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Background: Long non-coding RNAs (IncRNAs) function as key molecules in cancer progression. The IncRNA
CYTOR plays oncogenic roles in multiple types of cancer, yet the detailed molecular mechanisms of those roles
remain unknown. The aim of this study was to investigate the clinical significance, biological function and

Methods: A systematic and comprehensive analysis of CYTOR expression was performed in 138 CRC samples and
in the TCGA and GEO databases. Biological function was investigated through knockdown and overexpression of
CYTOR in vitro and in vivo. In addition, its protein binding partner was identified and validated using ChIRP-MS and
RNA immunoprecipitation assays. Their key interaction sites on CYTOR were verified by CRISPR/Cas9 and a series of
mutant constructs. Furthermore, the downstream targets of CYTOR were confirmed via immunoblotting and

Results: CYTOR was significantly up-regulated in CRC samples and associated with poor prognosis, promoting
proliferation and metastasis in vitro and in vivo. NCL and Sam68 could recognize their specific motifs and directly
bind to EXONT of CYTOR. Moreover, EXON1 was the key functional site mediating the interaction of CYTOR with
NCL and Sam68. NCL and Sam68 functioned as oncogenes to promote CRC progression. Furthermore, we
confirmed that the heterotrimeric complex of CYTOR, NCL and Samé8 activated the NF-kB pathway and EMT to

Conclusion: CYTOR plays important roles in CRC progression by interacting with NCL and Samé68 and may serve as
a prognostic biomarker and/or an effective target for CRC therapies.

Background

It is now widely accepted that cancer progression results
from the gradual accumulation of genetic mutations and
epigenetic alterations that successively increase cell prolif-
eration, motility and stemness [1, 2]. Long non-coding
RNAs (IncRNAs), since their recent discovery, have gained
widespread attention as a new player of epigenetic regula-
tion in various cellular and biological processes including
gene regulation and chromatin dynamics; and the aberrant
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expression and mutations of IncRNAs are closely linked
to tumorigenesis, metastasis, and tumor stage [3].
Colorectal cancer (CRC) is a frequently diagnosed
malignancy and the 3rd leading cause of cancer-related
mortality in the western world. The progression of CRC
is fast, and untreated tumors rapidly disseminate and
form metastatic foci. Therefore, further understanding
the mechanisms that drive the disease and identifying
diagnostic and therapeutic targets are priorities for
improving CRC patients’ outcome [4]. To date, several
important IncRNAs such as UPAT [5], CCAT1 [6],
CCAL [7], LINCO01133 [8], LET [9] and HOTAIR [10]
have been shown to contribute to CRC development
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and could be used as new candidates for diagnostics
and therapy. Previously, we found through laser micro-
dissection capture in CRC tissues that a novel IncRNA,
CYTOR (also known as LINC00152), was up-regulated
in tumor budding cells [11]. Recently, the aberrant ex-
pression of CYTOR has been reported in some types of
cancers including gastric cancer [12], hepatocellular
carcinoma [13], colon cancer [14], gallbladder cancer
[15] and renal cell carcinoma [16], in which it may act
as an oncogene. However, the detailed mechanism of
action of CYTOR in CRC progression remains largely
unknown.

NCL (nucleolin) and Sam68 (KHDRBS1) belong to the
category of RNA-binding proteins (RBPs), which control
RNA metabolism and biogenesis—including RNA synthe-
sis, pre-RNA splicing, RNA processing, ribosomal assem-
bly and maturation—and play multiple roles in cancer
development [17, 18]. Nevertheless, it is unclear whether
NCL and Sam68 are involved in IncRNA, in particular,
whether they function along with CYTOR to regulate
CRC progression. In this study, we performed a compre-
hensive survey of CYTOR expression in CRC samples
from online databases and our tissue bank and clarified
the roles that CYTOR plays in CRC progression by inter-
acting with NCL and Samé68.

Methods

Clinical materials

Two cohorts of clinical samples from the tissue bank in our
laboratory were used in this study according to protocols
approved by the Internal Review Board of Zhejiang Univer-
sity. A total of 138 pairs of CRC tissues and matched
normal tissues were collected to measure CYTOR levels by
qRT-PCR. Each experiment was performed at least three
times. Another cohort, including 144 CRC FFPE tissue
samples, was used for the detection of NCL and Sam68
expression by immunohistochemistry (IHC), and the IHC
scores were evaluated by at least two pathologists. The
pathological diagnoses of all samples were evaluated by pa-
thologists. All patients with familial adenomatous polyposis,
hereditary non-polyposis CRC, or inflammatory bowel dis-
ease were excluded. All tissue samples were obtained from
colorectal adenocarcinoma patients without any radiother-
apy, chemotherapy, or other adjuvant treatment prior to
surgery and diagnosis.

Public databases

The transcriptome expression profiling of CRC and rele-
vant clinical information in this study were identified by
searching public databases online. The key words “colon
cancer or colorectal cancer and expression profiling by
array” were used to search the GEO databases. In addition,
the data from the TCGA database were also included in
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our study to ensure that the data on CYTOR expression
in CRC were not missed.

Statistical analysis

Data were presented as the mean + standard deviation.
The statistical analyses were conducted using the pro-
grams GraphPad (GraphPad Software, San Diego, CA,
USA) and SPSS 20.0 (SPSS Inc., Chicago, IL, US), and
p <0.05 was considered statistically significant. Student’s
t-test was used to test for significant differences between
groups. Two-tailed tests were applied to all data if not spe-
cified. Kaplan-Meier survival and correlation analysis were
performed in SPSS 20.0.

Experimental procedures

CRC cell lines were cultured and transfected with either
CYTOR shRNA or overexpression vectors. The prolifera-
tion and metastasis capacity of the cells were assessed by
CCK-8, colony assays and transwell migration/invasion as-
says in vitro and by subcutaneous tumor growth in nude
mice or mouse tail-vein injection assays in vivo. A revised
ChIRP protocol and mass spectrometry (MS) were used
to pull down and identify CYTOR RNA-binding proteins.
RNA immunoprecipitation (RIP) was carried out to verify
the interaction between CYTOR and its binding proteins.
CYTOR EXON-1-deleted and EXON-4-deleted cells were
constructed by combining CRISPR/Cas9 and the donor
vector. Co-immunoprecipitation and RIP were performed
to confirm the interaction motif of CYTOR. A luciferase
reporter system and an immunoblotting assay were used
to investigate the downstream regulatory targets and
interacting proteins of CYTOR.

Additional methods
All further information can be found in the Additional file 1
section.

Results

Overexpression of CYTOR in CRC is associated with poor
prognosis

Our previous expression profile data [11] showed that
CYTOR was up-regulated in CRC and tumor budding
cells (Fig. 1a). We further examined the expression of
CYTOR in 138 pairs of matched CRC and normal tis-
sues by qRT-PCR, which revealed that CYTOR was
up-regulated in CRC tissues (Fig. 1b). Moreover, there
was a significant correlation between CYTOR expres-
sion and overall patient survival, and patients with
higher CYTOR expression showed worse clinical out-
come (Fig. 1c). To validate our results, we evaluated the
expression levels of CYTOR in the matched pairs of
CRC and normal tissue samples using the TCGA
RNA-seq database (Fig. 1d), GEO GDS2947 database
(Fig. 1g), GEO GSE31737 database (Fig. 1h), GEO
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Fig. 1 CYTOR up-regulation in CRC samples with poor outcome. a Up-regulation of CYTOR in laser-microdissection-captured tumor budding cells,
tumor cells compared with normal epithelial cells, n =3 (CYTOR level represents the fluorescence signal value from microarray). b Higher expression of
CYTOR in CRC samples than the matched normal tissues from our tissue bank, measured by gRT-PCR. ¢ Kaplan-Meier plots of overall survival for CRC
samples from our tissue bank, higher CYTOR expression with poorer survival. d Higher expression of CYTOR in CRC samples than the matched normal
tissues from the TCGA database. e Kaplan-Meier plots of overall survival and f disease-free survival for CRC samples from the TCGA database, higher
CYTOR expression with poorer survival. g Higher expression of CYTOR in CRC samples than the matched normal tissues from the
GDS2947, h GSE31737, i GSE32323 and j GSE41328 databases. k Kaplan-Meier plots of overall survival and | recurrence-free survival for
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J

GSE32323 database (Fig. 1i) and GEO GSE41328 database
(Fig. 1j). Consistent with our observation, the results from
these datasets showed significantly up-regulated CYTOR
expression in tumor tissue samples. More interestingly,
overall survival data showed a poorer prognosis with
higher CYTOR levels in the TCGA database (Fig. le),
GEO GSE38832 database (Fig. 1k), GEO GSE39582 data-
base (Fig. 1m), GEO GSE17536 database (Additional file 2:
Figure S1A), GEO GSE17537 database (Additional file 2:
Figure S1C), and GEO GSE29621 database (Additional file
2: Figure S1H). Similarly, the expression of CYTOR in
CRC was also negatively correlated with disease- or
recurrence-free survival in the TCGA database (Fig. 1f),

GEO GSE38832 database (Fig. 11), GEO GSE39582 data-
base (Fig. 1n), GEO GSE17536 database (Additional file 2:
Figure S1B), GEO GSE24549-GPL5175 database (Add-
itional file 2: Figure S1J), and GEO GSE24550-GPL11028
database (Additional file 2: Figure S1K).

However, no such correlation was observed between
CYTOR and overall, disease-free or recurrence-free survival
in some other databases, such as GEO GSE17537
(Additional file 2: Figure S1D), GEO GSE56699 (Additional
file 2: Figure S1E and F), GEO GSE16125 (Additional file 2:
Figure S1G), GEO GSE24549-GPL11028 (Additional file
2: Figure S1I), GEO GSE24550-GPL5175 (Additional
file 2: Figure S1L), GEO GSE31595 (Additional file 2:
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Figure SIM) and GEO GSE33113 (Additional file 2:
Figure SIN). To address this issue, we performed a
meta-analysis to systematically evaluate the association
between CYTOR and CRC survival risk, combining our
data with all the other online CYTOR data. When the
cutoff value of CYTOR expression was set according to
the receiver operating characteristic (ROC) curve, the
patients with higher expression of CYTOR had signifi-
cantly poorer overall survival (OS; pooled HR, 1.86;
95% CI, 1.50-2.30; Additional file 3: Figure S2A) and
disease- or recurrence-free survival (DFS; pooled HR,
1.67, 95%CI, 1.33-2.09; Additional file 3: Figure S2B).
When the cutoff value of CYTOR expression was set as
P50, CYTOR expression was also negatively associated
with overall survival (OS; pooled HR, 1.22; 95% CI,
1.01-1.48; Additional file 3: Figure S2C) and disease-
or recurrence-free survival (DFS; pooled HR, 1.30,
95%CI, 1.07—1.58; Additional file 3: Figure S2D). Funnel
plots further showed no bias among these databases,
which confirmed that CYTOR was a risk factor for
survival in colorectal cancer (Additional file 4: Figure S3).
Taken together, these clinical data revealed the strong as-
sociation between CYTOR expression and CRC develop-
ment/prognosis.

CYTOR promotes CRC progression in vitro and in mouse
xenografts

Next, we examined the CYTOR levels in CRC cell lines,
and higher expression was found in RKO, SW480 and
SW620 cells than in HCT116 or HCTS8 cells (Fig. 2a).
When we stably knocked down CYTOR in RKO,
SW480 and SW620 cells (Fig. 2b), the colony-forming
potential of RKO and SW620 was inhibited (Fig. 2c),
and no colonies of SW480 cells were observed. In
addition, shRNA-mediated CYTOR knockdown signifi-
cantly decreased migration and invasion compared with
the scramble control in these cell lines (Fig. 2d). To
avoid off-target effects of shRNA, we designed and syn-
thesized another two siRNAs to knockdown CYTOR in
RKO, SW480 and SW620 cells (Additional file 5: Figure
S4A). The results showed knockdown of CYTOR by
siRNAs also inhibited the potential of colony-forming
(Additional file 5: Figure S4B), migration and invasion in
RKO (Additional file 5: Figure S4C), SW480 (Additional
file 5: Figure S4D) and SW620 (Additional file 5: Figure
S4E) cell lines, which were consistent with the results
from shRNA. Furthermore, ectopic expression of CYTOR
in the HCT116 and HCTS cell lines (Fig. 2e) not only pro-
moted colony formation (Fig. 2f) but also enhanced the
capacity for migration and invasion (Fig. 2g). More
interestingly, when the ectopic expression of CYTOR
was inhibited by specific siRNAs in the transfected
HCT116 cells (Fig. 2h), the enhanced migration and in-
vasion were also decreased by these siRNAs (Fig. 2i).
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These results demonstrated that CYTOR could pro-
mote the anchorage-independent growth, migration
and invasion of CRC cells in vitro. As tumor budding
cells are considered a histological phenomenon of
EMT, which contributes to tumor metastasis [19-21],
we also evaluated the relationship between CYTOR and
EMT markers. In SW480 and SW620 cells, knockdown
of CYTOR increased E-cadherin expression while de-
creasing Vimentin expression (Fig. 2j). On the other
hand, overexpression of CYTOR inhibited E-cadherin
expression while increasing Vimentin expression in
HCT8 and HCT116 cells (Fig. 2k). Analysis of the current
GEO database (GSE29621 and GSE38832) showed that
CYTOR expression was negatively correlated with the epi-
thelial marker E-cadherin and positively correlated with
mesenchymal markers including Vimentin, N-cadherin,
EN1, Twist, and MMP9 (Additional file 6: Figure S5).

We also investigated whether CYTOR was functionally
involved in CRC progression in mouse xenografts. When
RKO cells transfected with CYTOR shRNA were sub-
cutaneously injected into nude mice, the volume (Fig. 3a)
and weight (Fig. 3b) of the xenograft tumors were
significantly decreased compared with the scramble con-
trol group. Moreover, tumor growth was also repressed
by CYTOR knockdown as shown in the tumor growth
curve (Fig. 3c). By contrast, overexpression of CYTOR
increased the volume (Fig. 3d) and weight (Fig. 3e) of
the xenograft tumors and promoted tumor growth in
vivo (Fig. 3f). To explore whether CYTOR also pro-
motes CRC metastasis in vivo, we intravenously injected
luciferase-labeled control or CYTOR knockdown RKO
cells into NOD/SCID mice and subjected them to bio-
luminescent imaging to monitor metastasis. The results
showed that the whole-body luminescence signals in the
CYTOR knockdown group were significantly reduced
compared with those of the control group after 30 days
(Fig. 3g). Overall, our data indicated that CYTOR could
promote EMT and CRC progression.

CYTOR mediates complex formation between NCL and
Sam68

To explore the detailed mechanism whereby CYTOR reg-
ulates CRC progression, we first investigated the distribu-
tion of CTYOR in RKO cells and found it distributed in
both cytoplasm and nucleus (Additional file 7: Figure
S6A). Then, we designed a set of specific probes labeled
with biotin to pull down the proteins that directly bind to
CYTOR [8, 22]. The efficiency and specificity of the
probes were confirmed by PCR (Fig. 4a). We isolated the
proteins from the pull-down complex by SDS-PAGE
electrophoresis (Additional file 7: Figure S6B) and identi-
fied NCL and Sam68 as the CYTOR-binding proteins by
MS assays (Additional file 7: Figure S6C) in RKO cells.
Furthermore, the interactions between CYTOR and NCL,
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CYTOR and Sam68 were confirmed by immunoblotting
(Fig. 4b). In addition, RIP assays revealed that both NCL
(Fig. 4c) and Sam68 (Fig. 4d) could pull down CYTOR
directly.

The results above demonstrated that NCL and Sam68
could bind to CYTOR; next, we investigated whether a
complex could be formed between NCL and Sam68.
The co-IP assay showed that NCL was able not only to
pull down Samé68 (Fig. 4e) but also to be immunopreci-
pitated by Sam68 (Fig. 4f) in live cells. Then, we simultan-
eously transfected the FLAG-tagged NCL (NCL-FLAG)
and HA-tagged Sam68 (Sam68-HA) expression vectors
into 293 T cells, and the harvested cell lysates were treated
with either RNase inhibitor or RNaseA, followed by dual
co-IP assays with either anti-FLAG or anti-HA antibody.
The results showed that NCL and Sam68 protein could
be co-immunoprecipitated reciprocally in the RNase-
inhibitor-treated samples (Fig. 4g and h, 3rd lanes) but

not in RNaseA-treated samples (Fig. 4g and h, 6th lanes).
These results suggested that the interaction between NCL
and Sam68 depended on the existence of RNA.

The NCL protein consists of six main domains, in-
cluding the N-terminal domain, four RNA binding do-
mains (RBDs) and the GAR domain [23]. To further
identify the sites on NCL that interact with CYTOR, we
constructed four deletion mutants of FLAG-tagged NCL
(Fig. 4i). It was shown that in addition to full-length
NCL (FL), the mutants that included the 3rd and 4th
RBDs and the GAR domain could pull down CYTOR
(Fig. 4j), indicating that these domains might be the key
sites of interaction with CYTOR. Moreover, we also con-
structed KH-domain-deleted (AKH), N-terminus-deleted
(AN) and C-terminus-deleted (AC) HA-tagged Sam68
expression vectors [24] (Fig. 4k). RIP results revealed
that the AC mutant could bind CYTOR, while the AKH
and AN mutants could not (Fig. 41), demonstrating that
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(See figure on previous page.)

Fig. 4 CYTOR mediates complex formation between NCL and Sam68. a RT-PCR for detection of CYTOR and GAPDH pull down by ChIRP probes
of LacZ and CYTOR in RKO cells. b Immunoblotting for detection of NCL and Sam68 pull down by ChIRP probes of LacZ and CYTOR in RKO cells.
¢ Immunoblotting for detection of NCL (upper panel) and RT-PCR for detection of CYTOR and GAPDH (lower panels) by RIP with antibody
against NCL in RKO cells. d Immunoblotting for detection of Sam68 (upper panel) and RT-PCR for detection of CYTOR and GAPDH (lower panels)
by RIP with antibody against Sam68 in RKO cells. @ Immunoblotting for detection of endogenous NCL and Sam68 immunoprecipitated by
NCL-specific antibody in RKO cells. f Immunoblotting for detection of endogenous Sam68 and NCL immunoprecipitated by Sam68-specific
antibody in RKO cells. g Immunoblotting for detection of exogenous FLAG-tagged NCL and HA-tagged Sam68 immunoprecipitated by anti-FLAG
antibody with or without RNaseA treatment in 293 T cells. h Immunoblotting for detection of exogenous HA-tagged Sam68 and FLAG-tagged
NCL immunoprecipitated by anti-HA antibody with or without RNaseA treatment in 293 T cells. i Schematic of the FLAG-tagged full-length and
truncation mutant constructs of NCL. j RT-PCR for detection of CYTOR and GAPDH (upper panel) and immunoblotting for detection of truncation
mutant NCL with anti-FLAG (lower panels) by RIP with anti-FLAG antibody in 293 T cells with different truncation mutant constructs of NCL.

k Schematic of the HA-tagged full-length and truncation mutant constructs of Samé8. | RT-PCR for detection of CYTOR and GAPDH (upper panel)
and immunoblotting for detection of truncation mutant Sam68 with anti-HA (lower panels) by RIP with anti-HA antibody in 293 T cells with
different truncation mutant constructs of Sam68. m Immunoblotting for detection of exogenous HA-tagged Sam68 and different FLAG-tagged
truncation mutants of NCL immunoprecipitated by anti-FLAG antibody in 293 T cells. n Immunoblotting for detection of exogenous FLAG-tagged
NCL and different HA-tagged truncation mutants of Samé68 immunoprecipitated by by anti-HA antibody in 293 T cells

the KH and N-terminal domains were the sites of inter-
action with CYTOR. More intriguingly, co-IP assays
revealed that the 3rd and 4th RBDs and the GAR do-
main of NCL were required for binding to Sam68 (Fig.
4m), and the KH and N-terminal domains of Sam68
were indispensable to its interaction with NCL (Fig. 4n).
Taken together, the above data indicated that CYTOR
plays an essential part in forming a complex between
NCL and Samé68 by interacting with specific motifs on
the two proteins.

EXONT1 of CYTOR is important for its biological function
of forming a complex with NCL and Sam68

We next intended to identify the motifs in CYTOR that
are essential for its interaction with NCL and Sam68.
The secondary structure of CYTOR was predicted
using the RNA fold web server [25]. It was found that
only the EXON1 deletion (AEXONT1) and not the other
EXON deletion mutants (AEXON2, AEXON3 and
AEXON4) of CYTOR could induce a dramatic change
in the secondary structure relative to wild-type (WT)
CYTOR (Fig. 5a). Thus, we used the CRISPR/Cas9
method (Fig. 5b) to construct AEXON1 (Fig. 5c) and
AEXON4 RKO cells (Fig. 5d). The mutant cells were
screened and confirmed as homozygous EXON1-deleted
(Fig. 5e) and EXON4-deleted (Fig. 5f) clones by sequen-
cing. As shown in Fig. 6a, the colony-forming potential of
AEXONT1 cells was reduced, but no changes were ob-
served in AEXON4 cells. Similarly, deleting EXON1 of
CYTOR inhibited cell migration and invasion, but deleting
EXON4 had no such effect (Fig. 6b). Interestingly, a
ChIRP assay showed that CYTOR-specific probes could
pull down NCL and Samé68 in wild-type and AEXON4
RKO cells but not in AEXON1 RKO cells (Fig. 6¢c). Add-
itionally, an RIP assay was performed to investigate the
endogenous interactions between NCL, Sam68 and
CYTOR in these mutant cells, and the results showed that

while both NCL and Samé68 could bind to CYTOR in
AEXON4 RKO cells, neither could pull down CYTOR in
AEXONI1 RKO cells (Fig. 6d). To determine whether com-
plex formation between NCL and Samé68 also requires
EXON1 of CYTOR, we evaluated their interaction in
AEXON1 and AEXON4 cells using co-IP. The results
showed that while NCL and Sam68 could be immunopre-
cipitated reciprocally in AEXON4 cells (Fig. 6f), no such
interaction could be observed in AEXONTI cells (Fig. 6e).

To further verify the above results, we co-transfected
293 T cells with exogenous expression vectors for
FLAG-tagged NCL, CYTOR EXONI1-deletion (CYTOR-
Al) or EXON4-deletion (CYTOR-A4) mutants. An RIP
assay with anti-FLAG antibody revealed that NCL could
bind to CYTOR-A4 but not CYTOR-A1 (Fig. 6g). Simi-
larly, HA-tagged Sam68 could also pull down CYTOR-A4
but not CYTOR-A1 (Fig. 6h). Fortunately, we found two
NCL-specific binding motifs [26] at the 125th nt of
EXONT1 and the 602nd nt of EXON4 in the CYTOR
RNA sequence, as well as two Sam68-specific binding
motifs [27] at the 60th nt of EXONI1 and the 786th nt
of EXON4 (Fig. 6i). Therefore, we constructed a series
of CYTOR expression vectors with mutations in these
sites (Fig. 6i). When FLAG-tagged NCL and CYTOR
mutants with mutations in the NCL-specific sites
(CYTOR-m1 for mutation in EXON1 or CYTOR-m2
for mutation in EXON4) were co-transfected into
293 T cells, an RIP assay showed that NCL could bind
to CYTOR-m2 but not to CYTOR-ml (Fig. 6j).
Similarly, while HA-tagged Sam68 could not pull
down the CYTOR mutant with the mutation in its
specific-binding site on EXON1 (CYTOR-m3), it could
bind to the CYTOR mutant with the mutation on
EXON4 (CYTOR-m4) (Fig. 6k). Taken together, these
data indicated that the formation of heterotrimeric
complex of NCL, Sam68, and CYTOR requires their
specific interacting sites in CYTOR EXONTI.
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NCL and Sam68 act as oncogenes to promote CRC
progression

Although it was confirmed that NCL and Samé68 could
directly interact with CYTOR to form a complex, their
function in CRC progression was still unknown. The
results from online databases showed that NCL (Fig. 7a
and Additional file 8: Figure S7A) and Samé68 (Fig. 7b
and Additional file 8: Figure S7B) were both up-regulated

in tumor samples compared with paired normal sam-
ples. In addition, the expression levels of CYTOR,
NCL, and Sam68 were positively correlated (Fig. 7c).
Our [HC results also revealed that higher NCL (Fig.
7d) and Sam68 (Fig. 7e) expression levels were associ-
ated with poorer survival rates. These results suggest
that both NCL and Sam68 are involved in CRC
progression.
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Fig. 6 EXON1 is a key functional site of CYTOR and mediates the interaction between NCL and Sam68. a Decrease of colony formation ability for
EXONT1-deleted mutant (AEXON1) and EXON4-deleted mutant (AEXON4) RKO cells by CRISPR/Cas9 compared with wild-type. b Decrease of
migration/invasive potential for EXON1-deleted mutant (AEXON1) and EXON4-deleted mutant (AEXON4) RKO cells compared with wild-type.

¢ Immunoblotting for detection of NCL and Sam68 pull down by ChIRP probes of LacZ and CYTOR in wild-type, EXON1-deleted mutant
(AEXONT1) and EXON4-deleted mutant (AEXON4) RKO cells. d Immunoblotting for detection of NCL and Samé8 and RT-PCR for detection of
CYTOR and GAPDH by RIP with antibodies against NCL and Sam68 in EXON1-deleted mutant (AEXONT) and EXON4-deleted mutant (AEXON4)
RKO cells. e Reciprocal immunoprecipitation between endogenous Sam68 and NCL with separate specific antibodies in EXON1-deleted mutant
(AEXONT1) RKO cells. f Reciprocal immunoprecipitation between endogenous Samé8 and NCL with separate specific antibodies in EXON4-deleted
mutant (AEXON4) RKO cells. g RT-PCR for detection of CYTOR and GAPDH by RIP with anti-FLAG in 293 T cells co-transfected with FLAG-tagged
NCL and wild-type (CYTOR-wt), EXON1-deleted mutant (CYTOR-A1) or EXON4-deleted mutant (CYTOR-A4) CYTOR. h RT-PCR for detection of CYTOR
and GAPDH by RIP with anti-HA in 293 T cells co-transfected with HA-tagged Sam68 and wild-type, EXON1-deleted mutant or EXON4-deleted mutant
CYTOR. i Schematic of CYTOR motif mutant constructs; CYTOR-m1, mutant for the NCL-specific motif in EXON1 of CYTOR; CYTOR-m2, mutant for the
NCL-specific motif in EXON4 of CYTOR; CYTOR-m3, mutant for the Sam68-specific motif in EXONT of CYTOR; CYTOR-m4, mutant for the Sam68-specific

motif of Sam68 in EXON4 of CYTOR. j RT-PCR for detection of CYTOR and GAPDH by RIP with anti-FLAG in 293 T cells co-transfected with
FLAG-tagged NCL and wild-type CYTOR, CYTOR-m1 and CYTOR-m2. k RT-PCR for detection of CYTOR and GAPDH by RIP with anti-HA in
293 T cells co-transfected with HA-tagged Sam68 and wild-type CYTOR, CYTOR-m3 and CYTOR-m4

J

In an effort to decipher the detailed functions of both
proteins, we knocked down NCL or Sam68 using siRNAs
(Fig. 7f), and it was shown that the proliferation of SW620
(Fig. 7g) and RKO (Additional file 8: Figure S7C) cells was
inhibited under those conditions. Consistently with the
CYTOR knockdown results, loss of NCL and Sam68 also
repressed the migration and invasion activity of SW620
(Fig. 7h) and RKO (Additional file 8: Figure S7D) cells.
Furthermore, the epithelial marker E-cadherin was
increased and the mesenchymal marker Vimentin was
decreased by NCL and Sam68 siRNAs (Fig. 7i). To verify
these observations, we investigated the relationship
between the expression of NCL/Sam68 and EMT markers
in the GSE38832 database, and the results showed that
both NCL and Samé68 expression were negatively corre-
lated with the epithelial marker E-cadherin and positively
correlated with the mesenchymal marker Vimentin,
N-cadherin, Snail, and Twist (Additional file 9: Figure S8A
for NCL and Additional file 9: Figure S8B for Samé68).
Collectively, NCL and Sam68 may function as oncogenes
to promote CRC EMT and progression.

The NCL-CYTOR-Sam68 complex activates the NF-kB
pathway

The NF-kB pathway has been recognized as a key
player in CRC progression, being involved in the EMT
process [28, 29]; therefore, we evaluated the effect of
the CYTOR-NCL-Sam68 complex on the NF-«B signal-
ing pathway. The results showed that both NCL and
Sam68 knockdown caused a dramatic decrease in
phosphorylated P65 in CRC cell lines (Fig. 8a) and
attenuated the transcriptional activity of NF-kB as
shown by a luciferase promoter assay (Fig. 8b). Simi-
larly, CYTOR knockdown also significantly decreased
the level of phosphorylated P65, while overexpression
of CYTOR increased the expression of phosphorylated
P65 (Fig. 8c). Moreover, a luciferase promoter assay
showed decreased NF-kB promoter activity when CYTOR

expression was inhibited by shRNA (Fig. 8d). These results
demonstrated that the NCL-CYTOR-Sam68 complex
might promote CRC progression by activating the NF-kB
signaling pathway.

The NCL-CYTOR-Sam68 complex can be used as a biomarker
for CRC prognosis

To further evaluate the clinical significance of the
CYTOR-NCL-Sam68 complex, we performed ROC ana-
lysis for CYTOR, NCL and Samé68, either separately or
combined, in the TCGA, GSE17536 and GSE17537 data-
bases. The results showed that the AUC for combined
CYTOR, NCL, and Sam68 was greater than the individual
AUC for CYTOR, NCL or Samé68 (Fig. 8e). Interestingly,
in the 3D curve assay, the area with high expression of
CYTOR, NCL and Sam68 represented samples from re-
current patients (Fig. 8f). The overall survival data from
the GSE17536 database also showed that the patients with
high expression of all three molecules (group 4) displayed
the worst prognosis (Fig. 8g). These clinical data suggest
that the NCL-CYTOR-Sam68 complex can be used as a
biomarker for CRC recurrence and prognosis.

Discussion

It has been shown that IncRNAs function primarily
through their interactions with cellular macromolecules,
such as chromatin DNA, proteins and RNAs [30-32]. In
the present study, we elucidated that IncRNA CYTOR
forms a trimeric complex with NCL and Sam68 through
the specific motifs on EXON1 and activates the NF-kB
signaling pathway to promote CRC EMT and progression
(Fig. 8h).

Our clinical data also revealed that CYTOR was
frequently up-regulated in CRC samples and that its over-
expression was significantly associated with poor progno-
sis for CRC patients. A systematic analysis of online
databases suggested that CYTOR could be considered a
risk factor for recurrence and prognosis in CRC patients.



Wang et al. Molecular Cancer (2018) 17:110

Page 12 of 16

GDS2947 TCGA
= 0.001, n=32
p<0.001,n=32 P=0.001, =02
14.0 —= 15
_ B
3 3
2135 2
< z
Z 130 x
€ 518
3 1]
S 125 =
12
12 ; -
Normal ~ Adenoma Normal Tumor

A

B GDS2947 TCGA
14.0 p<0.001,n=32 125 p<0.001,n=32
H H
8135 < 120
< z
z x
%130 £
) 2 115
- €
E 125 ]
@ 110
1 T T
Normal  Adenoma Normal Tumor

NCL mRNA expression
\
\
$am68 mRNA expression
\

Sam68 mRNA expression

Low Expression, n=68

High Expression, n=76

Overall Survival

Nucleolin, p=0.001, n=144
HR(95%C1)=2.818(1.451-5.476)

T T T T T
0 20 40 60 80 100

Time(Months)

NCL | —— e Sam68

T ——
GAPDH | S-S G APDH | - ——

siNC  siNCL siNC  siSam68

=

SW620
Invz}sion“ Migration

v
siNCL

D E

siSam68

High expression, n=65

Overall Survival

7] Samé68, p=0.012, n=144
HR(95%Cl)=2.103(1.158-3.820)

_
- 10| - 5 =
10| R=0365, p<0.001 R=0.415, p<0.001 10 / R=0.717, p<0.001
T T T T T T T T T T T T T T T T T
6 7 8 9 00 11 12 6 7 8 9 00 112 10 1 12
CYTOR mRNA expression CYTOR mRNA expression NCL mRNA expression

T T T T T
0 20 40 60 80
Time(Months)

G -

157 -@ SWe20sNC
= SWe20iNCL

i

OD 450nm
OD 450nm

°
@
°
@

T
100

-8 SW620sNC
= SW620-siSam68

" oh 24n 48h 72h 9%h

SW620

Oh 24n 48h 72h 96h

SW620

E-cadherin

= = =

oo Vimentin

.—' _-” - - |

-— -

siNC  siNCL

siNC  siSam68

Fig. 7 NCL and Samé68 acted as oncogenes and promoted CRC progression. a Higher expression of NCL in colorectal cancer than paired
matched normal tissue samples from the GDS2947 and TCGA databases. b Higher expression of Samé8 in colorectal cancer than paired matched
normal tissue samples from the GDS2947 and TCGA databases. ¢ Positive correlation between CYTOR, NCL and Sam68 expression in the GSE38832
database. d Kaplan-Meier plots of overall survival versus NCL in CRC samples from our tissue bank, higher NCL expression with poorer survival.
e Kaplan-Meier plots of overall survival versus Samé68 in CRC samples from our tissue bank, higher Samé68 expression with poorer survival.

f Immunoblotting for detection of NCL and Sam68 in SW620 cells knocked down by siRNAs of NCL and Sam68. g Decrease of the proliferation ability
for NCL knockdown (siNCL) and Sam68 knockdown (siSam68) SW620 cells compared with control (siNC) by CCK-8. h Decrease of migration/invasive
potentials for NCL knockdown (siNCL) and Sam68 knockdown (siSam68) SW620 cells compared with control (siNC) by Transwell assay. i Expression of
E-cadherin and Vimentin in NCL and Sam68 knockdown SW620 cells by immunoblotting

Our results indicated that CYTOR probably acts as a
proto-oncogene in CRC, which is similar to its role in lung
cancer [33], gastric cancer [12], and other cancers. Mech-
anistically, CYTOR might function as a competing en-
dogenous RNA to regulate tumorigenesis and progression.
For example, CYTOR sponged miRNA-103a-3p to pro-
mote malignant progression of glioma stem cells [34], mod-
ulated the expression of miR-193a-3p to confer resistance

to oxaliplatin in colon cancer [14], and negatively regulated
miR-205 to promote renal cell carcinoma progression [35].
Proteins interacting with CYTOR had been investigated in
other cancer types; for example, EZH2 and EGFR were
reported to interact with CYTOR in gastric cancer [36, 37].
In our ChIRP and MS assays, EZH2 and EGFR were not
detected; a possible explanation might be the different types

of cancer cells used.
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Fig. 8 The NCL-CYTOR-Sam68 complex activated the NF-kB pathway and acted as a prognostic biomarker. a Expression of P65 and phosphorylated
P65 in NCL and Sam68 knockdown RKO and SW620 cells by immunoblotting. b Luciferase promoter reporter assays of NF-kB in NCL and Sam68
knockdown cells. ¢ Expression of P65 and phosphorylated P65 in CYTOR knockdown cells and in CYTOR-overexpressing HCT8 and HCT116 cells by
immunoblotting. d Luciferase promoter reporter assays of NF-kB in CYTOR knockdown cells. @ ROC curve analysis for the combination of CYTOR, NCL
and Sam68 in the TCGA, GSE17536 and GSE17537 databases. f 3D curve assay for the relationship between recurrence and the expression distribution
of CYTOR, NCL and Samé68. g Kaplan-Meier plots of overall survival for the combination of CYTOR, NCL and Samé8 in GSE17536 database; group 1 has
low expression for all three molecules; group 2 has low expression of CYTOR only; group 3 has high expression of CYTOR only; group 4 has
high expression of all three molecules. h Schematic model of the function of CYTOR in CRC progression. CYTOR mediates the interaction of
NCL and Sam68 through specific motifs in its EXON1T and activates the NF-kB signaling pathway to promote CRC EMT and metastasis

NCL, one of the two proteins identified, is an acidic it can also be found in the nucleoplasm, cytoplasm, and
phosphoprotein that is abundantly expressed in exponen-  cell membrane [17]. In addition to ribosome biogenesis,
tially growing cells and is located mainly in the nucleolus; NCL contributes to cancer progression through shuttling
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currence; and Prognosis ‘Of CRC. In addltlon’ on the basis EMT markers in GEO GSE38832 database. (A) Correlation between NCL
of the important function of the NCL-CYTOR-Samé68 and EMT markers. (B) Correlation between Sam68 and EMT markers.
complex, these molecules might have potential as novel (PG 432 kb)
targets for CRC therapy in the future.
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