferred into
a serum-free media with cell densities adjust-
ed to 4 x 10° cells/ml. Approximately 100 pL of
cells were transferred to the upper chamber.
The bottom of the upper chamber was coated
with 1 mg/ml fibronectin (Millipore; Bedford,
CA, USA), while the lower chamber was cover-
ed with a medium containing 20% FBS. After
incubation at 37°C for 48 hours, cells were
gently removed from the upper chamber using
cotton swabs. The chamber was fixed using
methanol for 15 min, dried, and stained with
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0.1% crystal violet. Five fields of vision were
randomly selected, and the number of cells in
each field was counted under an inverted mi-
croscope. All experiments were done in tripli-
cates.

Cytoplasm and nuclear isolation

The SW620 cells (1 x 107) were used for isola-
tion using NE-PER Nuclear and Cytoplasmic
Extraction Reagents (Thermo) as per the manu-
facturer’s instructions. The cytoplasmic lysate
and nuclear pellet were added to 1 ml Trizol for
RNA extraction. Fractionated RNAs were used
for cDNA synthesis and qRT-PCR.

The RNA-FISH assays

Subcellular distribution of USP2-AS1 was de-
tected using RNA FISH. Briefly, cells were fixed
with 4% PFA for 15 min, followed by permeabili-
zation with 0.5% Triton X-100 for 5 min on ice.
They were then incubated with RNA-FISH pro-
bes in a hybridization buffer at 37°C overnight.
The nuclei were counterstained with DAPI. FISH
probes were purchased from RiboBio (RiboBio,
China).

RNA pull-down assay

Both USP2-AS1 and USP2-AS1-AS were in vitro
transcribed with Biotin-RNA Transcription Kit
(Roche), and purified with TRIzol reagent (Invi-
trogen). In vitro transcripted RNAs were incu-
bated with RNA structure buffer (10 mM Tris-
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HCI, pH = 7, 0.1 M KCI, and 10 mM MgCl,), and
heated at 72°C for 2 min to yield suitable sec-
ondary structures. The resulting RNAs were in-
cubated with SW480 cell lysates at 4°C for 4
hours, followed by incubation with Streptavi-
din beads (Thermo) at room temperature for 1
hour. They were then washed 5 times, after-
which the pull-down complexes were analyzed
using Western blot.

The RNA immunoprecipitation (RIP) assay

Briefly, SW620 cells (2 x 107) were crosslinked
with 0.3% formaldehyde medium for 10 min at
room temperature followed by neutralization
with 250 mM glycine for 5 min. Cells were
washed twice using cold PBS, lysed in RIPA
buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1 mM
EDTA, 0.1% SDS, 1% NP-40 and 0.5% sodium
deoxycholate, 0.5 mM dithiothreitol, RNase in-
hibitor, and protease inhibitor cocktail), follow-
ed by sonication on ice and DNase treatment.
Resulting lysates were pre-cleared with protein
A/G beads for 30 min and incubated with Flag
antibody (BD bioscience) or equivalent mouse
18G (GeneTex) at 4°C overnight. The antibodies
were then precipitated with protein A/G beads
by incubation. Cells were then washed for 5 x
10 min, and the RNA extracted using Trizol
reagent (Invitrogen) and quantified using Qrt-
PCR. The obtained protein samples were sub-
jected to Western blots analysis.

Subcutaneous tumor formation assay

Marked stable cells (2 x 10°) were subcutane-
ously injected into at least 5 parts of two flanks
of 6 weeks old female BALB/c nude mice (Lin-
chang biotech). After 24 days, the mice were
sacrificed and the tumors were photograph-
ed. The use of mice in the experiments was
approved by the Institutional Animal Care and
Use Committee.

Tail vein injection

The Lovo-shNC/sh#2-Luc cells (2 x 10°) in 100
ml PBS were injected into the tail veins of 6
weeks old female nu/nu mice. After the initial
injection, mice were monitored weekly for lung
metastases using an IVIS Lumina Kinetic opti-
cal imaging system with an EMCCD camera
(PerkinElmer, Waltham, MA, USA). At autopsy,
the lungs were collected, fixed in 10% formalin,
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embedded in paraffin (FFPE), sectioned into 5
mm slices at 100 mm intervals and finally
stained with H&E.

Immunohistochemistry (IHC) staining

Tumor slides were stained based on standard
Immunohistochemistry (IHC) protocols (Refer-
ence). The slides were blocked with 10% bo-
vine serum albumin (BSA, Sangon) for 1 hour
and incubated with the PCNA antibody (Abcam)
at 4°C overnight. They were then incubated
with a HRP-labeled secondary antibody (Dako)
for 1 hour at room temperature. The diamino-
benzidine substrate chromogen (DAB) was us-
ed for detection. All slides were counterstain-
ed with hematoxylin before dehydration and
mounting.

Luciferase reporter assay

Cells (10 x 10%) were seeded in triplicates in
12-well plates and cultured for 24 hours. The
luciferase reporter assay was performed as
described [19]. Cells were then transfected
with 100 ng HOP-Flash (83467, Addgene) or
HIP-Flash luciferase reporter plasmid (83466,
Addgene), plus 5 ng pRL-TK Renilla plasmid
(Promega) and Lipofectamine 2000 (Invitro-
gen) as per the manufacturer's recommenda-
tions. Luciferase and Renilla signals were mea-
sured at 48 hours post-transfection using a
Dual-Luciferase Reporter Assay Kit (Promega),
based on the manufacturer’s protocols.

Statistical analysis

Data are presented as mean * SD. Statistical
analyses were performed with Graphpad Prism
software (version 8.0). Statistical significance
was compared via unpaired Student’s t test
or one-way analysis of variance (ANOVA) fol-
lowed with Bonferroni’'s multiple as appropri-
ate. Differences were considered statistically
significant at the level of P < 0.05. Kaplan-
Meier survival analysis were determined by log
rank test.

Results

USP2-AS1 is highly expressed in colon cancer
and closely correlated with COAD progression

Wen et al. performed RIP-seq assay and re-
vealed that IncRNA GAS5 binds to YAP1. The
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Figure 1. The USP2-AS1 is highly expressed in COAD and predicts poor prognosis. A. The expression of USP2-AS1 in
COAD (n = 275) and normal tissues (n = 349), data from Gepia analysis. B. Data from TCGA showed that a higher
expression of LincO0337 in COAD is a marker for poor prognostic outcomes. C. The qRT-PCR analysis of USP2-AS1
expression in 43 paired fresh COAD patients. D. Pie chart illustration of the proportions of different USP2-AS1 levels
in 43 patients. E. The expression levels of USP2-AS1 in indicated cell lines. C-E. Data is represented as mean + SD

forn=3.

binding promoted YAP1 degradation, thereby
inhibiting colorectal cancer progression [15].
We analyzed their RIP-seq dataset and found
that there are mounts of natural antisense
IncRNAs that are enriched by YAP1 (Table S1).
Among these natural antisense IncRNAs, 17 of
them (Supplementary Table number?) could be
enriched by YAP1 with two or more transcripts.
These IncRNAs exhibited affinity to YAP1, and
regulated the Hippo pathway. From the TCGA
database http;//gepia.cancer-pku.cn [20], we
noted that USP2-AS1 was significantly elevated
in COAD. This indicated poor prognosis (Table
S2; Figure 1A and 1B). Moreover, higher levels
of USP2-AS1 reflect poor prognosis in liver can-
cer (LIHC), head and neck squamous cell carci-
noma (HNSC), brain cancer (GBM and LGG),
and Acute Myeloid Leukemia (LAML) (Eigure
S1). These results suggest that USP2-AS1
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might be an oncogenic IncRNA in COAD. To con-
firm these findings, we examined USP2-AS1
expression in 43 paired fresh COAD tissues.
Fold changes were defined as (FC, Tumor vs
Adjacent) > 1.5 as a higher expression, 0.66 <
FC < 1.5 as unchanged, and FC < 0.66 as down-
regulated (Figure 1C and 1D). The expression
of USP2-AS1 was higher in COAD tissues. Cli-
nicopathological analysis revealed that USP2-
AS1 was not correlated with age and gender.
However, it was significantly correlated with
tumor grade, size, and TNM stage (Table 2).
These findings suggest that USP2-AS1 might
be positively correlated with COAD progressi-
on. USP2-AS1 was detected in the normal
human colon mucosal epithelial cell line NC-
M460, and COAD cell lines (SW480, SW620,
and LoVo). The USP2-AS1 was found to be ele-
vated in cancer cell lines and was positively
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Table 2. Correlations between USP2-AS1 and
key clinicopathological parameters

USP2-AS1 (n = 42)

Variable :
Low High  Pvalue
Age <50 years 6 13 0.205
> 50 years 6 17
Gender Female 1 7 0.402
Male 11 23
Grade | 8 8 0.031*
Iland 1l 4 22
Tumor size <2cm 7 6 0.015*
>2cm 5 24
TNM stage T, 10 9 0.016*
T, 2 12
T.-T 0 9

3 4

*P < 0.05.

correlated with the degree of malignancy
(Figure 1E).

USP2-AS1 binds to YAP1 in SW620 cells

From the Wen et al. results [15], we observed
that the two transcripts (ENSTO0O000500970,
T1; ENSTO0000577297, T2) of USP2-AS1 bind
to YAP1 (Figure 2A). To confirm the interactions
between USP2-AS1 and YAP1, we evaluated
the binding potential between USP2-AS1 and
YAP1 using RNA-Protein Interaction Prediction
(RPISeq), an online prediction software. The RF
and SVM classifiers of the two isoforms of
USP2-AS1 and YAP1 were higher than 0.5
(Figure 2B). These two isoforms of USP2-AS1
were noted to be capable of binding to YAP1.
Upon inactivation of the Hippo signaling, YAP1
was transported from the cytoplasm to the
nucleus. The gRT-PCR results revealed that
USP2-AS1 was located in the nucleus and cyto-
plasm, but primarily in the nucleus (Figure 2C).
Its subcellular distribution was confirmed us-
ing RNA-FISH assays (Figure 2D). Localization
of USP2-AS1 is, therefore, similar to that of
YAP1. RIP assays in SW620 cells verified that
YAP1 binds to USP2-AS1, but not to GAPDH and
Ul (Figure 2E and 2F). These findings were
further confirmed using RNA-pulldown assays
(Figure 2G, 2H). Notably, USP2-AS1 was found
to bind YAP1 in COAD cells.

USP2-AS1 promotes COAD cell proliferation
and invasion in vitro

To investigate the biological functions of USP2-
AS1 in COAD, we silenced its expression in LoVo
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and SW620 cell lines using shRNAs. The levels
of USP2-AS1 in these two cell lines was signi-
ficantly inhibited by shRNAs, while sh#2 was
more effective in both cell lines (Figure 3A and
3E). The CCKS8 cell viability and colony forma-
tion assays showed that USP2-AS1 knockdown
significantly inhibited cellular proliferation, gr-
owth (Figure 3B, 3C, 3F and 3G), and the inva-
sive ability of cells (Figure 3D and 3H) in the
same cell lines. A higher expression of USP2-
AS1 in SW480 cells (Figure 3l) promoted cellu-
lar proliferation, growth, and invasion (Figure
3J-L). Cell cycle assays showed that USP2-AS1
depletion inhibited the transition from the GO/
G1 stage to the S stage, while its higher expr-
ession enhanced transition through the same
stages (Figure 3M-0). These findings indica-
te that highly expressed USP2-AS1 promotes
COAD cell proliferation, growth, and invasion.

USP2-AS1 promotes COAD cell proliferation
and metastasis in vivo

The in vitro effects of USP2-AS1 on cellular pro-
liferation and invasion were validated in vivo.
Subcutaneous tumor formation assays reve-
aled that tumor volumes and weight in the
mice injected with SW620-sh#2 cells were con-
siderably smaller and lighter than in the SW-
620-shNC group (Figure 4A-C). Additionally,
Ki67 staining revealed a low number of posi-
tive cells in the sh#2 group (Figure 4D). Cau-
dal vein lung metastasis assays indicated that
metastasis ability was significantly impaired in
SW620-sh#2 cells compared to SW620-shNC
cells (Figure 4E-G). Therefore, USP2-AS1 pro-
motes COAD cell proliferation and metastasis
in vivo.

USP2-AS1 modulates Hippo signaling through
YAP1

Based on the above findings, we demonstrat-
ed that USP2-AS1 binds to YAP1 and promotes
COAD progression. The HOP-flash/HIP-flash lu-
ciferase reporter assays reflected the down-
stream YAP1 signaling activity in LoVo, SW620,
and SW480 transfected cell lines (Figure 5A-C).
Silencing USP2-AS1 in LoVo and SW620 signifi-
cantly inhibited luciferase activity (Figure 5A,
5B), and vice versa (Figure 5C). Knockdown
of USP2-AS increased the levels of p-LAST1
(T1079), LAST1, LAST2, phospho-YAP1 (S127)
and inhibited the total YAP1 in LoVo and SW-
620 cells (Figure 5D). Conversely, overexpres-
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Figure 2. The USP2-AS1 binds to YAP1 in SW620 cells. A. Two transcripts of USP2-AS1 (T4, T2) are enriched by YAP1, data from Wu et al. [15]. B. USP2-AS1 binding
to YAP1. C. The qRT-PCR analysis showed that USP2-AS1 is mainly located in the nucleus in SW620 cells. The GAPDH was used as a cytoplasm marker while U1
as a nuclear marker. D. The RNA-FISH results revealed that USP2-AS1 is mainly located in the nucleus in SW620 cells. The 18S was used as a cytoplasm marker
whereas U1 was the nuclear marker. Scale bar, 10 um. E. Flow chart of RIP assays. F. The RIP-WB results indicated that YAP1 binds to itself, while RIP-qPCR analysis
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Figure 3. The USP2-AS1 promotes cellular proliferation and invasion in COAD cells. (A, E) The gRT-PCR assays showed that the level of USP2-AS1 is significantly in-
hibited by two shRNAs in LoVo (A) and SW620 (E) cells. (B, F) The CCK8 cell viability assays showed that silencing USP2-AS1 using two shRNAs significantly inhibited
cellular proliferation in LoVo (B) and SW620 (F) cells. (C, G) Cellular colony formation assays revealed that USP2-AS1 knockdown inhibited LoVo (C) and SW620 (G)
cell growths. (D, H) Matrigel-coated transwell invasion assays showed that USP2-AS1 knockdown significantly inhibited cellular invasion in LoVo (D) and SW620 (H)
cells. Scale bar, 50 um. (1) Overexpression of USP2-AS1 considerably increased the levels of USP2-AS1 in SW480 cells. (J) The CCKS8 cell viability assays showed that
higher expressions of USP2-AS1 significantly promoted cellular proliferation in SW480 cells. (K) Cellular colony formation assays showed that a higher expression of
USP2-AS1 significantly promoted cellular proliferation and growth. (L) Matrigel-coated transwell invasion assays showed that USP2-AS1 overexpression significantly
elevated the ability of cellular invasion in SW480 cells. Scale bar, 50 um. (M, N) Cell cycle assays showed that depletion of USP2-AS1 triggered cell cycle arrest at
the GO/G1 stage in LoVo cells (M) and SW620 cells (N). (O) Overexpression of USP2-AS1 accelerated cell cycle progression in SW480 cells. Each bar represents
the mean £ SD for n = 3.
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Figure 4. USP2-AS1 knockdown significantly inhibited COAD cellular proliferation and metastasis in vivo. (A) Xeno-
graft Tumor formed by SW620 stable cell lines. (B, C) Tumor growth curve (B) and weight (C) showed that USP2-AS1
knockdown significantly inhibited tumor formation in SW620 in vivo. (D) The IHC staining of Ki67 in indicated tu-
mors. Scale bar, 50 uym. (E-G) Caudal vein lung metastasis assays showed that USP2-AS1 silencing was significantly
reduced in SW620 cells. (E) The fluorescence intensity, while (F and G) is the number of intrapulmonary metastasis

nodes. Scale bar, 50 ym.

sion of USP2-AS1 down-regulated the levels of
p-LAST1 (T1079), LAST1, LAST2, phospho-YAP1
(8127), and elevated total YAP1 (Figure 5D).
Furthermore, silencing of USP2-AS1 inhibited
the expression of Hippo signaling target ge-
nes in SW620 cells (Figure 5E), whereas a hi-
gher expression enhanced the expression of
these target genes (Figure 5F). In fresh COAD
tissues the expression of these three targets
was positively correlated with USP2-AS1 (Fi-
gure 5G-1). The CCK8 cell viability rescue as-
says showed that YAP1 (S127A) greatly impro-
ved the inhibitory effects of sh#2 in SW620
cells (Figure 5G). This demonstrated that US-
P2-AS1 inactivates Hippo signaling and pro-
motes COAD progression.

Discussion

In this study, we uncovered a previously unrec-
ognized IncRNA USP2-AS1 that binds to YAP1.
Besides, high USP2-AS1 levels protected YAP1
from phosphorylation by upstream kinases and
degradation through the ubiquitin-proteasome
system. We reveal that USP2-AS1 biologically
functions in promoting COAD cell proliferation,
growth, and metastasis. Clinicopathological an-
alysis showed that USP2-AS1 is positively cor-
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related with tumor progression and can be
used as a marker for poor prognosis.

The COAD-related IncRNAs have previously
been found to regulate COAD formation and
development by either stimulating or inhibiting
different cellular processes such as tumor cell
proliferation, apoptosis, differentiation, invasi-
on, and metastasis. For instance, IncCRNA GA-
S5 inhibits colorectal cancer cell proliferation
through the miR-182-5p/FOX03a axis [15, 21],
whereas INcCRNA-APC1 inhibits colorectal can-
cer tumorigenesis through reducing exosome
production [22]. Some IncRNAs such as H19,
CRNDE, NEAT1, and DANCR promote COAD pro-
gression in various ways [12, 23-25]. Our find-
ings suggest that USP2-AS1 exerts oncogenic
functions in COAD tumorigenesis. However, its
role in other cancer types remain elusive.

YAP1/TAZ plays a central role in the Hippo pa-
thway [26]. Studies have shown that YAP is a
highly expressed oncogenic transcription co-
activator in a variety of tumors, which can re-
gulate their occurrence and development (Re-
ferences). However, multiple studies have also
shown that YAP inhibits tumorigenesis in co-
lorectal cancer by affecting cell growth, apopto-

Am J Transl Res 2020;12(9):5670-5682
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Figure 5. The USP2-AS1 regulates Hippo-YAP1 signaling in COAD cells. (A-C) Luciferase reporter assays showed that
USP2-AS1 silencing significantly inhibited TEAD transcriptional activity in LoVo (A) and SW620 (B), while USP2-AS1
overexpression enhanced TEAD transcriptional activity (C). (D) Western blot analysis showed that USP2-AS1 regu-
lated the level of p-LAST1 (T1079), LAST1, LAST2, p-YAP1 (S127), and the total YAP1 in indicated cell lines. (E, F)
The silencing of USP2-AS1 inhibited the expression of indicated Hippo signaling targets in SW620 cells (E), while its
overexpression elevated the levels of these genes (F). (G-I) The expression of USP2-AS1 was positively correlated
with CTGF (G), CYR61 (H) and SOX9 (I) in fresh COAD tissues. (J) Constitutively activated YAP1 (S127A) partly im-
proved the proliferation of inhibitory effects through USP2-AS1 knockdown. Each bar represents the mean + SD for

n=3.

sis, and maintenance of dryness and inflamma-
tion [27]. When the Hippo pathway is disabled
or inactivated, YAP is dephosphorylated and
transferred to the nucleus, thereby functioning
as a transcriptional co-activator [28]. The nu-
clear YAP acts as an oncogene, enhancing in-
vasion and proliferation. Although YAP func-
tions as an oncogene, many reports are sup-
porting the idea that YAP functions as a tumor
suppressor in colorectal cancer [27, 29]. We
have shown that USP2-AS1 can decrease the
levels of p-YAP (S127), enhance the levels of
YAP1 and activate downstream signaling of?.
We also report that USP2-AS1 protects YAP1
from phosphorylation and degradation, thereby
triggering downstream signaling of the YAP/
TEAD axis. Mechanisms by which USP2-AS1
inhibits YAP phosphorylation in our study is
unknown. It has been postulated that USP2-
AS1 decreases the expression of upstream
kinase LAST thereby inhibiting YAP1 phos-
phorylation.

In conclusion, we provide a first-time report
revealing that natural antisense IncRNA USP2-
AS1 plays an oncogenic role in COAD by pro-
moting cellular proliferation and metastasis.
Besides, USP2-AS1 binds to YAP1 and modu-
lates Hippo signaling that promotes COAD pro-
gression. In addition, USP2-AS1 positively cor-
relates with tumor progression and could be
used as a marker for poor prognosis.
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Table S1. YAP1 binding natural antisense INcCRNAs
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Gene ID name 18G_fpkm YAP_fpkm IgG_count YAP_count
ENSTO0000573447 ZNF213-AS1 0 0.35 0 6
ENSTO0000577163 ZNF213-AS1 0 0.33 0 3
ENSTO0000450834 ZEB1-AS1 0 0.34 0 3
ENST00000424191 ZEB1-AS1 0 0.61 0 3
ENSTO0000500970 USP2-AS1 0.07 0.33 1.22 9
ENSTO0000577297 USP2-AS1 0 0.37 0 3.97
ENSTO0000442329 TTN-AS1 0 1.38 0 17.8
ENSTO0000589842 TTN-AS1 0 0.72 0 7.08
ENSTO0000431259 TTN-AS1 0 0.3 0 6.94
ENSTO0000628296 TTN-AS1 0 0.4 0 3
ENSTO0000525151 TRAF3IP2-AS1 0 0.74 0 7
ENSTO0000456352 TRAF3IP2-AS1 0 0.8 0 6
ENSTO0000607066 TRAF3IP2-AS1 0.03 0.45 0.11 3
ENSTO0000504922 TMEM161B-AS1 0 0.73 0 6.59
ENSTO0000504769 TMEM161B-AS1 0 0.35 0 3
ENSTO0000521708 THUMPD3-AS1 0 7.34 0 62.37
ENSTO0000522525 THUMPD3-AS1 0 1.61 0 46.58
ENSTO0000519043 THUMPD3-AS1 0 2.62 0 45.23
ENSTO0000629485 PCBP1-AS1 0 0.56 0 6.78
ENSTO0000625888 PCBP1-AS1 0 0.51 0 6
ENSTO0000625257 PCBP1-AS1 0 0.52 0 5.26
ENSTO0000415742 PCBP1-AS1 0 0.55 0 4.77
ENSTO0000594548 PCBP1-AS1 0 0.32 0 3.42
ENSTO0000561402 NR2F2-AS1 0 0.6 0 5.46
ENSTO0000560170 NR2F2-AS1 0 0.51 0 4.34
ENSTO0000573878 MMP25-AS1 0 0.74 0 5.5
ENSTO0000572574 MMP25-AS1 0 0.33 0 4
ENSTO0000585346 MAP3K14-AS1 0 0.83 0 6.24
ENSTO0000591263 MAP3K14-AS1 0 0.67 0 4.68
ENSTO0000477249 LRRC75A-AS1 0 3.93 0 54.24
ENSTO0000491009 LRRC75A-AS1 0 1.6 0 21.39
ENSTO0000470491 LRRC75A-AS1 0 0.45 0 7.34
ENSTO0000578380 LRRC75A-AS1 0 1.46 0 7
ENSTO0000457535 LAMTOR5-AS1 0 0.55 0 7
ENSTO0000597455 LAMTOR5-AS1 0 0.32 0 4
ENSTO0000625584 LAMTOR5-AS1 0 0.38 0 3
ENSTO0000455933 CDKN2B-AS1 0 0.81 0 8.6
ENSTO0000583719 CDKN2B-AS1 0 0.37 0 4.92
ENSTO0000428857 CCNT2-AS1 0 0.38 0 3.93
ENSTO0000392929 CCNT2-AS1 0 0.36 0 3.07
ENSTO0000524007 AZIN1-AS1 0 0.64 0 5
ENST00000519181 AZIN1-AS1 0 0.48 0 3
ENSTO0000630823 ARRDC3-AS1 0 0.44 0 4.99
ENSTO0000629389 ARRDC3-AS1 0 0.61 0 4.89
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Table S2. Survival analysis of IncRNAs

IncRNA COAD poor Survival
ZNF213-AS1 Down No
ZEB1-AS1 Down Yes
USP2-AS1 Up Yes
TTN-AS1 Down No
TRAF3IP2-AS1 Down Yes
TMEM161B-AS1 Down No
THUMPD3-AS1 Down Yes
PCBP1-AS1 Down No
NR2F2-AS1 Down No
MMP25-AS1 Down Yes
MAP3K14-AS1 Down No
LRRC75A-AS1 Up No
LAMTOR5-AS1 Down No
CDKN2B-AS1 Down No
CCNT2-AS1 No change No
AZIN1-AS1 No change No

ARRDC3-AS1 No change No
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Figure S1. Highly expressed USP2-AS1 predicts poor prognosis in Liver cancer (LIHC), Head and Neck squamous
cell carcinoma, Glioblastoma multiforme and Lower grade glioma (GBM and LGG), acute myeloid leukemia (AML).




