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Abstract

Colorectal cancer (CRC) is the third most prevalent world cancer and oncogenic p-catenin is frequently dysregulated in
CRC. Long noncoding RNAs (IncRNAs) play critical roles in colorectal tumorigenesis; however, the contributions of
IncRNAs to human CRC remain largely unknown. In this study, we report that LINC00265 is upregulated and predicts poor
clinical outcome in human patients with CRC. Depletion of LINC00265 and ZMIZ2 distinctly attenuates colorectal
tumorigenesis in mice. Mechanistically, LINC00265 augments ZMIZ2 expression by acting as an endogenous sponge
against several miRNAs, which directly target ZMIZ2 expression. Moreover, ZMIZ2 recruits the enzyme USP7, which
deubiquitylates and stabilizes [-catenin, thereby facilitating colorectal tumorigenesis. In addition, p-catenin mediates
LINC00265 and ZMIZ2 oncogenic phenotypes. Taken together, the LINC00265-ZMIZ2-B-catenin signaling axis plays a
critical role in the colorectal tumorigenesis, which may be a potential therapeutic target.

Introduction

Colorectal cancer (CRC) imposes a pronounced cause of
morbidity and mortality worldwide, and its pathogenesis is
heterogeneous [1]. CRC risk is attributed to heritable factors,
others such as inflammatory bowel disease and an unhealthy
lifestyle and diet, which exacerbates CRC incidence [2].
Oncogenic mutations in KRAS lead to deregulation of several
effector pathways, like phosphatidylinositol 3-kinase (PI3K)
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signaling, which control cell proliferation and survival, thus
promoting colorectal tumorigenesis [3-5].

The WNT/B-catenin signaling is highly activated in CRC
[5, 6]. Without WNT stimulation, cytoplasmic p-catenin is
degraded by the destruction complex including adenoma-
tous polyposis coli (APC), Axin, glycogen synthase kinase
(GSK)-3, casein kinase Ia (CKla) and the E3-ubiquitin
ligase B-TrCP. B-catenin phosphorylation by GSK-3 and
CKla facilitates B-TrCP-mediated p-catenin ubiquitination
and degradation in the proteasome [6, 7]. Upon WNT
activation, WNT binds to the receptor Frizzled and associ-
ates AXIN with LRP5/6. This allows the destruction com-
plex to fall apart and p-catenin to be stabilized.
Subsequently, B-catenin translocates to the nucleus where it
binds to the TCF1/LEF]1 transcription factors and activates
its transcriptional program [6, 7]. Genetic mutations in the
core components of Wnt/p-catenin signaling, like APC
mutation, lead to WNT signaling hyperactivation to drive
CRC occurrence [6, 7]. However, the concrete mechanism
of colorectal tumorigenesis is remained to be elucidated.

Long noncoding RNA (IncRNA) is now defined as the
long RNA transcripts with more than 200 nucleotides lacking
protein encoding potential [8, 9]. Lots of evidence indicates
that IncRNA harbors critical impacts in regulating gene
expression at levels of chromatin modification, transcriptional
and posttranscriptional regulation [8]. Many IncRNAs have
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been identified to affect tumorigenesis. HOTAIR was one of
the first IncRNAs reported to interact with polycomb repres-
sive complex 2 subunits that regulated chromatin state, and
promoted invasion and metastasis of breast and colon cancer
[10]. Long noncoding RNA UPAT was reported to interact
with and stabilize the epigenetic factor UHRF1 by interfering
with its B-transducin repeat-containing protein-mediated ubi-
quitination to promote colon tumorigenesis [11]. LncGata6b
was shown to recruit the NURF complex onto the Ehf pro-
moter to induce its transcription, which promotes Lgr4/5
expression to enhance Wnt signaling activation and maintain
stemness of intestinal stem cells and promote tumorigenesis
[12]. LINC00265 is located on human chromosome 7p14.1
and there is no mouse ortholog gene. Recently, LINC00265
was shown to be upregulated in CRC and associated with
poor prognosis. Its deficiency decreases cell viability and
glycolysis through directly binding to and negatively reg-
ulating miR-216b-5p, while supplementation with ectopic
miR-216b-5p significantly compromises the oncogenic
activities of LINC00265 in CRC cells [13]. AML patients
with higher serum LINCO00265 expression suffer poorer
overall survival. LINC00265 contributes to AML migration
and invasion via modulation of PI3K/AKT signaling [14].

ZMIZ1 and ZMIZ2 are PIAS-like proteins that are ori-
ginally recognized as androgen receptor interacting proteins
[15-17]. They both share a zinc-binding SP-RING/MIZ
domain, which is conserved and mediates the interaction
between Msx2 and PIASx. They also contain a C-terminal
transactivation domain that augments the AR-mediated tran-
scription [15]. ZMIZ1 has been shown to interact with P53 as
a transcriptional activator [18] and also cooperates with
NOTCHI to enhance c-Myc-driven T-ALL [19]. ZMIZ2 is a
nuclear protein that most highly expresses in testis [15] and it
accelerates f-catenin-mediated transcription and augments
prostate cancer cell growth [20]. However, the specific
mechanism is unclear.

In this study, in a systematic screen, LINC00265 is upre-
gulated and highly correlated with poor clinical outcome in
human patients with CRC. LINC00265 acts as an miRNA
sponge to enhance ZMIZ2 expression. Furthermore, ZMIZ2
recruits USP7 to stabilize p-catenin, which facilitates color-
ectal tumorigenesis. Altogether, the LINC00265-ZMIZ2-f3-
catenin axis is indispensable for colorectal tumorigenesis.

Results

LINC00265 upregulation is predictive of poor clinical
outcomes in human CRCs

In order to find the hyperactive gene in colorectal tumor-
igenesis, we analyzed gene expression in CRC from TCGA
database [21]. Interestingly, 2585 genes were upregulated in

all CRCs and 2106 genes were highly activated in CRCs
from matched normal and CRC tissues. In all, 1932 of the
above genes were upregulated in both groups with the
mRNA abundance from 1512 of these genes being >10 by
RNA-SeqV2 analysis. Since survival rate is the most
important parameter in patients prognosis, 302 such genes
were noted as being significantly negative correlated
(P <0.05) between survival and mRNA level. Next, 268
genes were identified to be essential genes in CRC cell lines
from Project Achilles [22]. Intriguingly, LINC00265, the
unique IncRNA, was among these genes (Fig. 1a). There-
fore, LNC00265 was chosen for further study.

To investigate the clinical significance of LINC00265 in
CRC, TCGA, GSE25070 and CCLE databases were
checked. LINC00265 was upregulated in virtually all
tumors from matched normal and CRC tissues (Fig. 1b and
Supplementary Fig. Sla, b). In CRC patients, those with
tumor stage III/IV had high expression (Fig. lc). Finally,
patients with high expression usually had significantly poor
survival (Fig. 1d). These findings suggest that LINC00265
overexpression is tightly related to the CRC occurrence and
may contribute to the other clinical character in CRC.

LINC00265 inhibition retards CRC development

To evaluate the effects of LINC00265 on CRC develop-
ment, we first identified LINC00265 to be an essential gene
in colorectal cell lines from the dataset of Project Achilles
(Supplementary Fig. S2) [22]. Then shRNA-mediated
inhibition of LINC00265 significantly retarded cell growth
in vitro and in vivo xenograft growth, while it had no effect
in two tested nontransformed cells (Fig. 2a—e). Altogether
these results indicate that LINC00265 is essential for CRC
growth.

LINC00265 increases ZMIZ2 expression as a miRNA
sponge

To illustrate the specific mechanism that LINC00265
exacerbates the CRC development, correlation analysis
between LINCO00265 and other gene expression was con-
ducted in CRC from TCGA. Interestingly, among 25,000
genes, ZMIZ2 expression was extremely positively related
with LINC00265 in all CRC tissues (Fig. 3a—e).

Then, we examined how LINC00265 regulated ZMIZ2
expression. LINC00265 inhibition decreased ZMIZ2 in both
RNA and protein levels; in the meantime, inhibition of
Dicerl, which is an essential miRNA processing enzyme,
largely rescued and enhanced ZMIZ2 expression (Fig. 3f, g).
We hypothesized that LINC00265 regulated ZMIZ2 through
miRNAs. As miRNAs are located mostly in cytoplasm, gPCR
assay implicated that LINC00265 accounted for more than
60% in cytoplasm in HCT116, SW480 and RKO, and almost
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Fig. 1 LINC00265 upregulation is predictive of poor clinical outcomes
in human CRCs. a Summary of bioinformatic screening results in the
CRCs from TCGA database. Among 2,0531 genes, 2585 genes were
upregulated in all CRCs and 2106 ones were highly activated in CRCs
from matched normal and CRC tissues. A total of 1932 of the above
genes were upregulated in both groups with the mRNA abundance
from 1512 of these genes being >10 by RNA-SeqV2 analysis. In all,
302 such genes were noted as being significantly negative correlated
(P <0.05) between survival and mRNA level. In all, 268 of these
genes were identified to be essential genes in CRC cell lines from

half in DLD1 in both nucleus and cytoplasm (Fig. 3h). Next,
we sought for potential miRNAs that target LINC00265 and
ZMIZ2. These indicated that only four miRNAs, miR-30c-2-
3p, miR-130-3p, miR-324-3p and miR-375, were inversely
correlated and harbored more than one binding site with both
LINC00265 and ZMIZ2 (Fig. 3i). Q-PCR and immunoblot
showed that these four miRNAs all substantially reduced
ZMIZ2 expression in HCT116 and SW480 cells (Fig. 3j, k).
Co-IP using the antibody AGO-2 to precipitate RNAs asso-
ciated with the RNA-induced Silencing Complex (RISC)
indicated that the above target RNAs were significantly
enriched with LINC00265 and ZMIZ2 (Fig. 31). Moreover,
ectopic miRNA expression abrogated the activity of
LINC00265 and ZMIZ2-3'UTR in dual luciferase reporter
assays, while mutations of the LINC00265 and ZMIZ2
binding sites exposed no effects in luciferase activity in both
HCT116 and SW480 cells. Above all, these data elucidate
that LINC00265 enhances ZMIZ2 expression as a miRNA
sponge.

ZMIZ2 is upregulated and predictive of poor clinical
outcome

To investigate the role of ZMIZ2 in CRC development, we

analyzed the expression of ZMIZ2 in different databases.
ZMIZ2 was significantly upregulated in all CRC tissues
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Project Achilles. Among these, only one IncRNA, LINC00265, was
selected. b Relative RNA levels of LINC00265 in normal and CRC
tissues from TCGA. ¢ Association of LINC00265 expression with
clinical stages in CRC patients from TCGA dataset. d Survival of
human CRC patients from TCGA dataset with LINC00265 expression
high versus low. P values are indicated. b, ¢ Significance was per-
formed using Wilcoxon signed rank test. The horizontal lines in the
box plots represent the median, the boxes represent the interquartile
range, and the whiskers represent the minimal and maximal values

(Fig. 4a—c). The protein level of ZMIZ2 in CRC tissues also
exceeded adjacent normal ones (Fig. 4d and Supplementary
Fig. S3a). In patients with CRC, those with stage ITII/IV had
significantly higher ZMIZ2 expression than those with stage
I/IT (Supplementary Fig. S3b). In addition, the patients with
CRC who survived longer were accompanied with lower
ZMIZ2 expression (Fig. 4e).

ZMIZ2 inhibition retards CRC tumor growth

Then, we evaluated whether ZMIZ2 modulated CRC
growth. ZMIZ2 knockdown significantly inhibited CRC
cell growth from the database of the Project Achilles
(Supplementary Fig. S3c). ShRNA-mediated inhibition of
ZMIZ2 retarded cell growth in vitro (Supplementary
Fig. S3d) and in vivo (Fig. 4f-i) xenograft growth, while
overexpression of shRNA-resistant ZMIZ2 largely rescued
these defects.

Next, we explored whether LINC00265’s oncogenic
effects were ZMIZ2 dependent. Depletion of LINC00265
blocked CRC cell growth, while ectopic ZMIZ?2 expression
abundantly reversed the tumor phenotype in vivo and
in vitro (Fig. 4j—m and Supplementary Fig. S3e). Alto-
gether, these data suggest that ZMIZ2 increases CRC
development and the oncogenic phenotypes of LINC00265
are partially mediated by ZMIZ2.
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Fig. 2 LINC00265 inhibition retards CRC development. a Relative
RNA levels were determined by qRT-PCR with LINC00265 depletion
CRC HCTI116 and SW480 cells. b MTT assays showed relative

LINC00265 enhances B-catenin signaling via ZMIZ2

To identify the signaling pathway that LINC00265 partici-
pates in, we conducted gene ontology (GO) analysis on the
significantly changed genes associated with LINC00265 in
CRC from TCGA. We found that most of the related genes
are involved in microtube, adherens junction and WNT/f-
catenin signaling pathway (Fig. 5a). Since WNT signaling
plays a significant role in CRC and ZMIZ2 has been
reported to interact with B-catenin [11, 20], we hypothesized
that LINCO00265 regulates p-catenin through ZMIZ2.
Heatmaps indicated that LINC00265 and ZMIZ2 were
positively correlated with many p-catenin target genes (Fig.
5b and Supplementary Fig. S4a). Inhibition of LINC00265
depressed p-catenin expression and downstream target
genes in CRC HCT116 and SW480 cells (Fig. 5c and
Supplementary Fig. S4b), while ectopic ZMIZ2 expression
largely rescued these defects (Fig. 5d and Supplementary
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Tumor weight (g)
°
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o

HCT116

SW480

absorbance of indicated cells. c—e Xenograft growth in nude mice
(n=15). Tumor photographs (c), tumor growth curve (d), and tumor
weight (e). Data were presented as mean + SD. **P < (.01, ***P < 0.001

Fig. S4c, d). Consistently, ZMIZ2 inhibition aborted [-
catenin expression (Fig. Se and Supplementary Fig. S4e, f).

Next, we investigated whether ZMIZ2 interacted with
B-catenin dependent on LINC00265. Co-IP displayed that
after suppressing LINCO00265, the interaction between
ZMIZ2 and p-catenin was attenuated in HCT116 and
SW480 (Fig. 5f, g and Supplementary Fig. S4g, h).
Cycloheximide (CHX) assay indicated that ZMIZ2 inhibi-
tion greatly prolonged p-catenin turnover (Fig. 5h and
Supplementary Fig. S4i).

Then NH,Cl, MG132, and 3-MA were used to inhibit
lysosomal, proteasomal, and autophagocytic pathways of
protein degradation, respectively. We found that only
MGI132 treatment stabilized (-catenin protein level (Sup-
plementary Figure S4j); in other words, ZMIZ2 stabilized
[p-catenin via proteasome pathway.

Then, we evaluated whether ZMIZ2 stabilized p-catenin
through deubiquitination. As assumed, ectopic ZMIZ2
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Fig. 3 LINC00265 upregulates ZMIZ2 expression as an miRNA
sponge. a The correlation between the expression of LINC00265 and
genes in the CRCs from TCGA dataset. b, e The correlation between
the expression of LINC00265 and ZMIZ2 in the CRCs from TCGA
dataset (b), GSE35279 (c¢), CCLE (d) and clinical patients with CRC
(e). Each point is an individual sample. R, Spearman correlation
coefficient. f Relative RNA levels of LINC00265 and ZMIZ2 in the
indicated stable cells. g The protein level of ZMIZ2 in the indicated
stable cells. h Relative LINC00265 expression of cytoplasm and

expression reduced the polyubiquitination of f-catenin and
ZMIZ2 inhibition had the opposite effect (Fig. 5i, j). To
identify the type of P-catenin deubiquitination mediated by
ZMIZ2, we used several vectors expressing HA-tagged
mutant Ubiquitin (K60, K110, K270, K290, K330, K480
and K630), which contained substitutions of arginine for all
lysine resides except the lysine at this position, respectively
[23]. Deubiquitination of p-catenin was detected mostly in the
presence of wild type (WT) and K480, but a little in K60 and
K330 were also identified (Fig. 5k). Altogether, LINC00265
enhances  f-catenin  signaling via ZMIZ2, and
ZMIZ2 stabilizes p-catenin mainly through K48-linked
deubiquitination.

ZMIZ2 recruits USP7 to stabilize B-catenin

To evaluate which deubiquitinase (DUB) mediates
[B-catenin stability, firefly luciferase fused to the N terminus
of P-catenin (p-catenin-Luc) was used as a reporter of
p-catenin stability [24]. Eighteen DUBs were tested and
only USP7, which is major localized in nucleus, could
largely improve the B-catenin protein levels in the control
cell and decrease the luciferase activity upon ZMIZ2
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**P <0.01, ***P<0.001

inhibition (Fig. 6a—c). Ectopic USP7 expression stabilized
p-catenin, while USP7 catalytic inactive mutant (C223A)
had no effect. Inversely, USP7 inhibition got the opposite
effect and it could be reversed by WT rather USP7 mutant
expression (Supplementary Fig. S5a—d). These all suggest
that ZMIZ2 stabilizes p-catenin through USP7.

Then, we examined how USP7 participated in ZMIZ2-
mediated stabilization of p-catenin. Ectopic USP7 expression
largely prolonged the half-life of p-catenin while ZMIZ2
repression impaired this effect (Fig. 6d and Supplementary
Fig. S5e). Conversely, USP7 inhibition shortened the turnover
of p-catenin and ectopic ZMIZ2 expression could not rescue
this defect (Fig. 6e and Supplementary Fig. S5f). Co-IP assay
indicated that ZMIZ2, USP7 and f-catenin were all interacting
with each other in the nucleus (Fig. 6f, g and Supplementary
Fig. S5g). We then mapped the interaction region and found
that the N-terminal of ZMIZ2 and MATH domain of USP7
were required to interact with each other (Supplementary
Fig. S5h, i). Moreover, depletion of ZMIZ2 impaired the
interaction between USP7 and p-catenin, but USP7 repression
did not affect the interaction between ZMIZ2 and p-catenin
(Fig. 6h, 1), implicating that ZMIZ2 mediates the interaction
between USP7 and f-catenin.
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Fig. 4 ZMIZ2 upregulation is predictive of poor clinical outcome.
a Relative ZMIZ2 mRNA levels in paired (left) and nonpaired (right)
normal and CRC tissues from TCGA dataset. b Relative ZMIZ2
mRNA levels in normal and CRC tissues from GSE25070 (left),
GSE32323 (middle) and GSE35279 (right). ¢, d Relative RNA levels
(c) and protein expression (d) of ZMIZ2 in the tumor tissues of CRC
patients. e Survival of human patients with CRC from TCGA dataset,
with high versus low ZMIZ2 expression. f Western blot analysis of
ZMIZ2 protein level in the indicated stable cells. g—i Xenograft
growth in nude mice. Tumor growth curve after injecting the indicated

In addition, we detected whether USP7 deubiquitinated
B-catenin. Ectopic USP7 expression reduced the poly-
ubiquitination of f-catenin and ZMIZ2 inhibition could
reverse this effect (Fig. 6j). Similarly, USP7 inhibition
enhanced the ubiquitination of f-catenin; at the same time,
ectopic ZMIZ2 expression did not affect this effect (Supple-
mentary Fig. S5j). Collectively, these data indicate that ZMIZ2
recruits USP7 to deubiquitinate and stabilize B-catenin.

B-catenin mediates LINC00265 and ZMIZ2 oncogenic
phenotypes

Then, we evaluated whether LINC00265 and ZMIZ2 pro-
moted CRC dependent on f-catenin. LINC00265 and
ZMIZ2 inhibition severely retarded colon cell growth in
MTT assay and xenograft growth in mice and reduced the
expression of f-catenin target genes, while p-catenin over-
expression enormously rescued these defects (Fig. 7a—h and

8 11 14 17 20 23 26 29
Days

«=@=shLINC0026+ZMIZ2

8 11 14 17 20 23 26 29
Days

L Low

©
S

~
S

Percent survival

]
S

P=0.0073
HR=2.329

n=247

w
S

o 1500 3000 4500

Days

h i

shCtrl+Ctrl

WshCtrl+Ctrl
W #+Ctrl
m#2+Ctrl
WH2+r-ZMIZ2

shZMIZ2
#2+Ctrl

H1ectrl 2z a shzmiz2

HCT116

»

Tumor w eight (g)

SwW480

i ‘
[
sthrl shui NCDDZBS shCtrl+  shLINC00265 m W shCtri+Ctrl
__zMiz2 +ZMIZ2 W shLINC00265+Ctrl
- a W shCtr+zZmiz2
! t = * o WshLINC00265+ZMIZ2
G | ) 3
I | % *k
3 2
g H
" 51
H i E
o0

HCT116

Swaso

cells (g) and photographs of tumors (h) and tumor weight (i) from the
indicated cells were determined. j Western blot analysis of ZMIZ2
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tumor photos (1) and tumor weight (m) of xenograft mice injected with
indicated cells. a: right, b, ¢ Significance was performed using Wil-
coxon signed rank test. The horizontal lines in the box plots represent
the median, the boxes represent the interquartile range, and the
whiskers represent the minimal and maximal values. Data were pre-
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Supplementary Fig. S6a—f). Conversely, HCT116 and
SW480 cells with ZMIZ2 upregulation grew more rapidly
than their control counterparts both in vitro and in vivo, and
these effects were largely reversed by f-catenin abrogation
(Fig. 7i-1 and Supplementary Fig. S6g—i). These results
imply that B-catenin mediates LINC00265 and ZMIZ2
oncogenic phenotypes.

ZMIZ2 repression attenuates spontaneous and
chemical-induced tumorigenesis in mice

To elaborate the effects of ZMIZ2 in colorectal tumor-
igenesis, we exploited an established CRC model [24, 25].
Female mice were injected intraperitoneally with DNA-
methylation agent AOM, followed by three rounds of DSS
treatment. During this period, concentrated adenoviruses
containing ZMIZ2 shRNAs were injected intraperitoneally
and mice were sacrificed after 120 days (Supplementary
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ontology (GO) analysis of the significantly altered genes associated
with LINC00265 in the TCGA dataset. b Heatmap shows the relative
RNA expression of f-catenin target genes that LINC00265 is posi-
tively associated with CRCs from TCGA dataset. ¢ Western blot
indicated the B-catenin expression in LINC00265 depletion HCT116
and SW480 cells. d, e The protein level of f-catenin and ZMIZ2 in the
indicated stable cells. f, g Depletion of LINC00265 reduced the
interaction between ZMIZ2 and p-catenin. HCTI116 cells were
cotransfected with indicated vectors. IP and IB with indicated anti-
bodies were performed. h ZMIZ2 affects B-catenin protein turnover.
HCT116 cells were transfected with indicated vectors. After cells were

Fig. S7a). Western blot indicated that ZMIZ2 expression
was gradually elevated during CRC development (Fig. 8a).
At day 120, ZIMZ?2 was expressed much higher than day 60
in AOM/DSS-induced CRC and there were nearly no
changes in normal mice (Fig. 8b).

In the AOM/DSS-induced CRC model, mice containing
ZMIZ2 shRNAs illustrated fewer tumors per colon and a
smaller tumor size (Fig. 8c—e). Western blot indicated
ZMIZ?2 was indeed knocked down in colon tissues (Fig. 8f)
and the expression of P-catenin target genes was also
downregulated (Supplementary Fig. S7b).

APC is a critical constituent in WNT/B-catenin pathway
and APCY™* is a widely used colon cancer model for
sporadic CRC [25, 26]. Likewise, ZMIZ2 expressed higher in
APCM™* mice (Supplementary Fig. S7c), so we tested
whether ZMIZ2 functions in the spontaneous CRC develop-
ment. Adenoviruses with ZMIZ2 shRNAs were injected six
times weekly from week 4, and mice were sacrificed around
day 100 (Supplementary Fig. S7d). In APC ™™+ spontaneous
CRC model, mice containing ZMIZ2 shRNAs illustrated
fewer tumors, a smaller tumor size and lower expression of
B-catenin target genes in the colon and small intestine
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(Fig. 8g, h, Supplementary Fig. S7e—k). Collectively, these
data demonstrate that ZMIZ2 repression attenuates sponta-
neous and chemical-induced CRC development in mice.

B-catenin transcriptionally activates LINC00265

Our results showed that LINCO00265 was significantly
upregulated in CRC. Because activation of f-catenin sig-
naling pathway is pivotal during colorectal tumorigenesis
[5-7], we tested whether p-catenin signaling was respon-
sible for LINC00265 upregulation in CRC. To this end,
we analyzed the putative transcription factors binding to the
LINCO00265 promoter region (—10 to +10kb) in the
motifmap website. This revealed LEF1/TCF1 as the top
candidate and these sites were largely conserved (Supple-
mentary Fig. S8a). Ectopic f-catenin expression upregu-
lated LINC00265 RNA level (Supplementary Fig. S8b, c)
and depletion of P-catenin had the opposite effect (Sup-
plementary Fig. S&d, e).

We next detected whether p-catenin directly transacti-
vates LINCO00265 using chromatin immunoprecipitation
(CHIP) assays. The results showed that B-catenin occupied
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the promoters of LINC00265 in HCT116 and SW480 cells
(Supplementary Fig. S8f). Thus, p-catenin transcriptionally
activates LINC00265.

Discussion

IncRNAs are recognized to be fundamental for eukaryotes
and indispensable for cancer progression [8, 9]. With the
characteristic of noninvasiveness and stable in body fluids,
IncRNA has become a promising and sensitive biomarker
for cancer diagnosis and prognosis [9]. In this study, we
demonstrate that LINC00265 is significantly upregulated in
CRCs. LINC00265 acts as an miRNA sponge to upregulate
ZMIZ2. ZMIZ?2 mediates the interaction between USP7 and
B-catenin to deubiquitinate and stabilize B-catenin, led to
colorectal tumorigenesis (Fig. 8i).

Intriguingly, LINC00265 and ZMIZ2 are extremely
positively correlated and both are upregulated in human
CRCs. It has been reported that linc-MDI1 acted as a
natural decoy for miR-133 and miR-135 to activate
MAMLI1 and MEF2C in muscle [25]. LncARSR functions
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intensity of B-catenin expression for each time point was quantified by
densitometry with B-actin as a normalizer (d and e, right). f, g ZMIZ2
interacts with USP7 and B-catenin. HCT116 and SW480 cells were
transfected with indicated vectors. IP and IB with indicated antibodies
were performed. h, i ZMIZ2 mediates the interaction between USP7
and f-catenin. HCT116 and SW480 were transfected with indicated
vectors. IP and IB with indicated antibodies. j USP7 deubiquitinates
B-Catenin. *P <0.05, **P <0.01, ***P <0.001

as a ceRNA for miR-34 and miR-449 to facilitate AXL
and c-MET expression in renal cell carcinoma [26].
Recently, circular RNA circMTO1 was identified as a
sponge of miR-9 to inhibit p21 expression and repressed
HCC progression [27]. In our model, LINC00265 func-
tions as a competing endogenous RNA of hsa-miR30-2-
3p, hsa-miR-139-3p, hsa-miR-324-3p and hsa-miR-376
to stimulate ZMIZ2 expression and promote CRC
development.

ZMIZ2 has been shown to interact with p-catenin and
enhance f-catenin-mediated transcription in prostate cancer
[20]. Our results shows that LINC00265 upregulates WNT/
B-catenin signaling through ZMIZ2. ZMIZ2 stabilizes
B-catenin through K6-, K33- and K48-linked deubiquitina-
tion. It is well known that K48-linked ubiquitination is
associated with protein degradation, but how K6- and K33-
linked ubiquitination functions in ZMIZ2-mediated p-cate-
nin stabilization remains to be elucidated.

It was reported that USP7 promoted WNT signaling in
mutant APC-driven CRC and RNF220 enhanced WNT
signaling through USP7 deubiquitination [28, 29]. Several
other DUBs such as USP2a, USP9x, USP20 and USP47
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also deubiquitinate p-catenin and promote tumorigenesis
[30-33]. In our work, we defined that ZMIZ2 stabilized p-
catenin through USP7 with luciferase reporter screen. USP7
is one of the widely characterized DUBs and is functionally
significant as it is the specific deubiquitinase for P53, the
major tumor suppressor in cellular process [34]. USP7
interacts with many vital proteins, such as polycomb
repressor complex 1 (PRC1), histone H2A and H2B,
checkpoint kinase (CHK1), phosphatase and tensin homo-
log (PTEN), viral protein EBNA1 and so on, and is dys-
regulated in cancer progression [35-37]. Thus, many trials
have been devoted to identify USP7 inhibitors for treatment
of cancers [38]. We defined that ZMIZ2 recruits USP7 to
deubiquitinate and stabilize B-catenin.

ZMIZ2 accelerates CRC progression in spontaneous and
carcinogen-induced tumor mice models through p-catenin
pathway. ZMIZ2 stabilizes p-catenin to enhance its target
genes expression and constitutive activation of B-catenin led
to colorectal tumorigenesis. APC is a vital suppressor gene
in WNT signaling and 45-80% CRCs were APC mono-
allelic mutant [39]. Re-establishing APC expression can
restore normal development and differentiation in the
intestinal crypt epithelium in mice with APC-deficient CRC.
APC loss causes early premalignant lessons and is sensitive
and prone to die [39, 40]. With Apc™™* mice, ZIMZ2
repression effectively retards colon and intestine tumor
growth.

SPRINGER NATURE

WshCtrl+Ctrl

C  shoubcrl ShUNCOOZGS  shurl:  shuiNCO0265 d I ShLINC00265+Ctrl
p-Catenin +f-Catenin B shCtrl+g-Catenin
a
- = +xr MSLINCOO265+§-Catenin
g g = e
E £
3
g e
= 5
g 3 g9
2 5
2 o
° B HCT116 swaso

shzmizz
+p -Catenin

=2

Ctrl+
£  sharctl shzmizascer pcatenln

ZMIZ2:
k Ctrl+shCtrl  Zmiz2+shCtrl  sh- p Calenln sh-B- Ca(enln

cwk il
i

mice (n=15). Tumor volumes were measured every 3 days. Tumor
growth curve after injecting the indicated cells (b, f, j), photographs of
tumors (¢, g, K) and tumor weight (d, h, 1) from indicated cells were
analyzed. Data were presented as mean + SD. *P <0.05, **P <0.01,
***P <0.001

W shCtrl+Ctrl

mshZMIz2+Ctrl
[ shCtrl+B-Catenin
14 W shzMIz2+B-Catenin
ok
o

HCT116
Tumor weight (g)
BN oW

Sw4go
- -
cnrhNnLwna

W"“S“ !
@

HCT116 Sw4go

W Ctrl+shCtrl

W ZMIZ2+shCtrl

M shp-Catenin
WZMIZ2+shB-Catenin

HCT116

~N w

now
*
*
¥

o

Tumor weight (g)

o
ok iN &
-
4

]
.

HCT116 sSwaso

In summary, a new IncRNA, LINC00265, was identified
to upregulate ZIMZ2 as an miRNA sponge. ZMIZ2 recruits
USP7 to deubiquitinate and stabilize p-catenin. LINC00265
and ZMIZ2 enhance f-catenin signaling and promote CRC
progression. Altogether, these findings offer a new link
between LINC00265 and WNT/B-catenin-driven CRC
development and provide a promising therapy target.

Materials and methods
Clinical human CRC specimens

CRC samples were used as previously described [24]. Written
informed consent was obtained from all patients at the Union
Hospital in Wuhan, China. The studies were conducted in
accordance with Declaration of Helsinki and approved by the
review board of Wuhan University. The diagnoses of all
samples were confirmed by histological review.

Cell culture and reagents

Human embryonic kidney HEK?293 cells were obtained
from American Type Culture Collection (Rockville, MD,
USA) while human colon -cancer-derived cell lines
HCT116, SW480, RKO and DLD1 were obtained from
China Center for Type Culture Collection (Wuhan, China).
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All cells, regularly authenticated by short tandem repeat
analysis and tested for absence of Mycoplasma con-
tamination, were used within five passages after thawing
and cultured as previously described. Cycloheximide
(R750107), proteasome inhibitor MG132 (M8699), and
autophagy inhibitor 3-methyladenine (3-MA) (M9281)
were purchased from Sigma-Aldrich. Antibodies used in
this study are listed in Supplementary Table S1.

Plasmids and stable cell lines

The human ZMIZ2, USP7 and p-catenin were amplified and
cloned into pHAGE-CMV-MCS-PGK-3xFlag and pCMV-
HA vectors. Mutations in the USP7 C223S sequences were
generated by overlap extension PCR. Short hairpin RNAs to
inhibit ZMIZ2 and p-catenin were designed and synthesized
by GENEWIZ (Souzhou, China). The latter were annealed
and then inserted into pLKO.1-puro vector. The p-catenin-
luciferase vector was generated by cloning the human
B-catenin coding sequences to the luciferase gene tail of
pcDNA3.1(+4)-5'flag Luc. Adenovirus vector was obtained
from Yan Wang (College of Life Science, Wuhan
University). Primers used in this study are listed in Sup-
plementary Table S2. Transfection and the establishment of
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to deubiquitinate and stabilize p-catenin led to colorectal tumorigen-
esis. d, h Significance was performed using Wilcoxon signed rank test.
The horizontal lines in the box plots represent the median, the boxes
represent the interquartile range, and the whiskers represent
the minimal and maximal values. Data were presented as mean + SD.
*P<0.05, **P <0.01

stable cell lines were performed as previously described
[23]. Cell viability was measured by MTT assay according
to the manufacturer’s instructions (Promega, Madison,
WI, USA).

Co-immunoprecipitation and immunoblot

Transfected cells were lysed in 1 ml lysis buffer (20 mM
Tris (pH 7.4), 300 mM NaCl, 1% Triton, ]l mM EDTA,
10 mg/ml aprotinin, 10 mg/ml leupeptin, and 1 mM PMSF).
Sepharose beads were washed three times with 1 ml lysis
buffer containing 150 mM NaCl. Co-IP and immunoblot
analysis were performed as described before [23].

qRT-PCR

Total RNA was isolated using Trizol (Invitrogen, Carlsbad,
CA) followed by DNase (Thermo Scientific) treatment.
Reverse transcription was performed with a cDNA Synth-
esis Kit (Promega) and qPCR were performed using SYBR
Green master mix (Bio-Rad, Hercules, CA) using standard
protocols. All primer sequences used are shown in Sup-
plementary Table S2. f-actin was used as an internal
control.
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RNA immunoprecipitation to pull down RISC-
associated RNA

RNA immunoprecipitation (RIP) was performed according
to the methods previously described [41]. Briefly, 10’
HCT116 and SW480 cells were UV irradiated and lysed
with RIP buffer containing RNase Inhibitor (EO0381,
Thermo Scientific) and protease inhibitor (Sigma-Aldrich)
and then treated with DNase I (Thermo Scientific). The
separated supernatant was incubated with 1mg rabbit
mono-antibody against Ago-2 (D2C9, Cell Signaling) or
control IgG for 4 h and then added to protein G beads (Life
Technology). After digestion, the precipitated RNA was
purified using Trizol reagent (Life Technology) and ana-
lyzed by real-time RT-PCR using random primer.

Luciferase assay

Human ZMIZ2-3’UTR and LINC00265 binding sequen-
ces were inserted into pGL3-basic luciferase vector
(Promega). Luciferase assays were performed as described
previously [41].

Nuclear/cytoplasmic extract isolation

Isolation of cytoplasmic and nuclear extracts was previously
described. Briefly, the collected cells were resuspended in
10.0 mM HEPES (pH7.9), then lysed, centrifuged, and the
supernatant, which contained cytoplasmic fraction, was
removed to new microtubes. The pellet, which contained
the nuclei, was resuspended in 20 mM HEPES (pH 7.9),
and stirred at 4 °C. Then the nuclear extracts were cen-
trifuged and the supernatant was collected. The nuclear and
cytoplasmic extracts were further studied by western blot.
Histone H3 was used as nuclear loading controls.

Animal studies

All animal studies were approved by the Animal Care
Committee of Wuhan University. For xenograft experi-
ments, 4-week-old male BALB/c nude mice were purchased
from Model Animal Research Center (Nanjing, China) and
maintained in microisolator cages. Detailed procedures
were described previously [41].

For AOM/DSS-induced mice model, Ad-ZMIZ2 shRNA
vectors were constructed as described by Peuker et al. [39].
Briefly, ZMIZ2 shRNAs were cloned into pShuttle-CMV-
LAZ. Then linearized shuttle plasmid DNA were digested
with Pmel and Pacl. After that, plasmids were transfected in
cells and adenoviruses were purified. For administration,
female C57/B6 mice were first treated with AOM/DSS, and
randomly distributed into three groups (ten mice each
group). Then mice received 3 x 10° adenoviruses by weekly

SPRINGER NATURE

intraperitoneal injection from weeks 4 to 9. At day 120,
mice were sacrificed and tumor burdens were evaluated.

ApcM™+ mice were also ordered from Model Animal
Research Center (Nanjing, China). Three-week-old female
ApcM™* mice were randomly distributed as above. Con-
centrated viruses were administrated from weeks 4 to 9 and
tumor burdens were analyzed on week 14.

Bioinformatics and statistics

Online softwares miRanda, miRDB, miRwalk, PICTARS and
Targetscan were used to predict miRNA targets of
LINC00265 and ZMIZ2. CRC data sets were downloaded
from The Cancer Genome Atlas (TCGA) data portal. Gene
expression was assessed in human CRC tissues from the
TCGA RNA-seq dataset. The information of Project Achilles
was downloaded from the website (https:/portals.broa
dinstitute.org/) in which genome-wide RNAi screens were
used to systematically identify essential genes across hundreds
of genomically characterized cancer cell lines [22]. Experi-
mental data were analyzed using unpaired, and paired two-
tailed Student’s ¢ test, Wilcoxon signed rank test or
Mann—Whitney U test, and the correlation was analyzed using
a Spearman rank correlation test. Kaplan-Meier curves
for survival were analyzed with the GraphPad software
(Version5.01, Graphpad software, San Diego, CA, USA)
using log-rank test. Results are represented as the mean + SD
or SEM and P <0.05 was considered statistically significant.
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