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Abstrict
LINC00941 is a novel lncRNA that has been found to exhibit protumorigenic and prometastatic behaviors during
tumorigenesis. However, its role in metastatic CRC remains unknown. We aimed to investigate the functions and
mechanisms of LINC00941 in CRC metastasis. LINC00941 was shown to be upregulated in CRC, and upregulated
LINC00941 was associated with poor prognosis. Functionally, LINC00941 promoted migratory and invasive capacities and
accelerated lung metastasis in nude mice. Mechanistically, LINC00941 activated EMT in CRC cells, as indicated by the
increased expression of key molecular markers of cell invasion and metastasis (Vimentin, Fibronectin, and Twist1) and
simultaneous decreased expression of the main invasion suppressors E-cadherin and ZO-1. LINC00941 was found to
activate EMT by directly binding the SMAD4 protein MH2 domain and competing with β-TrCP to prevent SMAD4 protein
degradation, thus activating the TGF-β/SMAD2/3 signaling pathway. Our data reveal the essential role of LINC00941 in
metastatic CRC via activation of the TGF-β/SMAD2/3 axis, which provides new insight into the mechanism of metastatic
CRC and a novel potential therapeutic target for advanced CRC.

Introduction

Colorectal cancer (CRC), a multistep disease in which
genetic and epigenetic alterations accumulate, is frequently
fatal and one of the most common malignancies [1–3].
Metastasis plays a leading role in cancer-related death, yet
the biological and mechanistic details underlying this
complex process remain the least understood part of CRC
development. Cancer cell epithelial-mesenchymal transition
(EMT), a compelling feature that enhances cancer cell
dissemination and drives the metastatic cascade, is fre-
quently activated and contributes to heterogeneous tumor
cell phenotypes that cross lineage boundaries in CRC
development [4–7]. However, the in-depth molecular
mechanisms behind EMT in metastatic CRC remain largely
unclear.

Long noncoding RNAs (lncRNAs) are a class of highly
multifunctional noncoding RNAs (ncRNAs) larger than 200
nucleotides in size that lack coding potential [8]. Accumu-
lating experimental evidence has highlighted that the dys-
regulation of lncRNAs plays a causative role in the
initiation and propagation of tumorigenesis through epige-
netic modifications at both the transcriptional and post-
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transcriptional levels [9, 10]. It is well recognized that
several lncRNAs, HAGLR, HCP5, RP11, ELIT-1, and
CASC11, are crucial for EMT [11–16]. However, the role of
lncRNA-mediated EMT in metastatic CRC remains largely
unclear.

Using the Cancer Genome Atlas (TCGA) network, we
identified differentially expressed CRC-related lncRNAs,
including the metastasis-regulated and survival-related
lncRNA long intergenic non-protein coding RNA 941
(LINC00941). LINC00941, also known as MSC-
upregulated factor (lncRNA-MUF), is a novel lncRNA
found to exhibit protumorigenic and prometastatic beha-
viors during tumorigenesis. The upregulation of
LINC00941 activated Wnt/β-catenin signaling and EMT in
hepatocellular carcinoma (HCC) [17]. The elevated
expression of LINC00941 was associated with phosphor-
ylation of the PI3K-AKT signaling pathway in lung ade-
nocarcinoma (LUAD) [18]. Overexpression of LINC00941
showed the ability to promote tumors in gastric cancer (GC)
development via regulating cancer-related biological pro-
cesses and EMT [19, 20]. However, the functional sig-
nificance of LINC00941 in tumorigenesis, especially that in
CRC, is far from clear.

Here, we explored expression changes and the biological
functions of LINC00941 in CRC and their clinical impli-
cations. In particular, we demonstrated the mechanistic role
of LINC00941 in EMT activation, and our results showed
that LINC00941 promotes the metastasis of CRC via acti-
vating the TGF-β/SMAD2/3 signaling pathway through
preventing SMAD4 protein degradation.

Materials and methods

Identification of metastasis- and survival-related
lncRNAs

Gene expression data and clinical information from CRC
patients were obtained from TCGA. CRC patients with a
follow-up time exceeding 2000 days were excluded. The
details of the data processing procedure were as previously
described [20].

Human CRC tissues and cell lines

Surgically excised CRC tissues and surrounding nontumor
tissues were obtained from Xijing Hospital, the Air Force
Military Medical University. Patients enrolled in this study
gave their informed consent, and the study was approved by
the Clinical Research Ethics Committee of the Air Force
Military Medical University and Xijing Hospital. CRC tis-
sue microarrays containing 90 cases of colorectal adeno-
carcinoma with paired paraneoplastic tissues and follow-up

data were purchased from Outdo Biotech Co., Ltd.
(Shanghai, China). Five CRC cell lines (HT-29, HCT-116,
SW480, SW620, and LoVo cells) and immortalized human
normal colon epithelial cells (FHC cells) were used in this
study. FHC cells were purchased from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China), and all
CRC cell lines were purchased from American Type Cul-
ture Collection (ATCC, Virginia, USA). All cell lines were
cultured in DMEM (Gibco, USA) with 10% fetal bovine
serum (Gibco, USA) after being authenticated and tested for
mycoplasma contamination.

Protein preparation and western blot assay

Western blot assays were performed as described previously
[21]. In brief, total proteins were extracted from CRC cells
by using RIPA buffer supplemented with protease and
phosphatase inhibitors (Merck, Germany), and protein ali-
quots were separated by SDS-PAGE and visualized using
UltraSignal ECL Reagent (4 A Biotech Co., Ltd, China).
The primary antibodies used were listed in Table S1.

Immunoprecipitation (IP), co-immunoprecipitation
(Co-IP), and mass spectrum (MS) analysis

IP and Co-IP were performed by using a Pierce® Co-
Immunoprecipitation Kit (Thermo Scientific, Waltham,
USA) according to the methods in a previously report [22].
Briefly, cells were lysed and centrifuged, and the super-
natant was removed. Then, the precleared lysate was incu-
bated with a mixture of 50 μl of Protein G beads and 5 μg of
conjugated primary antibody overnight at 4 °C. IgG anti-
body (5 μg) was used as a control. Finally, samples
were loaded onto an SDS-PAGE gel for Western blot
analysis. For the Co-IP assay, the IP lysate was examined
by Western blotting with another primary antibody against
the protein of interest. MS analysis was performed as pre-
viously described [22]. Briefly, the candidate bands
were excised from the gel after Coomassie blue staining
and subjected to in-gel digestion and matrix-assisted
laser desorption/ionization time-of-flight/time-of-flight
mass spectrometry.

Immunohistochemistry (IHC) and in situ
hybridization (ISH)

IHC and ISH were performed with a CRC tissue micro-
array. For IHC, the tissue microarray was incubated with
primary antibody (Table S1), followed by incubation with
HRP-conjugated goat anti-rabbit secondary antibody. Then,
the samples were visualized in situ with diaminobenzidine
chromogenic substrate. ISH was performed using a 5′- and
3′-digoxigenin (DIG)-labeled locked nucleic acid-based
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probe specific for LINC00941 with detection using anti-
DIG antibody (QIAGEN).

RNA pulldown assays

RNA pulldown assays were performed according to the
manufacturer’s protocols. Briefly, biotin-labeled RNA was
transcribed with Biotin RNA Labeling Mix and T7 RNA
polymerase, and purified. Purified biotin-labeled RNA was
then heated and annealed to form secondary structure,
mixed with cytoplasmic extract in RIP buffer for 1 h, and
incubated with streptavidin agarose beads for 1 h. Finally,
the beads were extracted with TRIzol reagent for quantita-
tive PCR (qPCR) analysis.

RNA immunoprecipitation (RIP)

RIP was carried out with a Magna RIP™ RNA-Binding
Protein Immunoprecipitation Kit (Millipore) with reference
to the manufacturer’s instructions. Briefly, cells transfected
with the indicated plasmid were harvested and then lysed in
lysis buffer (50 mM Tris-HCl, pH= 7.4, 150 mM NaCl, 1%
Triton-100, 0.1% SDS, 1.5 mM EDTA). Thereafter, cell
lysates were incubated with RIP buffer containing magnetic
beads. The beads were conjugated with the indicated anti-
body (Abcam, Cambridge, UK) or anti-IgG (Abcam) as a
negative control. Then, the samples were digested by
applying DNase I and proteinase K, and the immunopre-
cipitated RNA was isolated. Eventually, the enrichment of
the purified RNAs was detected by RT-qPCR.

RNA extraction and quantitative real-time
polymerase chain reaction (qRT-PCR)

Total RNA was isolated from CRC cell lines and tissues
using TRIzol reagent (Invitrogen, CA, USA). Reverse
transcription (RT) of complementary DNA (cDNA) was
carried out by using a PrimeScript Reverse Transcriptase
Reagent Kit (TakaRa, Tokyo, Japan). cDNA aliquots were
amplified by using SYBR Green PCR Master Mix
(TaKaRa, Tokyo, Japan). β-Actin served as an endogenous
control. The sequences of the sense and antisense primers
used were listed in Table S2.

Lentiviral packaging and infection

The lentivirus packaging was carried out following a pre-
viously established protocol [23]. Packaging plasmid
pMD2.G (GeneChem Co., Ltd., Shanghai, China), envelope
plasmid pVSVG and pLKO.1-Puro or pLVX-Puro plasmid
were mixed in serum-free DMEM at a ratio of 2:1:1 (w/w/w).
Transfection to HEK293T was performed with poly-
ethylenimine (PEI) at a PEI:plasmid supplemented with 10%

FBS and pen/strep antibiotics was collected at 48 h post-
transfection. The infected LoVo and HCT-116 cells were
cultured in selection medium (culture medium with 1.5 μg/ml
of puromycin) and collected for the downstream analysis at
72 h post-infection.

TGF-β1 or disitertide treatment

TGF-β1 (MedChemExpress, USA) was dissolved in PBS to
a concentration of 100 ng/ml and diluted in DMEM to a
final concentration of 0.2 ng/ml. Disitertide (MedChemEx-
press, USA) was dissolved in DMSO to a concentration of
1 mM and diluted in DMEM medium to a final concentra-
tion of 10 μmol/L. Before TGF-β1 or Disitertide treatment,
the cells were incubated with DMEM medium containing
10% FBS and 1% penicillin/streptomycin to achieve 80%
cell fusion. Next, the cells were treated with TGF-β1 (0.2
ng/ml) or Disitertide (10 μmol/L) for 12 h.

Dual-luciferase reporter assay

Plasmids containing the wild-type LINC00941-promoter
sequence was generated by GeneCopoeia (Shanghai, China).
Cells (6 × 104/well) were cotransfected with luciferase
reporters and the given plasmids. Cells were harvested and
lysed for the luciferase assay after 48 h of incubation by
using a Dual Luciferase Assay Kit (GeneCopoeia, Shanghai,
China) according to the manufacturer’s instructions, and
relative luciferase reporter activities were calculated [24, 25].

In vitro functional studies

In vitro functional assessments of CRC cell invasion and
migration were carried out by Transwell assay as previously
described [26]. The cell migration assay was performed by
using Boyden chambers. Cells (~5 × 104) were suspended in
DMEM (200 μl, containing 1% FBS) and seeded into the
upper chamber. For the cell invasion assay, cells (~1 × 105)
were suspended in DMEM (200 μl, containing 1% FBS) and
seeded into the upper chamber, which had been coated with
60 μl of Matrigel (200mg/ml). Then, a chamber insert was
placed into each well of a 24-well dish supplemented with
DMEM (600 μl, containing 20% FBS). Cells were incubated
for 24 h before fixation and staining with 0.5% crystal violet.
Finally, cells on the upper sides of the membranes were
removed, and the cells remaining on the undersides of the
membranes were observed with a microscope (Olympus,
Tokyo, Japan) using five randomized fields.

In vivo metastatic assay

In vivo metastatic assays were conducted by using BALB/C
nude mice (male, 6 weeks old). Mice were housed in a
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pathogen-free animal facility under normal conditions. All
animal experimental procedures were approved by the
Animal Care Committee of the Air Force Military Medical
University. A total of 3 × 106 cells were injected into mice
through the tail vein, and the mice were sacrificed 10 weeks
after injection. Then, the lungs were removed, and histo-
logical examinations were performed by hematoxylin and
eosin staining.

Statistical analysis

Statistical analysis was performed by using the SPSS ver-
sion 20.0 (SPSS, Inc., Chicago, IL, USA) and Prism version
5.0 (GraphPad Software, Inc., La Jolla, CA, USA) statistical
software packages. Statistical analysis of the experimental

data was carried out with the two-tailed Student’s t test, and
data are presented as means ± standard deviations unless
specifically otherwise indicated. Differences in which P <
0.05 were considered statistically significant.

Results

Upregulated LINC00941 expression was associated
with poor prognosis in CRC

Amplified expression of LINC00941 in CRC tissues was
confirmed with tissue microarray by ISH staining,
LINC00941 was mainly localized in the cytoplasm (Fig. 1a)
and was upregulated in CRC tissues compared with their

Fig. 1 LINC00941 expression is significantly upregulated during
CRC development. a Representative images of ISH staining of
LINC00941 in CRC tissues and paired nontumor tissues of three CRC
patients (n= 90). b The level of LINC00941 expression was calculated
from CRC tissue arrays analyzed by ISH. c Kaplan–Meier curve
depicting the overall survival of 90 CRC patients. d LINC00941 level
in 601 CRC tumor samples and 51 normal controls from TCGA data. e
Kaplan–Meier curve depicting the overall survival of 559 CRC

patients from TCGA database. f and g Representative images of ISH
staining of LINC00941 in adjacent normal tissues, tumor tissues, and
positive metastatic lymph from CRC tissue arrays analyzed by ISH
(n= 30). h The expression of LINC00941 in HCC cell lines was
upregulated compared with that in the FHC immortalized human
colorectal cell line, as shown by RT-qPCR. Data are presented as the
mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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adjacent nontumor tissues (Fig. 1b). Meanwhile, the over-
expression of LINC00941 was positively associated with
lymph node metastasis and the advanced American Joint
Committee on Cancer (AJCC) status (Table 1). In addition,
Kaplan–Meier survival and Cox proportional hazards ana-
lysis showed that CRC patients with higher LINC00941
expression levels had significantly shorter overall survival
(OS) times than those with lower LINC00941 expression
levels, indicating that the higher LINC00941 level was an
independent risk factor for a poor prognosis in CRC patients
(Fig. 1c, Tables 2 and 3). Using TCGA network, we iden-
tified that LINC00941, which is both a metastasis- and
survival-associated lncRNA, was upregulated in CRC tis-
sues compared with their adjacent nontumor tissues
(Fig. 1d) and associated with the OS times of CRC patients
(Fig. 1e). Then, we selected 30 cases of CRC patients with
lymph node metastases and detected the expression of
LINC00941 in the adjacent tissues, tumor tissues, and
lymph node metastases, respectively. The data further
confirmed that the expression of LINC00941 significantly
higher in tumor tissues and highest in lymph node metas-
tases (Fig. 1f, g). We also compared LINC00941 expression
in CRC cell lines (HT-29, HCT-116, SW480, SW620, and
LoVo cells) and immortalized normal colon epithelial cells
(FHC cells) and found that LINC00941 was highly
expressed in all investigated CRC cell lines and especially

overexpressed in highly invasive CRC cell lines (SW620
and LoVo) compared with FHC cells, suggesting that
LINC00941 plays an oncogenic role in CRC development
(Fig. 1h).

LINC00941 promoted migratory and invasive
capacities and activated EMT in CRC cells

To address the biological significance of LINC00941 in CRC,
we overexpressed or silenced LINC00941 in HCT-116 and
LoVo cells with lentiviral vectors carrying LINC00941 cDNA
or LINC00941-specific small hairpin RNA (sh-LINC00941),
respectively. The overexpression of LINC00941 in HCT-116
cells significantly increased cell invasion and migratory
capacity compared with those in controls, while the down-
regulation of LINC00941 in LoVo cells had the reverse effect
on cell invasive and migratory abilities (Fig. 2a, b). Con-
sistently, nude mice treated with sh-LINC00941-transfected
LoVo cells (LoVo-Sh- LINC00941) generated fewer lung
metastatic nodules, while nude mice treated with LINC00941-
overexpressing HCT-116 cells (HCT-116-LINC00941) gen-
erated more lung metastatic nodules than their corresponding
controls (Fig. 2c, d). In addition, nude mice that received
HCT-116-LINC00941 cells had the shorter OS compared
with the control groups and that received LoVo-Sh-
LINC00941 cells had the longer OS compared with the
control group (Fig. 2e). These data suggest that LINC00941
has a prometastatic effect on CRC progression. Moreover,
LoVo-Sh- LINC00941 cells was downregulated presented a
more epithelial morphology, while HCT-116-LINC00941
cells exhibited a more fibroblast-like shape compared with
their corresponding controls (Fig. 2f, g), indicating that
LINC00941 may promote CRC metastasis by activating
EMT. Since EMT is crucial to CRC metastasis, and
LINC00941 has been reported to play its oncogenic role in
carcinogenesis by activating EMT [17, 20, 27, 28]. Therefore,
we evaluated the effect of LINC00941 on EMT during CRC
development. HCT-116-LINC00941 showed reduced mRNA
and protein levels of ZO-1 and E-cadherin but increased
mRNA and protein levels of Vimentin, Fibronectin, and
Twist1 (Fig. 2h, i). In contrast, LoVo-Sh- LINC00941 cells
showed increased mRNA and protein levels of ZO-1 and E-
cadherin but decreased mRNA and protein levels of Vimen-
tin, Fibronectin, and Twist1 (Fig. 2h, i), further confirming
that LINC00941 promotes the invasion and migration of CRC
cells at least partly through regulating EMT.

LINC00941 enhanced SMAD4 protein stability by
suppressing its ubiquitination

LncRNAs usually affect gene expression by RNA-protein
interactions [29, 30]. Therefore, we further examined pro-
teins that could interact with LINC00941 to gain an in-depth

Table 1 LINC00941 levels and clinicopathological features in 90 CRC
patients.

Characteristics Total LINC00941 p

Low High

Gender

Male 57 26 31 0.589

Female 33 17 16

Age (years)

>60 53 25 28 0.890

≤60 37 18 19

Location

Ascendens 28 16 12 0.653

Transversum 15 7 8

Descendens 13 5 8

Sigmoideum/
rectum

34 15 19

Tumor size(cm)

≤5 20 12 8 0.215

>5 70 31 39

Lymph node metastasis

Negative 53 30 23 0.045

Positive 37 13 24

AJCC stage

I\II 50 29 21 0.030

III\IV 40 14 26
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mechanistic view of LINC00941-induced EMT in CRC
metastasis. RNA pulldown assays followed by MS analysis
(Table S3) showed that SMAD4 could specifically bind
LINC00941 (Fig. 3a). Meanwhile, the expression of

SMAD4 was downregulated in LoVo-Sh- LINC00941 cells
and upregulated in HCT-116-LINC00941 cells (Fig. 3b).
Consistently, as determined by Western blotting, SMAD4
enriched in the biotin-labeled sense LINC00941 group in an
RNA pulldown assay (Fig. 3c). In addition, the interaction
between LINC00941 and SMAD4 was further verified by
agarose gel electrophoresis and RIP assays (Fig. 3d, e). To
clarify the exact regions of LINC00941 and SMAD4 that
bind, we constructed a series of truncated LINC00941 and
SMAD4 constructs. Nucleotides 1465 to 1895 of
LINC00941 could bind SMAD4, and the MH2 domain of
SMAD4 and full-length (FL) SMAD4 could bind
LINC00941 (Fig. 3f, g), indicating that LINC00941 is a
binding partner of SMAD4. Cytoplasmic lncRNAs are
usually responsible for the post-transcriptional regulation of
protein modification [31]. LINC00941 suppression led to a
decrease in the protein expression of SMAD4, whereas
LINC00941 overexpression upregulated SMAD4 (Fig. 3b).
Moreover, LINC00941 enhanced SMAD4 protein stability
by prolonging its degradation half-life, as examined by
cycloheximide (CHX) treatment (Fig. 3h, i), implying that
LINC00941 can regulate SMAD4 via its protein degrada-
tion. As SMAD4 protein degradation is mediated by the
ubiquitin-proteasome pathway, to pinpoint the in-depth
mechanism of LINC00941-induced SMAD4 degradation,

Table 2 Prognostic factors in colon cancer patients by univariate analysis.

Parameter n Cumulative survival
rates (%) 3-years 5-years

Mean survival
time (mo)

Hazard ratio 95% Confidence
interval

P value

Gender

Male 57 71.6 62.8 70.8 0.70 0.38–1.28 0.24

Female 33 77.0 77.0 82.1

Age

>60 53 63.4 61.0 69.2 0.84 0.49–1.46 0.54

≤60 37 86.2 77.9 82.9

Location

Ascendens 28 81.1 72.7 79.9 1.06 0.85–1.32 0.60

Transversum 15 73.3 73.3 78.9

Descendens 13 46.2 36.9 52.0

Sigmoideum/rectum 34 79.6 75.4 79.3

Tumor size

≤5 cm 20 95.0 90.0 94.3 1.72 0.90–3.29 0.10

>5 cm 70 66.6 60.9 68.7

Lymph node metastasis

Negative 53 76.4 73.7 79.9 1.97 1.13–3.43 0.02

Positive 37 70.0 61.6 69.8

AJCC stage

I/II 50 77.0 74.0 80.2 1.80 1.03–3.17 0.04

III/IV 40 69.8 62.0 70.2

LINC00941 level

Low 43 88.0 77.4 85.48 2.09 1.19–3.67 0.01

High 47 62.1 56.5 64.69

Overall

90 73.5 66.5 75.0

Table 3 Multivariate analysis using the Cox proportional
hazards model.

Parameter n Hazard ratio 95% Confidence interval P value

Gender

Male 57 0.70 0.37–1.30 0.256

Female 33

Age

>60 53 1.11 0.53–2.32 0.784

≤60 37

Tumor size

≤5 cm 20 1.69 0.71–4.02 0.235

>5 cm 70

Lymph node metastasis

Negative
53 1.74 0.98–3.10 0.059

Positive 37

LINC00941 level

Low 43 1.94 1.10–3.44 0.023

High 47
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we treated LoVo-Sh-LINC00941 cells with a proteasome
inhibitor (MG132). As determined by Western blot analy-
sis, MG132 significantly restored SMAD4 protein levels in
LoVo-Sh-LINC00941 cells (Fig. 3j), indicating that the
ubiquitin-proteasome pathway is involved in LINC00941-

induced SMAD4 degradation. To further validate this
finding, we evaluated SMAD4 polyubiquitination in
LINC00941-overexpressing and LINC00941-silenced CRC
cells. As expected, SMAD4 ubiquitination was substantially
decreased when LINC00941 was overexpressed, while

Fig. 2 LINC00941 promotes the migratory and invasive capacities
of colorectal cancer cells. a and b Transwell assay of LoVo or HCT-
116 cells with the indicated treatment. c LoVo (Control and Sh-
LINC00941 groups) and HCT-116 (Vector and LV-LINC00941
groups) cells were injected into nude mice via the tail vein, and the
animals were sacrificed 8 weeks after injection. Representative HE
staining of lung tissue samples is shown. d The number of lung
metastatic foci observed in each group. *from the Kruskal–Wallis test,
p < 0.05. e Kaplan–Meier curve depicting the overall survival of each

group of nude mice. f and g Morphological changes induced by
LINC00941 in LoVo and HCT-116 cells. Photographs using the 40×
objective. Western blotting (h) and qRT-PCR assays (i) revealed the
increased expression of epithelial markers and decreased expression of
mesenchymal markers in LoVo-Sh-LINC00941 cells. In contrast,
LINC00941 overexpression decreased the expression of epithelial
markers and increased the expression of mesenchymal markers in
HCT-116 cells. Data are presented as the mean ± SD. *p < 0.05, **p <
0.01, ***p < 0.001.
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SMAD4 ubiquitination was dramatically increased when
LINC00941 was silenced (Fig. 3k, l). Taken together, these
data indicated that LINC00941 can stabilize SMAD4 by
suppressing its ubiquitination in CRC.

LINC00941 suppressed SMAD4 ubiquitination by
competing with β-TrCP

Given that SMAD4 can be polyubiquitinated and degraded
by β-TrCP [32–34], we evaluated the functional

significance of β-TrCP in SMAD4 ubiquitination and
degradation in CRC. Inhibiting β-TrCP expression in LoVo
and HCT-116 cells can significantly increase SMAD4
protein expression levels (Fig. 4a). Similarly, after inhibit-
ing the expression of β-TrCP in LoVo and HCT-116 cells, it
was found by immunoprecipitation that the level of SMAD4
protein ubiquitination was significantly reduced (Fig. 4b).
Next, we found that the absence of LINC00941 significantly
increased the binding of SMAD4 and β-TrCP (Fig. 4c).
Conversely, overexpression of LINC00941 can significantly
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inhibit the binding of SMAD4 and β-TrCP (Fig. 4d).
Moreover, we further identified that the MH2 domain of
SMAD4 and FL SMAD4 could bind β-TrCP (Fig. 4e),
suggesting that β-TrCP controlled SMAD4 ubiquitination
and degradation by binding the MH2 domain of SMAD4
and FL SMAD4. Given that the MH2 domain of SMAD4
and FL SMAD4 could bind LINC00941, we hypothesized
that LINC00941 suppresses SMAD4 ubiquitination by
competing with β-TrCP. As expected, competitive RNA
pulldown assays further confirmed the competition between
LINC00941 and β-TrCP (Fig. 4e). Collectively, these data
confirmed that LINC00941 can enhance SMAD4 protein
stability by competing with β-TrCP to prevent SMAD4
degradation.

LINC00941 was upregulated by TGF-β1 and
associated with activation of the SMAD2/3 signaling
pathway in metastatic CRC

The TGF-β1/SMAD signaling pathway is a key regulator of
EMT, and SMAD4 is an important cofactor that binds
activated SMAD2 and SMAD3 to form oligomeric com-
plexes that regulate the transcription of target genes [35–
37]. Given that LINC00941 is important for
SMAD4 stability and that LINC00941 contains predicted
TGF-β1-targeting sites (http://www.gene-regulation.com/
index2.html), we evaluated the role of LINC00941 in the
TGF-β1/SMAD signaling pathways. The results showed
that LINC00941 levels were significantly increased when

LINC00941-silenced cells were treated with TGF-β1,
whereas endogenous LINC0094 levels were significantly
decreased when LINC00941-overexpressing cells were
subjected to disitertide, an inhibitor of TGF-β1 (Fig. 5a, b).
Consistently, treatment with TGF-β1 increased the invasive
and migratory abilities of LINC00941-silenced cells com-
pared with controls, while the inhibition of TGF-β1 receptor
mitigated the invasive and migratory capacities of
LINC00941-overpressing cells (Fig. 5c, d). In addition,
LINC00941-overexpressing cells treated with disitertide
showed increased mRNA and protein levels of ZO-1 and E-
cadherin compared with controls (Fig. 5e, f). In contrast,
LINC00941-silenced cells showed decreased mRNA and
protein levels of ZO-1 and E-cadherin but increased mRNA
and protein levels of Vimentin, Fibronectin, and Twist1
(Fig. 5e, f), further confirming that TGF-β1 is responsible
for LINC00941-induced EMT. More importantly, luciferase
reporter assays showed that the luciferase activity of the
reporter construct was most significantly increased follow-
ing treatment with TGF-β1 (Fig. 5g and Fig. S1G). Con-
sistently, nude mice treated with LoVo-Sh- LINC00941
cells and TGF-β generated more lung metastatic nodules,
while nude mice treated with HCT-116-LINC00941 cells
and disitertide generated fewer lung metastatic nodules than
their corresponding controls (Fig. 5h, i). In addition, nude
mice treated with LoVo-Sh- LINC00941 cells and TGF-β
had the shorter OS compared with the control groups and
those treated with HCT-116-LINC00941 cells and disiter-
tide had the longer OS compared with the control group
(Fig. 5j). These data confirmed the strong interaction
between TGF-β1 and LINC00941.

Discussion

In this study, we found that LINC00941 enrichment has a
prometastatic effect on CRC. In addition, LINC00941
independently predicted poor outcomes in CRC. Further-
more, LINC00941 was shown to promote CRC metastasis
via activation of the TGF-β1/SMAD2/3 signaling pathway,
preventing SMAD4 protein degradation.

Epigenetic modifications by lncRNAs are one of the key
regulatory mechanisms of CRC development [38, 39]. Our
results appear to be similar to previous findings that
LINC00941 behaves as a protumorigenic and prometastatic
factor whose upregulation resulted in increased tumor
growth and metastasis in HCC, LUAD, and GC [17–20].
Further in vitro and in vivo functional studies have provided
striking evidence that LINC00941 promotes migratory and
invasive capacities and activates EMT in CRC. LINC00941
positively accelerated the EMT process in CRC cells, as
shown via the upregulation of key molecular markers of cell
invasion and metastasis, Vimentin, Fibronectin, and Twist1,

Fig. 3 LINC00941 promotes SMAD4 protein stability. a Coomassie
blue staining showing the results of an RNA pulldown assay with
LINC00941. b The expression of SMAD4 in LoVo cells with or
without LINC00941 knockdown or in HCT-116 cells with or without
LINC00941 overexpression was determined by Western blotting. β-
Actin was used as a loading control. c RNA pulldown assay with
LINC00941, followed by Western blotting using the indicated anti-
bodies. ANXA2 was used as a loading control. RNA-binding protein
immunoprecipitation (RIP) assay for SMAD4 followed by agarose gel
electrophoresis (d) and qRT-PCR (e) revealed that LINC00941 could
bind the SMAD4 protein. f RNA pulldown assay for full-length or
truncated LINC00941 and the indicated antisense probe, followed by
Western blotting using the SMAD4 antibody. g RIP assay for Flag-
tagged full-length or truncated SMAD4 protein, followed by qRT-PCR
assay for LINC00941. The half-life of SMAD4 in LoVo cells with or
without LINC00941 knockdown (h) or in HCT-116 cells with or
without LINC00941 overexpression (i). Cells were treated with
cycloheximide (CHX) for the indicated times; then, SMAD4 levels
were analyzed by Western blotting. β-Actin was used as a loading
control. j The expression of SMAD4 in LoVo cells with the indicated
treatment was determined by Western blotting. The cells were treated
with MG132 to inhibit the proteasome. Western blot analysis of ubi-
quitinated SMAD4 immunoprecipitated from LoVo cells with or
without LINC00941 knockdown (k) or HCT-116 cells with or without
LINC00941 overexpression (l). The cells were treated with MG132 to
inhibit the proteasome. Data are presented as the mean ± SD. *p <
0.05, **p < 0.01, ***p < 0.001.
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and the simultaneous downregulation of the main invasion
suppressors E-cadherin and ZO-1 [37, 40]. LncRNAs
usually exert their effects by RNA-protein interactions
[29, 30]. To further explain the in-depth mechanisms of
LINC00941-induced EMT in CRC metastasis, we investi-
gated proteins that could specifically bind LINC00941 in
CRC. Our results further confirmed that LINC00941 could
directly bind SMAD4, a key factor in metastasis and an
indispensable effector of TGF-β-induced EMT [41, 42].
SMAD4 silencing dramatically attenuated bone metastasis
and prolonged survival in a BC nude mouse model [43]. In
addition, SMAD4 could interact with SMAD3 to form a
complex with SNAIL-1 that acted as a corepressor of E-
cadherin promoters in BC during TGF-β-induced EMT
[44]. Our results further confirmed that nucleotides 1465 to

1895 of LINC00941 could bind SMAD4 and that the MH2
domain of SMAD4 and FL SMAD4 could bind
LINC00941, indicating that LINC00941 activates EMT and
promotes CRC metastasis at least partly by interacting with
SMAD4. In addition, our results further showed that
LINC00941 enhanced SMAD4 protein stability by
prolonging the degradation half-life, indicating that
LINC00941 can regulate SMAD4 via protein degradation. It
is well documented that SMAD4 can be polyubiquitinated
and degraded by β-TrCP [32–34]. Therefore, we explored
the functional significance of LINC00941 in SMAD4 ubi-
quitination. Our data demonstrated that β-TrCP could con-
trol SMAD4 ubiquitination and degradation by binding the
MH2 domain of SMAD4 and FL SMAD4. Since the MH2
domain of SMAD4 and FL SMAD4 could bind

Fig. 4 LINC00941 inhibited the ubiquitination of SMAD4 by
blocking the binding of SMAD4 to βTrCP. a The expression of
SMAD4 and βTrCP in HCT-116 and LoVo cells transfected with
LINC00941 or control siRNA was determined by Western blotting. β-
Actin was used as a loading control. b Western blot analysis of ubi-
quitinated SMAD4 immunoprecipitated from HCT-116 and LoVo
cells transfection with LINC00941 or control siRNA. Total lysates of
LoVo cells with or without LINC00941 knockdown (c) or HCT-116
cells with or without LINC00941 overexpression (d) were subjected to

IP with anti-SMAD4 or anti-βTrCP Ab, followed by Western blotting
using the indicated antibodies (Abs). The cells were treated with
MG132 to inhibit the proteasome. e Total lysates from HCT-116 cells
overexpressing Flag-tagged full-length or truncated SMAD4 protein
were subjected to IP with anti-Flag Ab, followed by Western blotting
using the indicated antibodies (Abs). Ig heavy chain (H chain) was
used as a loading control. Data are presented as the mean ± SD. *p <
0.05, **p < 0.01, ***p < 0.001.
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LINC00941, we further explored whether there is a com-
petitive relationship between LINC00941 and β-TrCP and
confirmed that LINC00941 could enhance SMAD4 protein
stability by competing with β-TrCP to prevent SMAD4
ubiquitination, thus prolonging its degradation half-life.
However, when we depleted SMAD4 in LoVo and HCT-
116 cell line and then downregulated or overexpressed
LINC00941 expression respectively (Fig. S1A, B), the
functional study showed that SMAD4 depletion did not

completely block the role of LINC00941 in promoting the
migration and invasion (Fig. S1C, D) as well as EMT of
colorectal cancer cells (Fig. S1E, F), indicating there are
other mechanisms for LINC00941 to promote the metastasis
of cancer cells [45]. These results further suggest that the
role of LINC00941 in promoting the migration and invasion
of colorectal cancer cells depends on SMAD4, but SMAD4
wasn’t necessary for the promoting-metastasis effect of
LINC00941.
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Given that SMAD4 is essential to TGF-β1-induced EMT
and that LINC00941 is important for SMAD4 stability, we
therefore assessed the role of LINC00941 in TGF-β1-
associated EMT. Our data revealed that in the presence of
TGF-β1, the inhibitory effects of EMT caused by
LINC00941 downregulation were significantly restored,
suggesting that LINC00941 is an important mediator in
TGF-β1/SMAD signaling during EMT in CRC. What’s
more, we also found that endogenous LINC00941 levels
were significantly decreased when LoVo cells were sub-
jected to Disitertide which could revised by exogenously
overexpressed LINC00941 by CMV promoter (Fig. S2A).
In addition, LINC00941 levels were remarkably increased
when HCT-116 cells were treated with TGFβ1 which could
revised by transfecting LINC0094 Sh-RNA (Fig. S2B).
Consistently, exogenously overexpressed LINC00941 by
CMV promoter increased the invasive and migratory abil-
ities of LoVo cells which treatment with Disitertide com-
pared with controls, while downregulation of LINC00941
by Sh-RNA mitigated the invasive and migratory capacities
of HCT-116 cells which treatment with TGF-β1 (Fig. S2C,
D). Meanwhile, exogenously overexpressed LINC00941
decreased mRNA and protein levels of ZO-1 and E-
cadherin but increased mRNA and protein levels of
Vimentin, Fibronectin, and Twist1 in LoVo cells which
treatment with Disitertide compared with corresponding
controls (Fig. S2E, F). In contrast, downregulation of
LINC00941 by Sh-RNA in HCT-116 cells which treatment
with TGFβ1 could increase mRNA and protein levels of

ZO-1 and E-cadherin and decrease mRNA and protein
levels of Vimentin, Fibronectin and Twist1 compared with
corresponding controls (Fig. S2E, F). Consistently, the
xenograft model also showed that exogenously over-
expressing LINC00941 in LoVo cells could increase the
number of metastatic nodules in the lung when mice were
treated by Disitertide. Meanwhile, with a weekly tail vein
injection of TGF-β1, the number of metastatic nodules in
the lung was dramatically decreased when LINC00941 was
downregulated by Sh-RNA in HCT-116 cells (Fig. S2G, H).
These results show that TGF-β signaling pathway, as an
upstream regulatory mechanism, plays a crucial role in
mediating LINC00941 to promote CRC metastasis. At the
same time, LINC00941 also promotes the activation of
TGF-β signaling pathway by increasing the stability of
SMAD4, thus forming a positive feedback loop. Though the
loss of SMAD4 through a high-frequency gene mutation is
associated with CRC metastasis, accumulating evidence has
demonstrated that activation of the TGF-β1/SMAD2/3 sig-
naling pathway is important for CRC metastasis [46, 47].
Because SMAD4 is required to activate SMAD2 and
SMAD3, we believe that LINC00941 regulates the SMAD4
prometastatic switch in CRC by activating TGF-β1/
SMAD2/3 signaling.

In conclusion, our study confirmed that LINC00941
promotes the metastasis of CRC via activating the TGF-β/
SMAD2/3 signaling pathway through preventing SMAD4
protein degradation (Fig. 5k), providing new insight into the
mechanism of metastatic CRC and a novel potential ther-
apeutic target for advanced CRC.
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