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MRNA stability depending on m6A

modification
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Abstract

Background: Increasing studies have shown that long noncoding RNAs (IncRNAs) are pivotal regulators participating
in carcinogenic progression and tumor metastasis in colorectal cancer (CRC). Although IncRNA long intergenic
noncoding RNA 460 (LINC00460) has been reported in CRC, the role and molecular mechanism of LINC00460 in CRC
progression still requires exploration.

Methods: The expression levels of LINCO0460 were analyzed by using a tissue microarray containing 498 CRC tissues
and their corresponding non-tumor adjacent tissues. The correlations between the LINC00460 expression level and
clinicopathological features were evaluated. The functional characterization of the role and molecular mechanism of
LINC00460 in CRC was investigated through a series of in vitro and in vivo experiments.

Results: LINC00460 expression was increased in human CRC, and high LINC00460 expression was correlated with poor
five-year overall survival and disease-free survival. LINC00460 overexpression sufficiently induced the epithelial—
mesenchymal transition and promoted tumor cell proliferation, migration, and invasion in vitro and tumor growth and
metastasis in vivo. In addition, LINC00460 enhanced the protein expression of high-mobility group AT-hook 1 (HMGAT)
by directly interacting with IGF2BP2 and DHX9 to bind the 3" untranslated region (UTR) of HMGAT mRNA and
increased the stability of HMGAT mRNA. In addition, the N6-methyladenosine (m6A) modification of HMGAT mRNA by
METTL3 enhanced HMGAT1 expression in CRC. Finally, it suggested that HMGA1 was essential for LINC00460-induced
cell proliferation, migration, and invasion.
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Conclusions: LINC00460 may be a novel oncogene of CRC through interacting with IGF2BP2 and DHX9 and bind to
the m6A modified HMGAT mRNA to enhance the HMGAT mRNA stability. LINCO0460 can serve as a promising
predictive biomarker for the diagnosis and prognosis among patients with CRC.
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Background

Long noncoding RNAs (IncRNAs) are a class of large tran-
scripts with more than 200 nucleotides having no or lim-
ited protein-coding capacity, IncRNAs are pervasively
transcribed from the human genome [1, 2]. With the un-
precedented progress in understanding the function of
IncRNAs, increasing evidence has shown that IncRNAs
play a role in the physiological and pathological processes
of various diseases, especially malignancies [3]. Although
many findings should be further validated, IncRNAs can
carry out diverse functions in carcinogenesis, metastasis,
and poor prognosis in cancer [4, 5]. For example, the up-
regulated expression of CCAT2 in colorectal cancer
(CRQ) is correlated with migration and metastasis [6].
MALATI was identified as a prognostic biomarker that
promotes cell proliferation and metastasis in non-small
cell lung cancer (NSCLC) and other cancers [7]. Many
IncRNAs and their underlying mechanisms in CRC have
been previously reported [8, 9]. However, the specific
mechanisms of IncRNAs in CRC development and metas-
tasis should be further elucidated.

CRC is one of the most lethal malignancies worldwide
and is also the leading cause of cancer incidence rate
and mortality in China [10]. Most patients are diagnosed
at the advanced stage and suffer from poor prognosis
[11]; furthermore, malignant proliferation and extensive
metastasis have already occurred in the advanced stage
of CRC upon diagnosis [12]. Reports indicate that 50%
of patients with CRC die from developing distant metas-
tasis [13], and those with liver metastasis feature a short
five-year survival rate of less than 10% [14]. The mech-
anism of colorectal carcinogenesis and metastasis is con-
sidered a multifactorial and multistep process that may
involve several biological pathways and genetic alter-
ations. Therefore, novel biomarkers that can promote or
inhibit the development and progression of CRC should
be sought.

LncRNAs are increasingly being discovered, and they
may affect the complicated metastasis progress. In the
present study, we assayed clinical specimens and adjacent
normal tissues from patients with CRC to screen differen-
tially expressed IncRNAs. We identified a novel IncRNA,
called long intergenic noncoding RNA 460 (LINC00460),
which is positively correlated with CRC proliferation and
metastasis. LINC00460 is located on chromosome
13933.2 and is transcribed into a 935bp transcript; this

IncRNA has recently been reported in several cancers.
Most recently, several studies have shown LINC00460 was
overexpressed in multiple cancers, such as gastric cancer
[15], lung cancer [16], head and neck squamous cell car-
cinoma (HNSCC) [17], hepatocellular carcinoma [18] and
colon cancer [19, 20]. Studies showed that LINC00460
mainly located in cytoplasm and could bind to miRNAs to
affect CRC progression [19, 20]. A recent study showed
LINC00460 interacted with PRDX1 and facilitated PRDX1
entry into the nucleus to promote HNSCC malignant
properties [17]. However, its biological role and specific
mechanism in CRC malignant proliferation and extensive
metastasis should be further uncovered.

Most recently, Marco Mineo et al. have demonstrated
that IncRNA HIF1A-AS2 binding proteins insulin-like
growth factor 2 mRNA-binding protein 2 (IGF2BP2) and
ATP-dependent RNA helicase A (DHX9) are engaged in
downstream mRNA stabilization [21]. The High Mobil-
ity Group Al (HMGAI) is a member of non-histone
chromatin protein, and regulates multiple biology events,
such as embryogenesis, proliferation, transformation, in-
vasion, and metastasis [22]. Recently, studies have
showed that HMGA1 can be regulated by IGF2BP2
through regulating HMGA1 mRNA stability [21, 23].
IGF2BP2 is also reported as a N6-methyladenosine
(m°A) reader enhancing mRNA stability through recog-
nizing m°A modification sites [24]. Methyltransferase-
like 3 (METTL3) is a catalytic enzyme that promotes
mC®A modification of mRNAs [25]. The m®A modifica-
tion in mRNAs have been shown regulating mRNA sta-
bility [26]. However, the m°A modification in regulating
HMGAL1 has not been reported.

In the present study, we showed that LINC00460 is
highly expressed in CRC and indicates poor prognosis.
We also revealed that LINC00460 regulated the CRC
growth and metastasis in vitro and in vivo. LINC00460
interacted with IGF2BP2 and (DHX9) to promote the
mRNA stability of HMGA1 and further leading to bio-
logical response to CRC malignant proliferation and ex-
tensive metastasis. In addition, the (m®A) modification
of HMGA1 mRNA by METTL3 enhanced its expression
in CRC and LINCO00460 regulate HMGA1 expression
depending on METTL3. It suggested LINC00460/
DHX9/IGF2BP2 complex may regulate HMGA1 expres-
sion through recognizing the m6A modification sites of
HMGALI to enhance its mRNA stability.
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Methods

Patients and sample collection

For this study, the tissue microarrays (TMAs) slides in-
cluded examination of 498 pairs of tissue specimens in-
cluding CRC tissues and the matched corresponding
adjacent normal colorectal tissues from CRC patient co-
horts that were enrolled at Affiliated Hospital of Xuzhou
Medical University from 2010 to 2015 in China. Clinical
and pathological information was obtained from the
medical records of the Affiliated Hospital of Xuzhou
Medical University. Survival time was calculated based
on the date of surgery to the date of death or to the last
follow-up. The patient studies were conducted in ac-
cordance with Declaration of Helsinki. The use of these
specimens and data for research purposes were granted
approval by the Ethics Committee of the Affiliated Hos-
pital of Xuzhou Medical University.

Cell culture and cell treatment

The CRC cell lines and HEK293T cell were obtained
from the cell bank of Chinese academy of sciences.
SW480, SW620, HCT116, DLD1, LOVO, HT29, FHC
and HEK293T cells were cultured in 1640 and DMEM
Medium supplemented with 10% fetal bovine serum,
100 U/ml penicillin, 100 pg/ml streptomycin, and incu-
bated in a 37 °C humidified incubator with 5% CO,. 1%
O, was generated by flushing a 94% N,/5% CO, mixture
into the incubator.

The small interfering RNAs (siRNA, 50nM) against
human IGF2BP2 and DHX9 were transfected into the
CRC cells SilenFect reagent (Thermo Fisher Scientific
Inc., USA), while non-specific siRNA was used as nega-
tive controls. All siRNAs were purchased from Gene-
pharma Technology (Shanghai, China). The sequences
of the siRNAs were listed in below:

silGF2BP2:

CAGUUUGAGAACUACUCCUTTAGGAGUAGUUC
UCAAACUGTT.

siDHXO:

GCCUCCAAGAAAGUCCAAUTTAUUGGACUUUC
UUGGAGGCTT.

Establishment of stable cell lines

The cDNA of LINC00460 was inserted into pCDH-
CMV-MCS-EF1-GreenPuro lentivirus vector at ECOR1/
BamH1 sites. LINC00460 shRNA sequences were cloned
to the vector pLko.l at Agel/ECORI1 sites. The METT
L3 shRNA vectors were purchased from GENE company
(Shanghai, China). The overexpression and knockdown
lentiviruses were generated by co-transfecting 293 T cells
with the other two packing vectors pMD2G and psPAX.
The supernatants of 293 T cultured medium were col-
lected 48 h later, filtered through 0.45-mm filters (Milli-
pore, Temecula, CA, USA) and concentrated using
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Amico Ultra centrifugal filters (Millipore 100KD
MWCO). The concentrated virus was used to infect
HCT116 and SW480 cells and stable LINC00460 over-
expression or knockdown cells were generated by lenti-
virus infection. The relative LNC00460 and METTL3
shRNA sequences were described as below:

ShLINC00460#1-For: CCGGGGTACCCAGACATTG
TTATGACTCGAGTCATAACAATGTCTGGGTA
CCTTTTTG;

ShLINC00460#2-For: CCGGGGAGGCGTCTGTGTA
GCAATTCTCGAGAATTGCTACACAGACGCCT
CCTTTTTG;

shMETTL3#1-For: CCGGGCAAGTATGTTCACTAT
GAAACTCGAGTTTCATAGTGAACATACTTGCTT
TTTG.

shMETTL3#2-For:

CCGGGCCAAGGAACAATCCATTGTTCTCGAGA
ACAATGGATTGTTCCTTGGCTTTTTG.

LncRNA microarray analysis

Total RNA was extracted from five paired CRC tissues
and NCTs using TRIzol Reagent (Invitrogen, USA).
RNA quantity and quality were measured by NanoDrop
ND-1000. RNA integrity was assessed by standard de-
naturing agarose gel electrophoresis. LncRNA micro-
array was performed by (Aksomics, Shanghai, China).
Arraystar Human LncRNA Microarray V3.0 is used for
detecting the global profiling of human LncRNAs. Agi-
lent Feature Extraction software (version 11.0.1.1) was
used to analyze acquired array images. LncRNAs were
deemed differentially expressed if their fold change be-
tween the CRC and NCT (normal colon tissue) groups
exceed 2.0 and their P-values were less than 0.05.

RNA extract, reverse transcription-PCR and qRT-PCR

RNA was extracted using TRIzol (Invitrogen) and cDNA
was synthesized using the HiScript 1st Strand cDNA
Synthesis Kit (Vazyme Biotech, Nanjing, China). Real-
time PCR was carried out on ABI-7500 using UltraSYBR
One Step RT-qPCR Kit (CWBIO, Beijing, China). The
primers using for quantitative RT-PCR analysis were
listed in Additional file 1: Table S1:

Western blot and antibodies

Cells were harvested, total protein from cells was ex-
tracted by using RIPA lysis buffer and was qualified by
using a BCA detecting kit (Keygen, Nanjing, China). Pro-
teins samples were subjected to 7.5% or 10% SDS-PAGE
and transferred onto a PVDF membrane, and then incu-
bated with specific antibody at 4 °C overnight, respect-
ively. The next day, the membranes were incubated with
secondary antibodies included HRP-goat anti-mouse,
HRP-goat anti-rabbit (ABclonal) at room temperature
for 1h. Protein bands were detected on Tanon 5200
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automatic chemiluminescence imaging analysis system
using ECL reagent (Tanon, Shanghai, China). Antibody
against GAPDH was used as control (sc-32,233, Santa
Cruz, Dallas, TX, USA). HMGA1l (A1635, ABclonal,
Wuhan, China), IGF2BP2 (11601-1-AP, Proteintech,
USA), DHX9 (17721-1-AP, Proteintech, USA), E-
cadherin (610,181,BD Biosciences, Bedford, Massachu-
setts, USA), N-cadherin (610,920,BD Biosciences, Bed-
ford, Massachusetts, USA)[-catenin (610,154, BD
Biosciences, Bedford, Massachusetts, USA), were used
for Western blot assays.

In situ hybridization (ISH) and immunohistochemistry
(IHQ)

The in situ hybridization of LINC00460 was performed
on formalinfixed paraffin-embedded sections using spe-
cific oligonucleotide probe (Hs-LINC00460, RNAscope®
2.5, ACD, US), following the manufacturer instructions.
Positive control probe (Hs-PPIB) and Negative control
probe (DapB) were included for each hybridization pro-
cedure and analyzed using an OLYMPUS microscope
with OLYMPUS OlyVIA V2.9 software.

IHC assays was implemented following a standard
streptavidin-peroxidase (SP) method as previously re-
ported [27] and heat induced epitope retrieval (HIER)
was performed with the retrieval buffer, citrate, pH 6.0,
prior to commencing with IHC staining protocol. For
primary antibody incubation, anti-HMGA1l (A1635,
ABclonal, Wuhan, China) antibody at 1:100 dilution.
The slide without primary antibody incubation served as
negative control.

RNA fluorescence in situ hybridization (FISH)

Cells were seeded on glass bottom cell culture dish (801,
001, NEST) for about 24 h, then cells were fixed with
10% neutral buffer formalin, incubation with hydrogen
peroxide (2,005,617, RNAscope®) and protease III (2,004,
920, RNAscope®) for about 10 min separately. After cell
preparation and pretreatment, following the manufac-
turer instructions and used specific oligonucleotide
probe (RNAscope® 2.5, ACD, US) to visualize the single
RNA in each cell. The nuclei were stained with DAPI
for 15 min. Finally, images were taken under a confocal
microscope.

Cellular proliferation, colony formation assays

CCK-8 assay was applied to measure the cell prolifera-
tion according to the Cell Counting Kit-8 manufacturer
protocol (Dojindo, Japan). Colony formation assay was
performed in 60 mm dishes one thousand cells seeded
and two weeks cultured. Colonies were counted manu-
ally after staining with 0.1% crystal violet.

(2021) 40:52

Page 4 of 18

Real time cellular analysis (RTCA)

The Real Time Cell Analyzer (xCelligence, RTCA, USA)
were used for examined the effect of LINC00460 on cell
proliferation. The xCELLigence system was used accord-
ing to the instructions of the supplier (ACEA Biosci-
ences). The system measured impedance differences to
derive cell index values at time points and it may be set
by the operator.

The xCELLigence system consists of four main com-
ponents: the RTCA analyzer, the RTCA DP station, the
RTCA computer with integrated software and disposable
E-plate 16. Firstly, the optimal seeding concentration for
proliferation assay was determined. After seeding the
number of 5000 cells in 200 ml medium to each well in
E-plate 16, the attachment and proliferation of the cells
were monitored every 15 min. All experiments were car-
ried out for 96 h .

Cell migration, invasion and wound healing assays

Cells were starved in serum-free media for 24 h then
added to the top chamber of 24-well transwell chambers
plates (8.0 um, Corning, NY, USA.). Specially, for the in-
vasion assay, cells were seeded into the top chamber
coated with Matrigel (BD Biosciences). Complete
medium was added to the bottom chambers to stimulate
migration or invasion. After incubation for 24—-48 h, the
cells those adhered to the lower surface of the mem-
brane were stained with 0.1% Crystal Violet, and then
the percentages of migrated or invasion cells were calcu-
lated. Five randomly selected fields per filter were
counted.

In wound healing assay, cells were seeded at a density
of 1x10° cell/well onto six-well plates and cultured to
about 80% confluence. Then, a sterile 10-ul pipette tip
was used to form artificial scratches for each well. The
suspended cells were washed away with PBS, and then
the cells were cultured in medium with 1% FBS. Cell mi-
gration distance was photographed at 0 h and 24 h under
an inverted light microscope.

RNA pull-down assay and mass spectrometry

RNA pull-down assay was carried out as described
briefly: in vitro biotin-labeled RNAs (LINC00460 and
the antisense RNA) were transcribed with Biotin RNA
Labeling Mix (Promega Corporation, US) and T7 RNA
polymerase (Thermo Fisher Scientific, US) treated with
RNase inhibitor, and purified with Clean-up kit (Pro-
mega Corporation, US). The biotinylated LINC00460
probes were dissolved in binding and washing buffer and
incubated with Streptavidin Agarose Resin (Thermo
Fisher Scientific, US). Then cell lysates of HCT116 and
SW480 were incubated with probes-coated streptavidin
beads, and pull-down proteins were run on SDS-PAGE
gels, and then gels were stained by Coomassie Blue
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staining, and differential bands were cut off for Mass
spectrometry (Shanghai Applied Protein Technology
Co., Ltd. China).

RNA immunoprecipitation

The RIP experiment was carried out with the EZ-Magna
RIP Kit (Millipore) according to the manufacturer’s
protocol using 5mg of antibody. HCT116 and SW480
cells were lysed in complete RIP lysis buffer, and the cell
extract was incubated with protein A/G agarose beads
conjugated with specific antibodies or control IgG for 2
h at 4°C. Beads were washed and incubated with Pro-
teinase K to remove proteins. Finally, purified RNA was
subjected to quantitative RT-PCR analysis. Antibody
IGF2BP2 (11601-1-AP, Proteintech, China), DHX9
(17721-1-AP, Proteintech, China).

MeRIP

MeRIP, we used Anti-N6-methyladenosine (m6A) anti-
body (ab151230) to pull down m6A modified HMGAI.
Total RNA was extracted from cells using Trizol
(Thermo-Fisher). 100 ug RNA was added to 500 pl
MeRIP buffer (150 mM NaCl, 10 mM Tris-HCI, pH 7.5,
0.1% NP-40) and incubated briefly with 1 pl rabbit IgG
and then the IgG was removed by protein A/G beads.
The pre-cleaned lysates were transferred to new tubes
and incubated with rabbit IgG or m6A antibody for 2 h
at 4°C with rotation. Finally, m6A bound RNA was ex-
tracted with Trizol and the RNA level of HMGA1 was
measured by qRT-PCR.

Animal work

The female BALB/c nude mice (6—8 weeks old) were pur-
chased from Beijing Vital River Laboratory Animal Tech-
nology Co., Ltd. (Beijing, China). All animal experiments
were approved by the Animal Care and Use Committee at
Xuzhou Medical University. Groups of HCT116-Luc-
shCtrl, HCT116-Luc-shLINC00460, and HCT116-Luc-
shLINC00460 + HMGAL1 cells (5 x 10°) were injected sub-
cutaneously into the flanks of mice correspondingly. Tu-
mors volume (V) was monitored every 2days by
measuring the long axis (L) and the short axis (W) of
xenograft tumor and calculated with the following for-
mula: V = (L x W?)/2.

Bioinformatics of gene expression database

The correlation of LINC00460 expression and CRC pa-
tient survival were analyzed using the datasets generated
with Affymetrix HGU133 Plus 2.0 microarrays. Data are
deposited at the Gene Expression Omnibus (GSE40967).
GSE40967 contains 566 CRC tissues.
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Statistical analysis

Statistical analyses were carried out using SPSS 20.0
software (SPSS Inc., Chicago, IL, USA) and GraphPad
Prism 8 The association between LINC00460 and the
clinicopathologic parameters of the CRC patients were
evaluated by a Chi-square test. The Kaplan—Meier
method and log-rank test were used to evaluate the cor-
relation between LINC0046 expression and CRC patient
survival. The unpaired t test was used to determine the
statistical significance of differences between groups.
Data were presented as mean * SD. p < 0.05 was consid-
ered statistically significant.

Results

Overexpression of LINC00460 occurs in CRC and
correlates with poor prognosis

LncRNA expression profiles were analyzed in six paired
CRC tissues and normal colorectal tissues (NCTs) to
screen differentially expressed IncRNAs by using
IncRNA microaaray. Among the IncRNAs tested in our
microarray, 462 were significantly upregulated, and 817
were significantly downregulated in CRC relative to
NCT (fold change> 2, p < 0.05, Additional file 2: Dataset
1). Among the 50 IncRNAs showing the greatest
changes, some known oncogenic IncRNAs in CRC, such
as FEZF1-AS1, CCAT1, and H19, were found. The novel
IncRNA LINC00460 was one of the most expressed
IncRNAs (Fig. 1a). Thus, we focused on LINC00460 for
further studies. Expressions of LINC00460 were vali-
dated in a small CRC cohort, revealing that LINC00460
was upregulated in CRC tissues relative to adjacent
NCTs, as shown in RT-PCR (p = 0.0048, Fig. 1b) and gel
electrophoresis results (Additional file 3: Figure S1).
LINCO00460 expression was examined via in situ
hybridization (ISH, RNAscope®) in an expanded CRC co-
hort. The ISH arrays showed that LINC00460 was over-
expressed in CRC tissues compared with the adjacent
NCTs (p<0.001, Fig. 1c—d). ISH analysis showed that
LINCO00460 expression was significantly upregulated in
samples with advanced stage III/TV compared with that
in stage I/II tumors (Table 1). Survival analysis showed
that the high LINCO00460 expression was significantly
correlated with poor overall survival (OS) (p<0.0001,
Fig. 1e) and disease-free survival (DFS) (p = 0.0005, Fig.
1f). The Gene Expression Omnibus (GEO) data indi-
cated that the high LINC00460 expression of CRC pa-
tients was correlated with poor OS and DEFS (Fig. 1g-h).
The GEO data also showed that LINC00460 expression
was elevated in CRC in the advanced tumor stage (Fig.
1i). Finally, univariate analysis showed that LINC00460
was significantly associated with poor OS (hazard ratio
[HR], 2.526; 95% confidence interval [CI], 1.696-3.761;
»<0.001) and DFS (HR, 3.437; 95% CI, 1.323-8.927; p =
0.001) (Additional file 4: Table S1). Multivariate analysis
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free survival, and advanced tumor stage (GSE40967)

Fig. 1 Overexpression of LINC00460 is observed in CRC and correlates with poor prognosis. a Heatmap of top 50 dysregulated IncRNAs identified
from microarray analysis. NCTs: Normal colon tissues. b LINCO0460 expression was quantified in colorectal cancer tissues and their adjacent non-
cancerous tissues in a small cohort (n =57, p=0.0048). b LINCO0460 expression was validated in 8 pairs of CRC patient samples by PCR and gel
electrophoresis, N, normal tissue; T, tumor. ¢ representative images of LINCO0460 expression in colorectal cancer and adjacent normal tissues
using ISH analysis in large cohort (n=498). d Staining intensities of LINC00460 in colorectal cancer tissues compared with paired adjacent non-
cancerous tissue. N, paired adjacent non-cancerous tissues. C, colorectal cancer tissues (n =464, p < 0.001). e, f Kaplan—-Meier survival curves
depicting overall survival (n =498, p < 0.0001) or disease-specific survival of patients with CRC (n =340, p < 0.001) stratified by LINC00460
expression levels in CRC tissues. g, h, i The GEO date of LINC00460 expression was in CRC correlated with poor survival in over survival, disease-

demonstrated that LINC00460 expression was also an
independent prognostic marker for OS (HR, 2.299; 95%
CI, 1.539-3.435; p < 0.001) and DFS (HR, 2.751; 95% CI,
1.052-7.198; p = 0.009) (Additional file 5: Table S2).

LINC00460 promotes CRC cell proliferation

The endogenous expression of LINC00460 in colorectal
cell lines, including DLD1, HCT116, SW480, LOVO,
SW620, HT29, and the human normal colorectal

Table 1 Relationship between LINCO0460 expression and
clinicopathological features of CRC patients

Variables All LINC00460 expression  P- N
patients Low (%) High (%) value

All cases 498 174 (35) 324 (65)

Age 0.011
<60 years 194 81 (42) 113 (58)
>60 years 304 93 (31) 211 (69)

Gender 0.700
Males 289 103 (36) 186 (64)
Females 209 71 (34) 138 (66)

TNM stage 0.005
/1 275 109 (40) 166 (60)
v 223 65 (29) 158 (71)

Lymph node metastasis 0.044
NO 302 116 (38) 186 (62)
N1/N2/N3 196 58 (30) 138 (70)

Metastasis 0.034
MO 461 167 (36) 294 (64)
M1 37 7(19) 30 (81)

Tumor diameter 0.044
<45cm 251 77 (31) 174 (69)
>45cm 247 97 (39) 150 (61)

Differentiation 0.959
Poor 427 149 (35) 278 (65)
Moderate/High 71 25 (35) 46 (65)

Depth of invasion 0.104
T1/T2 103 43 (42) 60 (58)
T3/T4 395 131 (33) 264 (67)

P-value” measured by Pearson’s Chi-Squared test

epithelial cell FHC were measured by RT-PCR and gel
electrophoresis. The results showed that CRC cells
expressed higher LINC00460 compared with the normal
colonic cell (Fig. 2a—b). Subsequently, stable knockdown
or overexpression cell lines were established using
shRNAs or LINC00460 overexpression lentivirus to inves-
tigate the biological roles of LINC00460 in CRC (Fig. 2c-
d). Then, Cell Counting Kit-8 (CCK8) assays and a Real-
Time Cell Analyzer (RTCA, xCELLigence) were used to
examine the effect of LINC00460 on cell proliferation.
CCK8 assay showed that LINC00460 overexpression in-
creased HCT116 and SW480 cell proliferation (Fig. 2e—g).
Conversely, HCT116 and SW480 cells depleted of
LINC00460 displayed reduced rates of cell growth com-
pared with the corresponding controls (Fig. 2f-h). The
RTCA assays also LINC00460 positively regulated the
proliferation of CRC cells (Fig. 2i-j, Additional file 6: Fig-
ure S2A-B). Colony formation assays suggested that
LINC00460 promotes tumor cell growth in CRC cells
(Fig. 2k-n). These results have revealed that LINC00460 is
an important regulator of CRC cell proliferation.

LINC00460 promotes CRC cell migration and invasion

To estimate the in the migration and invasion abilities of
LINC00460 in CRC cells, we used transwell and wound
healing assays to analyze the effects of LINC00460 on
CRC cell migration and invasion. The results revealed
that LINC00460 overexpression increased migration and
invasion abilities, whereas LINC00460 knockdown de-
creased the abilities in HCT116 and SW480 cells
(Fig. 3a-d). Wound healing assays revealed that
LINCO00460 positively regulated the wound healing speed
in HCT116 and SW480 cells (Additional file 7: Figure
S3A-D).

Given that Epithelial Mesenchymal Transition (EMT)
is a well-known driving force for cell migration and in-
vasion, we investigated the effects of LINC00460 on
EMT. We observed that LINC00460 overexpression re-
duced the mRNA expression of E-cadherin and in-
creased the mRNA expression of N-cadherin, whereas
LINC00460 knockdown increased the mRNA level of E-
cadherin and decreased N-cadherin mRNA expression
(Fig. 3e-h). Consistent with mRNA changes, the protein
levels of E-cadherin and N-cadherin were also altered
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(**p <0.01, ***p < 0.001)

Fig. 2 LINC00460 promotes CRC cell proliferation. a, b Detection of LINC00460 expression level by gRT-PCR and gel electrophoresis in colorectal
cancer cell lines (DLD1, HCT116, SW480, LOVO, SW620, HT29) and compared with the human normal colorectal epithelial cell line (FHC). (*p <
0.05, **p < 0.001) (c, d) Detection of LINC00460 level by gRT-PCR in LINC0O0460 KD and OE HCT116/SW480 stable cell lines. LINC00460 KD used
the two of shRNAs (#1 and #2) of LINC00460 (**p < 0.01, ***p < 0.001). e, f, g, h Effect of LINC00460 KD or OF on HCT116 and SW480 cells
proliferation as assessed by Cell Counting Kit-8 (CCK8) assays (*p < 0.05, **p < 0.01, ***p < 0.001). i, j Effect of LINC00460 KD or OE on HCT116 and
SW480 cells proliferation as assessed by Real-Time Cell Analyzer (RTCA, XCELLigence) assays (**p < 0.01, ***p < 0.001). k, I, m, o Colony formation
assays for LINC00460 KD or OE in HCT116/SW480 cell lines. The number of colonies with > 50 cells was counted after 2 weeks incubation

via LINC00460 overexpression or knockdown in CRC
cells (Fig. 3i-j). These results suggest that LINC00460 is
essential for CRC cell migration and invasion.

LINC00460 interacts with IGF2BP2 and DHX9 protein

To investigate the regulatory mechanism of LINC00460 in
CRC, the cellular localization of LINC00460 in CRC cells
was studied using RNA fluorescence in situ hybridization
(FISH) and subcellular fractionation assays. The results
showed that LINC00460 was mainly localized in the cyto-
plasm of colon cancer cells (Fig. 4a-c). In additional, RNA
ISH experiments showed that LINC00460 was predomin-
antly localized cytoplasm in the CRC tissue samples (Add-
itional file 8: Figure S4).

Evidence has proven that IncRNAs may interact with
binding factors and modulate their downstream target
genes. Therefore, we performed RNA pull-down assay to
identify the binding proteins of LINC00460. The re-
trieved proteins were subjected to SDS-PAGE electro-
phoresis analysis, and the differential bands were
selected for a Mass Spectrometry. Among the proteins
identified by mass spectrum analysis, we identified two
proteins, namely, IGF2BP2 and DHX9, that directly
interacted with LINC00460 (Fig. 4d). RNA pull-down
and Western blot assays further verified that LINC00460
could interact with IGF2BP2 and DHX9 in HCT116 and
SW480 cells (Fig. 4e-f). For the specificity of interactions
between LINC00460 and IGF2BP2/DHX9, we performed
RNA Immunoprecipitation (RIP) assays to validation by
using IGF2BP2/DHX9 antibody in HCT116 and SW480
cells (Fig. 4g-j). Interestingly, IGF2BP2 and DHX9 have
been shown to interact with each other [28].

LINC00460 mediates the regulation of HMGA1T mRNA
stability

One of the prominent mechanisms of IncRNAs is their
capability to interact with other cellular factors, includ-
ing proteins, DNA, and other RNA molecules [29].
Marco Mineo et al.(2016) have demonstrated that
IncRNA HIF1A-AS2 binding proteins IGF2BP2 and
DHX9 are engaged in downstream mRNA stabilization
[21]. Meanwhile, among the IGF2BP2 target genes,
HMGA1 and FOSLI are also regulated by DHX9 [30].
Interestingly, LINC00460 showed no interaction with

protein chromatin-remodeling complexes nor transcrip-
tional machinery in contrast to previous reports on
other IncRNAs. We propose a hypothesis that
LINC00460 interacts with IGF2BP2 and DHX9 and af-
fects the mRNA stabilization of downstream targets.
Western blot analysis was used to validate whether the
interaction of LINCO00460 and its protein partners re-
sulted in functional consequences for their downstream
target. The results showed LINC00460 knockdown or
overexpression exhibited no influence on IGF2BP2 or
DHXO9 protein expression, and it positively regulated the
HMGAL1 protein level (Fig. 5a-b), as well as the mRNA
(Fig. 5c-f).

We showed that knockdown of DHX9 or IGF2BP2 sig-
nificantly inhibited the LINC00460-induced HMGA1
upregulation in HCT116 and SW480 cells (Fig. 5g-h).
RIP assays showed that knockdown of LINC00460 re-
sulted in significantly diminished interactions between
DHX9 or IGF2BP2 and HMGA1 (Fig. 5i-1). All the data
suggest that LINC00460, IGF2BP2, and DHX9 may co-
operate to regulate HMGAL1 post-transcriptional mRNA
stabilization and enhance HMGA1 expression.

LINC00460 promotes CRC growth and metastasis by
regulating HMGA1

We hypothesized that HMGA1 mediated the biological
function of LINC00460 in CRC. To test this hypothesis,
we re-expressed HMGA1 in LINC00460 knockdown
CRC cells (Fig. 6a). The re-expression of HMGA1 dra-
matically rescued the proliferation abilities of HCT116
and SW480 cells (Fig. 6b-c). Furthermore, HMGA1 re-
expression in LINC00460 knockdown cells remarkably
increased the migration and invasion abilities of the
studied cell lines (Fig. 6d-e).

We performed xenograft experiments and assessed the
effects of LINC00460 and HMGA1l in LINCO00460
knockdown CRC cells by using nude mice to demon-
strate their effects on tumor growth in vivo. Consistent
with the in vitro assays, the tumor growth of LINC00460
knockdown group was notably slower than that of the
control group (Fig. 7a), occurring together with the sig-
nificantly decreased tumor volume and weights (Fig. 7b
and c respectively). HMGA1 re-expression dramatically
rescued tumor volume and weights affected by the
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Fig. 3 LINC00460 promotes CRC cell migration, invasion and supports the proper function of the EMT transcription program and the location of
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LINC00460 knockdown (Fig. 7a-c). HMGA1 expression
was evaluated via IHC staining, Western blots, and RT-
PCR of tissue sections from nude mice (Fig. 7d-e, Add-
itional file 9: Figure S5).

Given that migration and invasion are essential in can-
cer metastasis, we investigated the role of LINC00460 in
CRC metastasis in vivo. HCT116-Luc-shCtrl, HCT116-
Luc-shLINC00460, and HCT116-Luc-shLINCO00460 +
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technical replicates. ***p < 0.001

HCT116-Luc-shLINC00460 cells

HMGAL1 cells were injected into the tail veins of nude
mice respectively. HCT116-Luc-shCtrl and HCT116-
Luc-shLINC00460 + HMGA1 CRC cells effectively me-
tastasized to the lung region of nude mice in 6 weeks

(Fig. 7f), whereas
showed no such result, as shown by bioluminescence
imaging (Fig. 7f-g). LINC00460 knockdown cells formed
fewer metastatic foci in lungs than the control group



Hou et al. Journal of Experimental & Clinical Cancer Research (2021) 40:52 Page 12 of 18
p
A HCT116 HCT116 B SW480 SW480
Vector LINC00460 shCtrl  sh#1 sh#2 Vector LINC00460 shCtrl sh#1 sh#2
DHX9 | - — - - DHX9 | e - — — a—
IGF2BP2 | gy "o | ¢ TR =S IGF2BP2 | mue e | | T mmw T
=X T
HMGA1 ' . . . — HMGA1 — g “ —— #
GAPDH | wilis wib | | eump = = GAPDH | (P P <" - -
C D HCT116 E SW480
HCT116 = shCtrl SW480 m shCtrl
4- = Vector 15— ™ ShLING00460#1 3— = Vector _ = shLINC00460#1
= | INC00460 m shLINC00460#2 = | INC00460 m shLINC00460#2
E E E 3
k) k] ? x 3
< <1.07 < 27 < 1.0
P4 = = z
o o o o
2 2 2 2
© ©0.57 & 14 £0.5
[5] (o] [5] o)
o o o &

&
G HCT116 SW480
Vector + - - - + - - -
LINCOO460 -  + +  + -+ 4
scel - -+ - - -4 -
SDHX9 - - - 4 - - -,
DHX9‘.~.-—H...,|
won (SIS | (S|
GAPDH ‘---—‘ ’-—-—‘

| HCT116 J
RIP memIgG == DHX9

*k *k

HCT116

154

10

o

14

Relative HMGA1 level
F~y
1

Relative HMGA1 level

0-

shCtrl  shLINC00460 shCtrl

RIP mmm |gG == IGF2BP2

shLINC00460
Fig. 5 LINC00460 mediated regulation of HMGAT mRNA stability. a, b Effect of LINC00460 KD or OE on the expression of IGF2BP2, DHX9 and

Q
S
V\é

H HCT116 SW480
Vector + - - - + - - -
LINC00460 - + + + - + + +
siCtrl - - + - - - + -
silGF2BP2 - - - + - - - +

HMGAT | o wm w

GAPDH '——-—‘ ‘—--—‘

K SW480 L SW480
RIP === IgG == DHX9 RIP == IgG == IGF2BP2
4 A "
E °
3 3
2 m_—
<
5 )
s =
T T
2 2 2
k] 3
2 &

shCtrl

shLINC00460

shCtrl

shLINC00460

HMGAT1 protein level in HCT116 and SW480 cells, as assessed by Western blot. ¢, d, e, f Relative mRNA expression levels of LINC00460, IGF2BP2,
DHX9 and HMGAT in HCT116 and SW480 cells + LINC00460 KD/OE (*p < 0.05, **p < 0.01, ***p < 0.001). g, h Western blot assay was performed to
measure DHX9, IFG2BP2 and HMGAT protein level after transfection of DHX9/IGF2BP2 siRNA, control siRNA in LINCO0460 overexpressed CRC cells.
i, j, k, | RIP assay shows interaction declined between HMGA1 and DHX9/IGF2BP2 after knockdown of LINC00460 in CRC cells

(Fig. 7h), whereas the re-expression of HMGA1 in cells
formed more metastatic foci in the lungs than those in

the

LINC00460

knockdown

cells  (Fig.

7h-i).

Furthermore, we calculated the mice’s survival status.
LINC00460 knockdown increased the survival rates,
whereas HMGA1 re-expression caused the opposite
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Fig. 6 LINC00460 governs CRC growth and metastasis by stabilizing HMGAT mRNA in vitro. a The HMGAT protein level analyzed by Western blot
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result (Fig. 7j). Therefore, LINC00460 governs CRC
growth and metastasis by regulating HMGA1 mRNA
stabilization in vivo.

LINC00460 regulates HMGA1 expression depending on

METTL3-mediating m®A modification of HMGAT mRNA

Considering LINC00460 interacting with IGF2BP2 and
IGF2BP2 has been suggested as a m°A reader governing
mRNA stability. We assumed that LINC00460 may regu-
late HMGA1 mRNA stability depending on m®A modifi-
cation. To confirm this hypothesis, we checked the
HMGA1 mRNA m°A modification status using the
MethylTranscriptome DataBase Version 2.0 prediction
tool (MeT-DB V2.0) [31], Results showed that the 3'UTR
region of HMGA1 mRNA have a significant m6A modifi-
cation signaling, and the 3'UTR region of HMGA1 also
contains several METTL3 binding sequences RRACH
(R=G/A and H = A/C/U) (Additional file 10: Figure S6A-
B). We wondered whether m°A modification regulates the
mRNA stability of HMGAL, silencing the expression of
METTLS3, an important m6A methyltransferase, decreased
HMGAT1 expression (Fig. 8a-b). Furthermore, we showed

that silencing METTL3 in LINC00460 overexpression
cells could significantly reduce HMGA1 expression (Fig.
8c-d). Finally, MeRIP was used to test the m°A modifica-
tion status of HMGA1 mRNA; results showed that silen-
cing METTL3 could significantly decrease the m6A
modification status of HMGA1 mRNA (Fig. 8e-f). These
results suggested that LINC00460 may regulate HMGA1
expression in a m6A modification dependent manner.

Discussion

Accumulating evidence has indicated that IncRNAs play
vital roles in human cancer. However, limited informa-
tion is known about their pattern of action and potential
role in the regulation of cancer-related processes. To
our knowledge, LINC00460 has been reported to partici-
pate in many kinds of malignancies and promotes cancer
progressions [15—20]. Although, some kinds of molecu-
lar mechanism of LINC00460 in cancer progression have
been reported, the potential mechanism in regulating
CRC progression needs further explored. In the present
work, we revealed the potential clinical diagnosis or
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HCT116 LINC00460 Con/KD cells and LINC00460 KD with overexpression HMGAT and Matrigel (Corning; 1:1 ratio) were subcutaneously injected
into the abdominal flanks of each mice, respectively (**p < 0.01). d The tumor sections were performed immunochemistry staining by antibody
against HMGA1, representative images were shown. e Western blot analysis of HMGA1 expression in tumor xenografts formed. GAPDH was used
as a loading control. f, g Representative bioluminescence images and statistical analysis of lung metastases in mice via tail vein injection of
indicated cells (**p < 0.01, ***p < 0.001). h HCT116 LINC00460 Con/KD cells and LINC00460 KD with overexpression HMGAT1 cells were injected via
the lateral tail veins. Representative lung images (up) at week 6, corresponding hematoxylin eosin stained lung sections are shown (low). Arrows,
lung metastasis foci. i Statistical analysis of lung metastasis foci (**p < 0.01, ***p < 0.001). j Kaplan-Meier survival curves depicting overall survival of

the mice with injection of HCT116 LINC00460 Con/KD cells and LINC00460 KD with overexpression HMGAT (**p < 0.01, ***p < 0.001)

prognosis value and uncovered a novel molecular mech-
anism of LINC00460 in regulating CRC metastasis.

In previous studies, LINC00460 have been proved
overexpressed in CRC by using TCGA data and con-
forming by a small CRC cohort detected by qRT-PCR.
In this study, RNAscope probes were used to detect the
expression in a CRC cohort containing 498 CRC tissues
and corresponding non-tumor adjacent tissues. Our

findings showed that LINC00460 expression increased in
human CRC, and high LINC00460 expression was corre-
lated with clinicopathological parameters, such as TNM
stage, lymph node metastasis, metastasis, and tumor size.
Furthermore, a high LINC00460 expression indicated
poor five-year OS and DEFS via tissue microarrays. Uni-
variate and Multivariate Cox regression analyses showed
that high LINCO00460 expression is an independent
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Fig. 8 METTL3-Mediated modification of HMGAT1 stabilized HMGAT1 expression in CRC. a-b gRT-PCR and western blot assays showed the mRNA
and protein expression, respectively, of HMGA1 in HCT116 and SW480 cells with METTL3 knockdown. Results was normalized with GAPDH (*p <
0.05). c-d gRT-PCR and western blot assays showed the mRNA and protein expression of HMGAT in LINCO0460 overexpression HCT116 and

SW480 cells with METTL3 knockdown. Results was normalized with GAPDH (**p < 0.01, ***p < 0.001). e-f m°A immunoprecipitation and gRT-PCR
assays showed the relative expression HMGAT mRNA with methylation. Relative HMGAT1 fold changes were normalized with the input, IgG was

adverse prognostic factor for CRC patients. Our findings
provided reliable evidence that LINC00460 could act as
a potential clinical prognostic predictor for patients with
CRC.

To further validate the biological function of
LINCO00460 in CRC progression, we investigated the ma-
lignant features of LINC00460 in a series of in vitro and
in vivo experiments. CRC cell lines HCT116 and SW480
were studied using LINC00460 knockdown or the over-
express lentivirus infection. Consistent with these previ-
ous data, our results showed that LINC00460 KD and
OE respectively reduced or increased tumor cell growth,
migration, and invasion abilities. LINC00460 was shown
to support the proper functioning of the EMT

transcription program, downregulate epithelial markers
(such as E-cadherin), and upregulate mesenchymal
markers (such as N-cadherin). Our data also showed
that LINC00460 downregulation suppressed tumor
growth and lung metastasis in a xenograft mouse model.
These results consistently emphasized the importance of
LINCO00460 in CRC progression.

Several studies have suggested LINC00460 was mainly
located in cytoplasm [17-19]. In the present study, we
also showed that LINC00460 is mainly distributed in the
cell cytoplasm. Cytoplasmic IncRNAs may play a role as
a regulator of transcription and/or protein stabilization
and modification [32, 33]. Previous studies showed
LINCO00460 could bind to miR-433-3p to promote CRC
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EMT [19], and also could bind to miR-149-5p and
miR150-5p to promotes Oxaliplatin resistance in CRC
[20]. In this study, we discovered that LINC00460 could
interact with Insulin-like growth factor 2 mRNA-binding
protein 2 (IGF2BP2) and ATP-dependent RNA helicase
A (DHX9). IGF2BP2 is a member of the RNA binding
protein family (IMP1, IMP2 and IMP3), which is in-
volved in RNA localization, translation, and stability
[34]. DHX9, also known as RNA helicase A, belongs to
the DExH-box family of helicase proteins and plays critical
roles in multiple levels of gene regulation, including tran-
scription [35, 36], translation [37, 38], RNA processing
and transport [39, 40], and maintenance of genomic sta-
bility [41, 42]. Chatel-Chaix et al. (2013) have proven that
IGF2BP2 and DHX9 interact with each other [21]. Marco
Mineo et al. (2016) further reported that IncRNA HIF1A-
AS2 could interact with IGF2BP2 and DHX9 to form a
complex and maintain their downstream target HMGA1
mRNA stability to promote glioblastoma. We showed
LINC00460 directly interacts with IGF2BP2 and DHX9 to
regulate HMGA1 mRNA stability. Considering IGF2BP2
functions as a m°A reader and the 3'UTR of HMGAL1
mRNA have a strong m®A modification signal. We then
showed that silencing METTL3 could affect LINC00460
induced HMGA1 expression, suggesting LINCO00460/
DHX9/IGF2BP2 complex may stabilize the mRNA of
HMGALI through recognizing m°A modification.

High mobility group proteins are a family of non-
histone chromatin-bound proteins without any tran-
scriptional activity; however, they modulate transcription
by altering the architecture of chromatin [43, 44] and
organize the assembly of several transcription factors to
enhanceosomes [45-51]. In addition to HMGA1’s func-
tion during development [52], high mobility group pro-
teins are abnormally expressed and localized in virtually
every cancer [53], and their expression levels correlate
with the degree of malignancy. In a series of rescue ex-
periments, we demonstrated that HMGA1 re-expression
dramatically rescued the proliferation, migration, and in-
vasion of CRC tumors and cells decreased by
LINCO00460 silencing in vitro and in vivo experimental
models. The malignant effects of HMGA1l on CRC
growth and metastasis were validated.

Conclusion

In summary, we have exhibited a set of comprehensive
data suggesting the clinical and functional significance of
LINC00460 in CRC proliferation and metastasis. We un-
covered a novel molecular mechanism of LINC00460 in
regulating CRC progression. We conclude LINC00460/
DHX9/IGF2BP2 complex may regulate HMGA1 expres-
sion through recognizing the m6A modification sites of
HMGA1 to enhance its mRNA stability and promote
CRC metastasis. LINC00460 may serve as potential
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biomarker and target in the prognosis and treatment of
CRC.
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