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The Interaction Between IncRNA
SNHG6 and hnRNPA1 Contributes to
the Growth of Colorectal Cancer by
Enhancing Aerobic Glycolysis
Through the Regulation of Alternative
Splicing of PKM

Zhixian Lan®, Xiang Yao?, Kangyue Sun, Aimin Li, Side Liu* and Xinke Wang*

Guangdong Provincial Key Laboratory of Gastroenterology, Department of Gastroenterology, Nanfang Hospital, Southern
Medical University, Guangzhou, China

Background: Small nucleolar RNA host gene 6 (SNHGE) acts as a carcinogenic gene
in colorectal cancer (CRC). However, previous studies on the mechanism by which
long non-coding RNA (IncRNA) SNHGE exerts its carcinogenic effect in CRC have not
involved the direct interaction between SNHG6 and proteins, which is a very important
carcinogenic mechanism of INncRNAs. Hence, our study conducted a comprehensive
RNA-binding proteins—mass spectrometry (ChIRP-MS) analysis on SNHG6 to further
explore its carcinogenic mechanism in CRC.

Methods: Proteins that interact with SNHG6 were found using ChIRP-MS analysis and
were used to construct the protein—protein interactive (PPI) network using STRING, while
the core module of the PPI network was identified using the MCODE plugin in Cytoscape.
Pathway enrichment analyses, using WebGestalt, were performed on proteins and
RNAs that were found to be associated with the expression of SNHG6 or which
directly interacted with SNHGE. Finally, CatRAPID, miRbase, and TargetScanHuman
were used to identify the sites of interaction between SNHGE, heterogeneous nuclear
ribonucleoprotein A1 (hnRNPA1), and pyruvate kinase M (PKM) mRNA.

Results: The expression of SNHG6 in CRC was found to be higher than that of
normal tissues and was positively correlated with a poor prognosis (o < 0.05). A total
of 467 proteins that are able to interact with SNHG6 in CRC cells were identified
using ChIRP-MS analysis and were used to create a PPl network, within which a core
module composed of 44 proteins that performed the function of splicing mRNA, including
hnRNPA1, was found to be positively correlated with SNHGE (p < 0.05). The results of
the pathway enrichment analyses suggested that SNHGE6 played an important role in the
metabolism of CRC by affecting the expression of PKM and SNHGE. The increase in the
ratio of PKM2/PKM1 was proven using quantitative real-time polymerase chain reaction
analysis. Further exploration suggested that SNHG6 could bind to hnRNPA1 and PKM.

Frontiers in Oncology | www.frontiersin.org

1 March 2020 | Volume 10 | Article 363


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2020.00363
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2020.00363&domain=pdf&date_stamp=2020-03-31
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:liuside2011@163.com
mailto:wangxk07@163.com
https://doi.org/10.3389/fonc.2020.00363
https://www.frontiersin.org/articles/10.3389/fonc.2020.00363/full
http://loop.frontiersin.org/people/822937/overview
http://loop.frontiersin.org/people/741544/overview
http://loop.frontiersin.org/people/822637/overview

Lanetal.

INcRNA SNHG6 in CRC Growth

Conclusion: SNHG6 was found to be able to target the mRNA of PKM as well as
induce hnRNPA1 to specifically splice PKM mRNA, which increased the proportion
of PKM2/PKM1, which may be an important carcinogenic mechanism in CRC that
proceeds through the enhancement of aerobic glycolysis in CRC cells.

Keywords: colorectal cancer, small nucleolar RNA host gene 6, comprehensive RNA-binding proteins-
mass spectrometry, bioinformatics analysis, heterogeneous nuclear ribonucleoprotein A1, pyruvate kinase M,

metabolism

INTRODUCTION

CRC is one of the most common cancers with an extremely
high rate of cancer-associated mortality (1, 2). The frequency of
recurrence and metastasis in patients with CRC is high, even
in patients who have undergone surgical resection, which leads
to a poor prognosis of CRC (3). Therefore, there is an urgent
need to study the deep molecular mechanism that undermines
the occurrence and development of CRC.

Long non-coding RNA (IncRNA) are functionally defined as
transcripts with a length of more than 200 nucleotides. Small
nucleolar RNA host gene 6 (SNHG®6) is located on chromosome
8q13, a region with numerous copy number amplification in
CRC (4), and encoding two ncRNAs: U87 C/D box snoRNA
(SNORDS87) (5) and IncRNA SNHG6. It has been reported
that SNHG6 has been found to function as an oncogene in
various cancers, including CRC, hepatocellular carcinoma, and
breast cancer (6-8). Some studies have revealed that SNHG6
was found to be closely associated with cell proliferation,
migration, pathological grade, and lymph node metastasis in
CRC (6, 9, 10).

Alternative splicing (AS) is a common mechanism by which
gene expression is regulated in cancers (11, 12). Heterogeneous
nuclear ribonucleoproteins are one of the most important and
classical AS regulators. The regulation of pyruvate kinase M
(PKM) precursor mRNA splicing by hnRNPA1 is an important
example (13-15). The PKM gene encodes for a primary transcript
that contains two mutually exclusive exons, exon 9 and exon
10. The binding of hnRNPA1 to the splice sites flanking exon
9 in PKM transcripts resulted in exon 9 exclusion and exon
10 inclusion to generate PKM2 (13, 14). PKM1 is mainly
expressed in normal human tissues, and an increase in the
proportion of PKM2/PKMI1 is often found in cancers, which
could partially explain the Warburg effect observed in cancers,
since PKM2 increases tumor cell sensitivity toward aerobic
glycolysis (16, 17).

At present, SNHG6 in CRC exerts its carcinogenic effect by
competing with endogenous RNA to sponge microRNAs (6, 9,
18). However, SNHG6 can interact not only with microRNAs but
also with proteins to promote the proliferation and metastasis
of CRC. IncRNAs can be used as a scaffold to draw two or
more proteins into a complex (19) or as a guide to recruit
proteins, such as variable splicing protein, to mRNAs (20, 21). As
a result, we conducted a comprehensive RNA-binding proteins—
mass spectrometry (ChIRP-MS) analysis to identify proteins
that interact with SNHG6 to further explore the carcinogenic
mechanism of SNHG6 in CRC.

In our study (Figure 1), we found that the high expression
of SNHG6 in CRC was associated with a poor prognosis in
CRC patients. The results of the ChIRP-MS analysis suggested
that SNHG6 could interact with hnRNP proteins, suggesting
that SNHG6 may be involved in the splicing or processing of
mRNA. The enrichment analysis conducted using data in Gene
Expression Omnibus (GEO) and other bioinformatics databases
found that SNHG6 may be involved in the metabolic processes
of CRC and may target the precursor mRNA of PKM. Given
that hnRNPA1 could perform variable splicing of the precursor
mRNA of PKM to increase the proportion of PKM2/PKM1
(13, 14, 16), we assumed that it was possible for SNHG6 to
interact with hnRNPA1 as well as induce hnRNPA1 to target
the precursor mRNA of PKM and participate in the variable
splicing process, which would promote the occurrence and the
development of CRC.

METHODS

Expression and Prognostic Values of
SNHG6 in Colorectal Cancer

Expression of SNHG6 in Colorectal Cancer

AnnoLnc is a web server used to analyze novel human IncRNAs,
which can be utilized to compare the expression levels of SNHG6
in different tumors (22). UALCAN is an interactive web portal
used to perform in-depth analyses of The Cancer Genome Atlas
(TCGA) gene expression data (23). Oncomine 4.5 is an online
platform that provides data from cancer microarray datasets and
can be used for data mining in multiple cancers (24). UALCAN
and Oncomine 4.5 are both used to evaluate the expression
of SNHG6 in CRC. We also used GSE81861 colorectal single-
cell expression data from GEO and Cancer Single-Cell State
Atlas (CancerSEA), the first dedicated database decoding distinct
functional states of cancer cells at single-cell resolution (25), to
explore the expression characteristics of SNHG6 at the single-
cell level. The IncLocator is a subcellular localization predictor
of IncRNAs based on a stacked ensemble classifier, which can be
used to identify the distribution of SNHG6 in CRC cells (26).

Prognostic Value of SNHG6 in Colorectal Cancer

The prognostic value of SNHG6 in CRC was determined by
analyzing the data of 177 CRC patients from GSE17538. The
analysis was performed as previously described (10). In addition,
the R2: Genomics Analysis and Visualization Platform, which is
a web-based genomics analysis and visualization application, was
also used (27).
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FIGURE 1 | Overall workflow chart for this research study.
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Comprehensive RNA-Binding

Proteins—Mass Spectrometry Analysis
ChIRP-MS analysis is the most suitable method to detect target
proteins directly controlled by RNAs. Therefore, we used ChIRP-
MS to identify proteins that interact with SNHG6 in CRC (for
more information, see the Supplementary Material: ChIRP-MS
Analysis Method).

Bioinformatics Analysis of Comprehensive
RNA-Binding Proteins—Mass Spectrometry

Results

Protein—Protein Interactive Network and Module
Identification

String 11.0, a database used to determine the integrated functions
of multiple genes (28), was used to build the protein-protein
interactive (PPI) network with the highest confidence (0.900) by
inputting proteins that interact with SNHG6 obtained through
the results of the ChIRP-MS analysis. Cytoscape 3.7.1 is an open-
source software platform used for visualizing complex networks
(29, 30). The MCODE plugin in Cytoscape 3.7.1 was used to
identify the most densely connected region in the PPI based on
topology with the two k-cores, which could identify core modules
and hub genes in the PPI network (31).

Functional Enrichment Analysis of 44 Genes in the
Module

CancerSEA was used to explore whether the module identified
using the MCODE plugin in Cytoscape 3.7.1 was associated
with the carcinogenic process. A P < 0.05 was considered
to be statistically significant. Gene ontology (GO) and the
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses of genes in the module were performed using
WebGestalt, a functional enrichment analysis web tool (32). An
adjusted P < 0.05 was considered to be statistically significant.

Characteristics of hnRNP Proteins in Colorectal
Cancer

Co-expression analysis of hnRNP proteins and SHNG6 in
colorectal cancer

The co-relationship between hnRNP proteins and SHNG6
in CRC was evaluated using ChIPBase v2.0, which is an
open database used for studying the transcriptional regulatory
networks of IncRNAs, miRNAs, and protein-coding genes
identified using ChIP-seq data (33). A P < 0.05 was considered
to indicate statistical significance.

Expression of hnRNP proteins in colorectal cancer

The experimental data of Notterman and Alon colon statistics in
Oncomine were used to evaluate the expression characteristics of
hnRNP proteins in CRC, compared with that of colon tissues. A
P < 0.05 was considered to indicate statistical significance.

Prognostic value of hnRNP proteins in colorectal cancer

The prognostic value of hnRNP proteins in CRC was analyzed
using the Kaplan-Meier plotter database, which is capable of
assessing the effect of 54k genes on the survival of patients
in 21 cancer types (34), as well as The Human Protein Atlas,

which contains detailed information on proteins found in over
17 types of tumors and normal human cells (35). A P < 0.05 was
considered to be statistically significant.

Expression of hnRNP proteins in drug-resistant colorectal
cancer cell lines

The expression of hnRNPA1 in drug-resistant CRC cell lines was
examined using data from GSE118490 and GSE11440. A P < 0.05
was considered to be statistically significant.

Pathway Enrichment Analysis of SNHGG6 in

Colorectal Cancer

Pathway Enrichment Analysis of 467 Proteins of
SNHG6 in Colorectal Cancer

KEGG and Wikipathway cancer enrichment analyses of genes
in SNHG6 obtained through the ChIRP-MS analysis were
performed in WebGestalt. A P < 0.05 was considered to be
statistically significant.

Pathway Enrichment Analysis of Genes Associated
With SNHG6 Expression in Colorectal Cancer
LinkedOmics, an open platform used for analyzing 32 TCGA
cancer-associated datasets, was used to identify differentially
expressed genes which are correlated with SNHG6 in the
TCGA CRC cohort (36). The results were statistically analyzed
using Pearson’s correlation coefficient, followed by KEGG
and Wikipathway cancer enrichment analyses conducted in
WebGestalt, using the results obtained from the LinkedOmics
platform. A P < 0.05 was considered to be statistically significant.

Pathway Enrichment Analysis of mRNA Interacting
Directly With SNHG6
The interaction between mRNA-SNHG6 pairs was evaluated
using The Encyclopedia of RNA Interactomes (ENCORI),
which is an open-source web tool used for studying the
ncRNA interactions of CLIP-seq, degradome-seq, and RNA-
RNA interactome data (37). A P < 0.05 was considered to be
statistically significant.

KEGG and Wikipathway cancer enrichment analyses were
conducted in WebGestalt using the results from ENCORI. An
adjusted P < 0.05 was considered to be statistically significant.

Pathway Enrichment Analysis of Genes Correlated
With SNHG6 in GSE103479

The gene expression profiles of 156 colorectal cancer samples
were downloaded from GSE103479. Based on the SNHG6
expression level, the top 3% and the bottom 3% of the samples
were grouped as the high SNHG6 group and low SNHG6 group,
respectively. The limma package in R was used to identify the
differentially expressed genes between the two groups using
cutoff values of |logFC| > 2.5 and p < 0.01. WebGestalt was
used to explore the KEGG and Wikipathway cancer enrichment
pathways based on the differentially expressed genes. An adjusted
P < 0.05 was considered to be statistically significant.
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Quantitative Real-Time Polymerase Chain

Reaction

Total RNA extraction, reverse transcription, and quantitative
real-time polymerase chain reaction (QRT-PCR) were performed
as previously described (10). The sequences of the primers used
were as follows:

PKM1 mRNA
(sense):
PKM1 mRNA
(antisense):
PKM2 mRNA
(sense):
PKM2 mRNA
(antisense):
SNHG6
mRNA
(sense):
SNHG6
mRNA
(antisense):
GAPDH
(sense):
GAPDH
(antisense):

5'-CGAGCCTCAAGTCACTCCAC -3/,
5'-GTGAGCAGACCTGCCAGACT -3/,
5-ATTATTTGAGGAACTCCGCCGCCT -3/,
5-ATTCCGGGTCACAGCAATGATGG -3/,

5-TTGAGGTGAAGGTGTATG -3/,

5-GGTAACGAAGCAGAAGTA -3/,

5-GATATTGTTGCCATCAATGAC-3' and

5-TTGATTTTGGAGGGATCTCG-3'.

Associations in the SNHG6/hnRNPA1/PKM
Axis

The Binding Site Between SNHG6 and hnRNPA1
CatRAPID, an algorithm used to estimate the binding propensity
of protein-RNA pairs (38), was used to predict the binding site
between SNHG6 and hnRNPA1 by combining the secondary
structure, hydrogen bonding, and van der Waals contributions.

Splicing Regulatory Motif of SNHG6 Combined With
hnRNPA1

RegRNA 2.0, an integrated web server used for identifying
functional RNA motifs in an input RNA sequence (39), was used
to predict the splicing regulatory motif of SNHG®6.

Functional Domains of hnRNPA1 Associated With
SNHG6

Pfam is a database of 17,929 protein families (40), while the
Simple Modular Architecture Research Tool (SMART) is a web
database used for the identification of protein domains and
the analysis of protein domain architectures (41). Both of these
tools were used to identify the functional domains of hnRNPA1
associated with SNHG6.

Exploration of the Targeted mRNA of SNHG6
MicroRNAs homologous to SNHG6 were identified using
the miRBase database (42). Thereafter, the TargetScanHuman
database was searched to identify potential target genes of the
microRNAs homologous to SNHG®6 (43), which may also be the
target genes of SNHG®6 (44).

RESULTS

Expression and Prognostic Values of

SNHG6 in Colorectal Cancer

High Expression of SNHG6 in Colorectal Cancer

Data in AnnoLnc showed that the expression of SNHG6 in
CRC was relatively high compared with that of many other
tumors (Figure 2A), while SNHG6 was found to be mainly
distributed in the cytoplasm of CRC cells based on the IncLocator
and part of the nucleus (6). The differential expression of
SNHG6 between CRC and normal tissues was analyzed using
ULCAN (10) and Hong statistics in Oncomine, which found a
relatively high expression of SNHG6 in CRC that was statistically
different (Figures 2B-D). GSE81861, which contains single-cell
sequencing data of CRC, was obtained from the GEO database
to determine the SNHG6 expression in 272 CRC single cells
and 160 normal colorectal cells, which found that SNHG6 was
highly expressed in CRC (Figure 2E). Cancersea was also used to
explore the clustering of CRC single cells based on the expression
of SNHG6, which indicates the heterogeneous expression of
SNHGS in different CRC cells (Figure 2F).

High Expression of SNHG6 Is Associated With Poor
Prognosis in Colorectal Cancer

The relapse-free survival (RS) of SNHG6 was analyzed in 226 and
557 CRC patients in GSE14333 and GSE39582, respectively. The
results indicated that a high expression of SNHG6 was associated
with a statistically significant higher recurrence rate in CRC
patients (p = 0.014 and p = 0.035, respectively) (Figures 2G,H).
The data of 177 CRC patients in GSE17538 was also used to
analyze overall survival (OS), which showed that the OS rate was
statistically lower when the expression of SNHG6 was high (p =
0.0162) (Figure 2I) (10).

467 Proteins Interact With SNHG6 in

Colorectal Cancer
A total of 467 proteins were found to interact with SNHG6 (for
details, see the Supplementary Material: Results of ChIRP-MS).

Bioinformatics Analysis of Comprehensive
RNA-Binding Proteins—-Mass Spectrometry

Results

Protein-Protein Interactive Network and Module
Identification

The PPI network, which comprised of 461 nodes with 5,226
edges, was constructed by importing 467 proteins specifically
associated with SNHGS6, found through the ChIRP-MS analysis,
into STRING11.0 (Figure 3A). Each protein can be associated
with various other proteins, which could result in collaborative
modules that partake in the regulation of SNHG6 in CRC. As
a result, we utilized the MCODE plugin in Cytoscape 3.7.1 to
identify core modules within the PPI and then identified the core
module with the highest score, which consisted of 44 nodes with
44 scores (Figure 3B) and was mainly composed of proteins that
performed mRNA splicing, such as the hnRNP protein family.
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The Module Could Promote Colorectal Cancer by
Splicing and Processing mRNA

According to the clustering results of CancerSEA, the overall
expression of the module in CRC was found to be heterogeneous
(Figure 3C). Therefore, CancerSEA was used to determine
whether the module was related to the carcinogenic process in
different CRC cell subsets, and four groups with carcinogenic
function were found. The results showed that Group 1
was correlated with epithelial-mesenehymal transition (EMT),
invasion, and metastasis (Figure 3D); Group 2 was correlated
with DNA repair, DNA damage, invasion, and cell cycle
(Figure 3E); Group 3 was correlated with invasion and
DNA repair (Figure 3F); and Group 4 was correlated with
inflammation and invasion (Figure 3G).

In order to further investigate the mechanism by which
the module could promote cancer, GO and KEGG analyses
were conducted in WebGestalt. The top five terms of biological
processes (BP), molecular functions (MF), cellular components
(CC) as well as KEGG were enriched with a false discovery
rate of <0.05. The top three terms of BP that were enriched
were related to the negative regulation of the mRNA metabolic
process, mRNA processing, and regulation of mRNA metabolic
processes (Figure 3H), which are mainly focused on mRNA
regulation and metabolic processes. The top three terms of MF
that were enriched were related to pre-mRNA binding, mRNA
3’-UTR binding, and single-stranded RNA binding (Figure 3I).
The top three terms of CC that were enriched were related to
U12-type splicesomal complex, catalytic step 2 spliceosome, and
splicesomal complex (Figure 3]). The top terms of KEGG that
were enriched were related to spliceosomes (Figure 3K). Based
on the above enrichment results of BP, ME, CC, and KEGG,
we speculated that the main function of the proteins in the
module was to participate in the splicing and the processing
of precursor mRNA, which in turn affected the expression
of genes that promoted the occurrence and the development
of CRC.

Characteristics of hnRNP Proteins in Colorectal
Cancer

According to the results of the core module obtained from
the ChIRP-MS analysis, six of the top 10 proteins with
the strongest level of interaction with SNHG6 belonged
to the hnRNP protein family. Therefore, we assumed that
the hnRNP proteins play an important role in the module
and are closely related to the carcinogenic mechanism of
SNHG6. Therefore, we identified the first eight hnRNP
proteins in the module with the strongest levels of interaction
with  SNHG6 for further analysis: hnRNPA1l, hnRNPC,
hnRNPU, hnRNPH1, hnRNPA2B1, hnRNPM, hnRNPK, and
hnRNPR (Figure 4A).

The expression of hnRNP proteins was positively correlated
with SNHG6 expression in colorectal cancer

The correlation between the hnRNP proteins and SHNG6 in CRC
was evaluated using ChIPBase v2.0, and all of the hnRNP proteins
were found to be positively correlated with SNHG6 with a P >
0.05 (Figures 4B-I).

High expression of hnRNP proteins in colorectal cancer
Notterman and Alon colon statistics in Oncomine were used
to evaluate the expression of hnRNPA1, hnRNPC, hnRNPU,
hnRNPHI1, hnRNPA2B1, hnRNPM, hnRNPK, and hnRNPR in
CRC compared with that of colon tissues, and only hnRNPA1,
hnRNPU, hnRNPA2B1, hnRNPM, and hnRNPK were found
to be highly expressed in CRC with significant statistical
differences based on both Notterman and Alon experimental data
(Figures 5A-]).

Low expression of hnRNP proteins was associated with poor

prognosis in colorectal cancer

The prognostic value of hnRNPA1l, hnRNPU, hnRNPA2B1,
hnRNPM, and hnRNPK in CRC was analyzed using the Kaplan-
Meier plotter and The Human Protein Atlas. The results were
consistent with the fact that the high expression of hnRNP
proteins was found to be related with a better prognosis,
but only the results of hnRNPA1l, hnRNPM, and hnRNPK
were statistically significant in both the Kaplan-Meier plotter
(Figures 6A-C) and The Human Protein Atlas (Figures 6D-F).

Relatively low expression of hnRNPA1, hnRNPM, and
hnRNPK in drug-resistant colorectal cells

The survival analysis above showed that the low level of
expression of hnRNPA 1, hnRNPM, and hnRNPK was associated
with poor prognosis, which was confusing. Therefore, we
explored the expression of hnRNPA1, hnRNPM, and hnRNPK in
drug-resistant CRC cells by analyzing GSE118490 and GSE11440,
which showed that the expression of hnRNPA1l, hnRNPM,
and hnRNPK in drug-resistant CRC cells was relatively low
(Figures 6G-L), which could reasonably explain the results of the
survival curve.

SNHG6 Plays an Important Role in the

Metabolism of Colorectal Cancer

From the analysis given above, we speculated that SNHG6 may
promote the occurrence of CRC by interacting with certain
hnRNP proteins and affect the splicing of mRNA. However, it
is not known what type of mRNA functioned as the clipped
object. Therefore, we needed to identify SNHG6-related shearing
objects and explore the process by which SNHG6 played a
carcinogenic role.

Pathway Enrichment Analysis of 467 Proteins
Obtained From the Comprehensive RNA-Binding
Proteins-Mass Spectrometry Analysis of Colorectal
Cancer

KEGG and Wikipathway cancer enrichment analyses of genes
identified in the SNHG6 ChIRP-MS analaysis were conducted in
WebGestalt. The terms for ribosome, proteasome, citrate cycle,
spliceosome, biosynthesis of amino acids, and carbon metabolism
were enriched in the KEGG enrichment analysis (Figure 7A).
The terms for metabolic reprogramming in colon cancer, fatty
acid beta oxidation, and one carbon metabolism were enriched in
the Wikipathway cancer enrichment analysis (Figure 7B). Based
on the abovementioned enrichment results, we speculated that
SNHGS6 played an important role in the metabolism of CRC.
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Pathway Enrichment Analysis of Genes Related to
SNHG6 Expression in Colorectal Cancer

The LinkedOmics database was used to identify genes that
were positively or negatively related to SNHG6 with statistical
significance (Figures 7C,D). KEGG and Wikipathway cancer
enrichment analyses were conducted in WebGestalt on the
genes identified. Oxidative phosphorylation and spliceosome
were among the first five terms in the KEGG enrichment analysis
(Figure 7E), while metabolic reprogramming in colon cancer was
among the top terms identified through the Wikipathway cancer
enrichment analysis (Figure 7F), which was consistent with the
enrichment results of the ChIRP-MS analysis which found that
SNHG6 may play an important role in the metabolism of CRC.

The SNHG6/HNRNPA1/PKM Axis Was
Found to Be Involved in the Metabolic

Mechanism of Colorectal Cancer
From the enrichment results of the ChIRP-MS analysis and
the SNHG6-related genes identified above, we speculated

that SNHG6 may be involved in the metabolic process of
CRC by interacting with hnRNP proteins. It was reported
that IncRNAs can interact with hnRNP proteins and
induce hnRNP to splice and process mRNA in CRC,
prostate cancer, and hepatocellular carcinoma (20, 45, 46).
Therefore, we wanted to identify the molecule that was
involved with SNHG6 and hnRNP protein complexes in
CRC metabolism.

Pathway Enrichment Analysis of RNAs That Interact
Directly With SNHG6

The interaction between the RNA-SNHG6 pairs was evaluated
using ENCORI and 199 RNA molecules, which mainly included
protein-coding mRNA, were identified. Then, KEGG and
Wikipathway cancer enrichment analyses were conducted in
WebGestalt on the genes identified using ENCORI. Central
carbon metabolism in cancer was one of the terms which was
identified and showed the highest degree of KEGG enrichment
(Figure 8A) and likewise with metabolic reprogramming in
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colon cancer for the Wikipathway cancer enrichment analysis
(Figure 8B).

Pathway Enrichment Analysis of Genes Correlated
With SNHG6 in GSE103479

Based on the SNHG6 expression level in GSE103479, the top
3% and the bottom 3% of samples were grouped as the high
SNHG6 group and low SNHG6 group, respectively, and then
181 differentially expressed genes were identified using limma
package in R (Figure 8C). WebGestalt was used to explore
the KEGG and Wikipathway cancer enrichment based on the
identifed differentially expressed genes. Carbon metabolism is
one of the terms identified and it showed the highest degree of
KEGG enrichment (Figure 8D).

The intersection of genes identified through the metabolic
pathways of the three enrichment results given above found that
PKM was the only gene that ovelapped (Figure 8E), suggesting
that there may be a strong interaction between SNHG6 and PKM.
It has been previously reported that hnRNPA1 is involved in the
variable splicing of PKM mRNA, the upregulation of the ratio
of PKM2/PKML1, and the promotion of cancer through aerobic
glycolysis, which can be explained through the Warburg effect

(13, 14, 16). As a result, we speculated that SNHG6 could impact
the expression of PKM by interacting with hnRNPA1, which is an
important mechanism involved in the metabolism of CRC.

SNHG6 Expression Is Positively Correlated

With PKM2/PKM1 Ratio

In RKO cell lines, after knocking down the expression of SNHG6,
the qQRT-PCR results showed that the ratio of PKM2/PKM1 was
downregulated, suggesting that there was a positive correlation
between SNHG6 and the ratio of PKM2/PKM1 (Figure 8F).

Discussion on SNHG6/hnRNPA1/PKM

Interaction

The Binding Site of SNHG6 Interacting With hnRNPA1
CatRAPID was used to predict the binding site of SNHG®6 that
interacted with hnRNPAI. It was shown that nucleotides at
position 51-102 of SNHG6 constituted the main region that
interacted with hnRNPA1 (Figures 9A,B). The amino acids at
position 172-223,26-77, and 76-127 of hnRNPA1 were the main
regions that bound with the nucleotides at position 51-102 of
SNHG6 (Figures 9A,B). The nucleotides at position 51-102 of
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SNHGS6 were also involved in the interaction between hnRNPK
and hnRNPM (Figures 9C-F).

Splicing Regulatory Motif of SNHG6 Was Associated
With hnRNPA1

RegRNA 2.0 was used to predict the splicing regulatory motif of
SNHGS6, and two splicing motifs were identified at nucleotide
position 51-102. An exon enhancer was identified at position
83-90 and an intron enhancer was identified at position 90-96
(Figures 9G-I), which may be an important splicing motif of
SNHGS6 to process PKM mRNA by interacting with hnRNPAT.

Functional Domains of hnRNPA1 Were Associated
With SNHG6

Pfam and SMART were used to identify the functional
domains of hnRNPAI associated with SNHG6, and two RNA

recognitional motifs (RRMs) were found in both databases. The
first RRM was from the amino acid at position 16 to position
85 and the second from position 107 to position 176, both of
which were within amino acids at position 26-223 and therefore
might be important domains for the interaction with SNHG®6 at
nucleotide position 51-102 (Figure 10A).

SNHG6 Could Target the 3'UTR of PKM mRNA

The MiRBase database was used to identify microRNAs
homologous to SNHG6, and miR-4755-5p was identified
(Figure 10B). Then, PKM was found to be a target gene
of miR-4755-5p through TargetScanHuman (Figure 10C).
The nucleotide sequence of miR-4755-5p binding to the
3’UTR of PKM mRNA was homologous to that of SNHG6
(Figures 10B,C), which indicated that SNHG6 could also target
the 3'UTR of PKM mRNA.
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A RNA recognitional motif (RRM) of hnRNPA1
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FIGURE 10 | Functional domains of hnRNPA1 and SNHG6 could target the 3'UTR of the pyruvate kinase M (PKM) mRNA. (A) The first RNA recognitional motif (RRM)
of hnRNPA1 began from the amino acid at position 16 and ended at the amino acid at position 85, while the second RRM of hnRNPA1 began from the amino acid at
position 107 and ended at the amino acid at position 176. (B) miR-4755-5p was found to be homologous to SNHG6. (C) PKM was found to be the target gene of
miR-4755-5p. (D) Schematic model of SNHG6-mediated aerobic glycolysis which proceeded through the splicing of PKM1/2 as a result of its interaction with the
hnRNPA1 complex.
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DISCUSSION

Based on GLOBOCAN estimates, about 1.8 million new CRC
cases and 0.9 million deaths were recorded worldwide in
2018 (47). Due to the lack of early symptoms and the
limitations of timely screening methods, many patients with
CRC are diagnosed at an advanced stage (48). At present, the
therapeutic effect of advanced CRC is limited to that which
is necessary to explore the mechanism of occurrence and the
development of CRC. There is growing evidence that IncRNAs
are important regulatory molecules involved in a variety of
physiological and pathological cellular processes of various
cancers (49-51). A large quantity of evidence has revealed that
the aberrant expression of IncRNAs may impact the development
of CRC by regulating the biological functions of colorectal
cancer cells, including proliferation, apoptosis, invasion, and
metastasis (52-55).

In our study, we found that the expression of SNHG6 in
CRC was high compared with that in many other tumors, while
the expression of SNHG6 in CRC was higher than that in
heterogeneous colon tissue. In CRC patients, the high expression
of SNHG6 was found to be associated with poor prognosis.
It has been previously reported that SNHG6 could promote
the growth, migration, and invasion of CRC cells in vitro
and in vivo (6, 9, 10). However, research on the carcinogenic
mechanism of SNHG6 in CRC has yielded an insufficient
result at present, and most research on this mechanism have
mainly focused on the carcinogenic role played by SNHG6
by competing as an endogenous RNA to sponge microRNAs
(6, 9, 18). In fact, IncRNAs can be used as a scaffold to bring
proteins into a complex (19) or as a guide to recruit proteins to
process mRNAs (20, 21). As a result, we conducted a ChIRP-
MS analysis to identify proteins that interacted with SNHG6
to further explore the carcinogenic mechanism of SNHG6
in CRC.

Through the ChIRP-MS analysis, we identified 467 proteins
that could interact with SNHG6 and then used these proteins to
construct a PPI network. An important module containing 44
proteins, which could promote invasion, metastasis, and EMT in
CRC, was identified in the PPI network. Through the GO and
KEGG analysis of the module, it was found that one of the main
functions of the module was to splice and process mRNA, which
could diversify the carcinogenic function of the module. After
the analysis of the proteins that constituted the module, it was
found that they were mainly composed of proteins involved in
the splicing of mRNA, among which the hnRNP protein family
was one of the main components, with six hnRNP proteins
included in the top 10 proteins that interacted most strongly
with SNHG6. Among the hnRNP proteins, hnRNPM, hnRNPK,
and hnRNPA1 were found to be not only positively correlated
with the expression of SNHG6 in CRC but also highly expressed
in CRC compared with normal tissues. However, the low
expression of hnRNPM, hnRNPK, and hnRNPA1 was associated
with poor prognosis, which was confusing. Although hnRNPA1
was highly expressed in ovarian cancer tissue compared with
normal tissues (Figures S1A,B), it has been reported that
hnRNPA1 showed a low expression in drug-resistant ovarian

cancer cells (56). Therefore, the low expression of hnRNPA1
associated with the poor prognosis of patients was found to
be consistent with the results of the Kaplan-Meier plotter
database and The Human Protein Atlas (Figures S1C,D).
Therefore, although the expression of hnRNPA1 in CRC was
higher than that of normal tissues, it could also promote the
development of CRC (57-59). We speculated that its expression
was low in drug-resistant CRC strains, which was proven using
GSE11440 and GSE118490. However, this mechanism needs to be
explored further.

At present, some studies have suggested that IncRNAs can
promote cancers, including CRC, through various mechanisms,
including by interaction with hnRNP proteins (20). After the
above analysis was conducted, we speculated that the specific
splicing of mRNA by the complex of SNHG6 and hnRNP
proteins may be an important carcinogenic mechanism of
SNHG®6 in CRC. Through the enrichment analysis, we found that
SNHG6 may promote CRC mainly by affecting the metabolic
pathways. Genes from the enriched metabolic pathways were
intersected, and only PKM, an important molecule for glycolysis
metabolism of cancer, was found to be overlapped. Considering
that hnRNPA1 can perform the variable splicing of PKM mRNA
in order to increase the ratio of PKM2/PKM1 to promote cancer
(13, 14, 16), the interaction with hnRNPA1 to splice the mRNA of
PKM may be an important mechanism of SNHG6 that is involved
in the metabolic process of CRC.

In order to further explore the interaction between SNHG6,
hnRNPA1, and PKM, we found that nucleotides at position 51-
102 of SNHG6 were the most important sequence for binding
to hnRNPA1, which was also the main site of binding to
hnRNPM and hnRNPK. Through the motif analysis of the
splicing regulation of SNHG6, exactly one exon and one intron
were found in the splicing region within nucleotides at position
51 and 102. hnRNPA1 mainly interacted with SNHG6 through
the amino acid sequence at position 26 and 223. Then, the
functional domain of hnRNPA1 was analyzed, and it was found
that there were two RRMs within this sequence. Previous studies
have reported that the IncRNAs that interact with the hnRNP
protein could target the 3’UTR or the 5UTR of a specific nRNA
to process the mRNA (45, 60). Through the identification of
the target gene of miR-4755-5p, which was highly homologous
with SNHG6, we found that SNHG6 could target the nucleotide
sequence at positon 225-231 of the 3'UTR of the PKM precursor
mRNA. Then, we reached the conclusion that by interacting
with hnRNPA1, SNHG6 specifically targeted the 3'UTR of PKM
mRNA and induced hnRNPAL1 to splice the mRNA.

There are two types of PKM: PKM1 and PKM2. PKM2-
mediated aerobic glycolysis was found to be more suitable
for the occurrence and the development of tumors, and the
proportion of PKM2/PKM1 was found to be upregulated in
cancer. It has been reported that the variable splicing of
exons of PKM precursor mRNA by hnRNPA1, hnRNPA2BI,
and polypyrimidine tract binding protein (PTB) complexes is
the main mechanism that induces the upregulation of PKM2
expression for the binding of the hnRNPA1 complexes to the
splice sites flanking exon 9 in the PKM transcripts, which
results in the exclusion of exon 9 and inclusion of exon
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10 to generate PKM2 (13, 14, 16). Based on the module
identified through the ChIRP-MS analysis, in addition to
hnRNPA1, SNHG6 could also interact with hnRNPA2B1 and
PTB, suggesting that SNHG6 may be involved in the variable
splicing of PKM through the hnRNPA1 protein complex in order
to increase the proportion of PKM2/PKM1 (Figure 10D), which
was also proven through qRT-PCR results. The upregulation
of the PKM2/PKMI ratio may increase the levels of aerobic
glycolysis in CRC cells, which could provide more favorable
external conditions for the occurrence and the development
of CRC.

In this study, through the results of a joint analysis conducted
on SNHG®6 using ChIRP-MS and bioinformatics methods, it was
found that SNHG6 could interact with hnRNPA1 and specifically
target the 3'UTR of the PKM precursor mRNA as well as induce
hnRNPA1 to specifically splice the PKM precursor mRNA,
which resulted in an increase of the ratio of PKM2/PKMI,
which in turn enhanced the aerobic glycolysis process of CRC
cells and promoted the development of CRC (Figure 10D).
This study is the first to propose the mechanism by which
SNHGS6 influences the glucose metabolism in CRC. However, the
results of the study need to be further verified by conducting
further experiments.

CONCLUSIONS

SNHG6 was found to be able to target the 3’UTR of the
precursor mRNA of PKM as well as induce the hnRNPA1 protein
complex to specifically splice the PKM mRNA. This caused
an increase in the proportion of PKM2/PKM1 (Figure 10D),
which may be an important mechanism of aerobic glycolysis
in CRC.

REFERENCES

1. Brenner H, Kloor M, Pox CP. Colorectal cancer. Lancet. (2014) 383:1490-
502. doi: 10.1016/S0140-6736(13)61649-9

2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2017. CA Cancer ] Clin. (2017)
67:7-30. doi: 10.3322/caac.21387

3. Nishihara R, Wu K, Lochhead P, Morikawa T, Liao X, Qian ZR, et al. Long-
term colorectal-cancer incidence and mortality after lower endoscopy. N Engl
J Med. (2013) 369:1095-105. doi: 10.1056/NEJMoal301969

4. LiJ, Dittmar RL, Xia S, Zhang H, Du M, Huang CC, et al. Cell-free DNA
copy number variations in plasma from colorectal cancer patients. Mol Oncol.
(2017) 11:1099-111. doi: 10.1002/1878-0261.12077

5. Gogolevskaya IK, Makarova JA, Gause LN, Kulichkova VA,
Konstantinova IM, Kramerov DA. U87 RNA, a novel C/D
box small nucleolar RNA from mammalian cells. Gene. (2002)

292:199-204. doi: 10.1016/S0378-1119(02)00678-9

6. Xu M, Chen X, Lin K, Zeng K, Liu X, Xu X, et al. IncRNA SNHG6 regulates
EZH2 expression by sponging miR-26a/b and miR-214 in colorectal cancer. J
Hematol Oncol. (2019) 12:3. doi: 10.1186/s13045-018-0690-5

7. Jafari-Oliayi A, Asadi MH. SNHG®6 is upregulated in primary breast cancers
and promotes cell cycle progression in breast cancer-derived cell lines. Cell
Oncol (Dordr). (2019) 42:211-21. doi: 10.1007/s13402-019-00422-6

8. Chang L, Yuan Y, Li C, Guo T, Qi H, Xiao Y, et al. Upregulation of
SNHG6 regulates ZEBI expression by competitively binding miR-101-3p
and interacting with UPF1 in hepatocellular carcinoma. Cancer Lett. (2016)
383:183-94. doi: 10.1016/j.canlet.2016.09.034

DATA AVAILABILITY STATEMENT

The datasets analyzed for this study can be found in the Gene
Expression Omnibus (GEO), UALCAN, Oncomine.

AUTHOR CONTRIBUTIONS

ZL and XY conducted the bioinformatics analysis included in this
study. ZL and XW were responsible for the experimental section.
ZL and KS wrote the manuscript. AL checked the manuscript.
XW and SL designed the study.

FUNDING

This study was supported by the Medical Scientific Research
Foundation of Guangdong Province, China, grant number
A2019538; the President Foundation of Nanfang Hospital, grant
number 2017C046; the Guangdong Gastrointestinal Disease
Research Center, grant number 2017B020209003; and the
Special Scientific Research Fund of Public Welfare Profession
of National Health and Family Planning Commission, grant
number 201502026.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2020.00363/full#supplementary-material

Figure S1 | Expression and prognostic values of SNHG6 in Ovarian cancer. (A,B)
High expression of hnRNPA1 in ovarian cancer. (C,D) Low expression of
hnRNPA1 was associated with poor prognosis in ovarian cancer. Ns, P > 0.05; *P
< 0.05; *P < 0.01; **P < 0.001; ***P < 0.0001.

9. Zhu Y, Xing Y, Chi E Sun W, Zhang Z, Piao D. Long noncoding RNA
SNHG6 promotes the progression of colorectal cancer through sponging
miR-760 and activation of FOXC1. Onco Targets Ther. (2018) 11:5743-
52. doi: 10.2147/0TT.S170246

Wang X, Lai Q, He ], Li Q, Ding J, Lan Z, et al. LncRNA SNHG6 promotes
proliferation, invasion and migration in colorectal cancer cells by activating
TGF-beta/Smad signaling pathway via targeting UPF1 and inducing EMT via
regulation of ZEB1. Int ] Med Sci. (2019) 16:51-9. doi: 10.7150/ijms.27359

. Wang ET, Sandberg R, Luo S, Khrebtukova I, Zhang L, Mayr C, et al
Alternative isoform regulation in human tissue transcriptomes. Nature. (2008)
456:470-6. doi: 10.1038/nature07509

Pan Q, Shai O, Lee LJ, Frey BJ, Blencowe BJ. Deep surveying of alternative
splicing complexity in the human transcriptome by high-throughput
sequencing. Nat Genet. (2008) 40:1413-5. doi: 10.1038/ng.259

David CJ, Chen M, Assanah M, Canoll P, Manley JL. HnRNP proteins
controlled by c-Myc deregulate pyruvate kinase mRNA splicing in cancer.
Nature. (2010) 463:364-8. doi: 10.1038/nature08697

Chen M, David CJ, Manley JL. Concentration-dependent control of pyruvate
kinase M mutually exclusive splicing by hnRNP proteins. Nat Struct Mol Biol.
(2012) 19:346-54. doi: 10.1038/nsmb.2219

GuZ,XiaJ,XuH, Frech I, Tricot G, Zhan F. NEK2 promotes aerobic glycolysis
in multiple myeloma through regulating splicing of pyruvate kinase. ] Hemnatol
Oncol. (2017) 10:17. doi: 10.1186/s13045-017-0392-4

Chen M, Zhang J, Manley JL. Turning on a fuel switch of cancer: hnRNP
proteins regulate alternative splicing of pyruvate kinase mRNA. Cancer Res.
(2010) 70:8977-80. doi: 10.1158/0008-5472.CAN-10-2513

Frontiers in Oncology | www.frontiersin.org

17

March 2020 | Volume 10 | Article 363


https://www.frontiersin.org/articles/10.3389/fonc.2020.00363/full#supplementary-material
https://doi.org/10.1016/S0140-6736(13)61649-9
https://doi.org/10.3322/caac.21387
https://doi.org/10.1056/NEJMoa1301969
https://doi.org/10.1002/1878-0261.12077
https://doi.org/10.1016/S0378-1119(02)00678-9
https://doi.org/10.1186/s13045-018-0690-5
https://doi.org/10.1007/s13402-019-00422-6
https://doi.org/10.1016/j.canlet.2016.09.034
https://doi.org/10.2147/OTT.S170246
https://doi.org/10.7150/ijms.27359
https://doi.org/10.1038/nature07509
https://doi.org/10.1038/ng.259
https://doi.org/10.1038/nature08697
https://doi.org/10.1038/nsmb.2219
https://doi.org/10.1186/s13045-017-0392-4
https://doi.org/10.1158/0008-5472.CAN-10-2513
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Lanetal.

INcRNA SNHG6 in CRC Growth

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Warburg O. On the origin of cancer cells. Science. (1956) 123:309-
14. doi: 10.1126/science.123.3191.309

Yu C, Sun J, Leng X, Yang J. Long noncoding RNA SNHG6 functions
as a competing endogenous RNA by sponging miR-181a-5p to regulate
E2F5 expression in colorectal cancer. Cancer Manag Res. (2019) 11:611-
24. doi: 10.2147/CMAR.S182719

Tsai MC, Manor O, Wan Y, Mosammaparast N, Wang JK, Lan F et al.
Long noncoding RNA as modular scaffold of histone modification complexes.
Science. (2010) 329:689-93. doi: 10.1126/science.1192002

Li J, He M, Xu W, Huang S. LINC01354 interacting with hnRNP-D
contributes to the proliferation and metastasis in colorectal cancer through
activating Wnt/beta-catenin signaling pathway. J Exp Clin Cancer Res. (2019)
38:161. doi: 10.1186/s13046-019-1150-y

Mercer TR, Dinger ME, Mattick JS. Long non-coding RNAs: insights into
functions. Rev Genet. (2009) 10:155-9. doi: 10.1038/nrg2521

Hou M, Tang X, Tian E Shi E Liu F, Gao G. AnnoLnc: a web server for
systematically annotating novel human IncRNAs. BMC Genomics. (2016)
17:931. doi: 10.1186/s12864-016-3287-9

Chandrashekar DS, Bashel B, Balasubramanya SAH, Creighton CJ, Ponce-
Rodriguez I, Chakravarthi B, et al. UALCAN: a portal for facilitating tumor
subgroup gene expression and survival analyses. Neoplasia. (2017) 19:649-
58. doi: 10.1016/j.ne0.2017.05.002

Rhodes DR, Yu J, Shanker K, Deshpande N, Varambally R, Ghosh D, et al.
ONCOMINE: a cancer microarray database and integrated data-mining
platform. Neoplasia. (2004) 6:1-6. doi: 10.1016/S1476-5586(04)80047-2
Yuan H, Yan M, Zhang G, Liu W, Deng C, Liao G, et al. CancerSEA:
a cancer single-cell state atlas. Nucleic Acids Res. (2019) 47:D900-
8. doi: 10.1093/nar/gky939

Cao Z, Pan X, Yang Y, Huang Y, Shen HB. The IncLocator:
a subcellular localization predictor for long non-coding RNAs
based on a stacked ensemble classifier. Bioinformatics. (2018)
34:2185-94. doi: 10.1093/bioinformatics/bty085

R2: Genomics Analysis and Visualization Platform. Available online at: http://
r2.amc.nl

Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, et al.
STRING v11: protein-protein association networks with increased coverage,
supporting functional discovery in genome-wide experimental datasets.
Nucleic Acids Res. (2019) 47:D607-13. doi: 10.1093/nar/gky1131

Cline MS, Smoot M, Cerami E, Kuchinsky A, Landys N, Workman C, et al.
Integration of biological networks and gene expression data using Cytoscape.
Nat Protoc. (2007) 2:2366-82. doi: 10.1038/nprot.2007.324

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage
D, et al. Cytoscape: a integrated
models of biomolecular interaction networks. Genome Res. (2003)
13:2498-504. doi: 10.1101/gr.1239303

Bader GD, Hogue CW. An automated method for finding molecular
complexes in large protein interaction networks. BMC Bloinformatics. (2003)
4:2. doi: 10.1186/1471-2105-4-2

Wang J, Vasaikar S, Shi Z, Greer M, Zhang B. WebGestalt 2017: a more
comprehensive, powerful, flexible and interactive gene set enrichment analysis
toolkit. Nucleic Acids Res. (2017) 45:W130-7. doi: 10.1093/nar/gkx356

Zhou KR, Liu S, Sun WJ, Zheng LL, Zhou H, Yang JH, et al. ChIPBase
v2.0: decoding transcriptional regulatory networks of non-coding RNAs and
protein-coding genes from ChIP-seq data. Nucleic Acids Res. (2017) 45:D43-
50. doi: 10.1093/nar/gkw965

Gyorfly B, Lanczky A, Eklund AC, Denkert C, Budczies ], Li Q, et al. An online
survival analysis tool to rapidly assess the effect of 22,277 genes on breast
cancer prognosis using microarray data of 1,809 patients. Breast Cancer Res
Treat. (2010) 123:725-31. doi: 10.1007/s10549-009-0674-9

Interactive human protein atlas launches. Cancer discov. (2015) 5:339.
doi: 10.1158/2159-8290.CD-NB2015-019

Vasaikar SV, Straub P, Wang J, Zhang B. LinkedOmics: analyzing multi-
omics data within and across 32 cancer types. Nucleic Acids Res. (2018)
46:D956-63. doi: 10.1093/nar/gkx1090

Li JH, Liu S, Zhou H, Qu LH, Yang JH. starBase v2.0: decoding
miRNA-ceRNA, miRNA-ncRNA and protein-RNA interaction networks
from large-scale CLIP-Seq data. Nucleic Acids Res. (2014) 42:D92-
7. doi: 10.1093/nar/gkt1248

software environment for

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Bellucci M, Agostini E Masin M, Tartaglia GG. Predicting protein
associations with long noncoding RNAs. Nat Methods. (2011) 8:444-
5. doi: 10.1038/nmeth.1611

Chang TH, Huang HY, Hsu JB, Weng SL, Horng JT, Huang HD. An
enhanced computational platform for investigating the roles of regulatory
RNA and for identifying functional RNA motifs. BMC Bioinformatics. (2013)
14(Suppl.2):S4. doi: 10.1186/1471-2105-14-S2-54

El-Gebali S, Mistry J, Bateman A, Eddy SR, Luciani A, Potter SC, et al.
The Pfam protein families database in (2019). Nucleic Acids Res. (2019)
47:D427-32. doi: 10.1093/nar/gky995

Letunic I, Bork P. 20 years of the SMART protein domain annotation

resource. Nucleic Acids Res. (2018) 46:D493-6. doi: 10.1093/nar/g
kx922

Kozomara A, Birgaoanu M, Griffiths-Jones S. miRBase: from
microRNA  sequences to function. Nucleic Acids Res. (2019)

47:D155-62. doi: 10.1093/nar/gky1141

Agarwal V, Bell GW, Nam JW, Bartel DP. Predicting effective microRNA
target sites in mammalian mRNAs. ELife. (2015) 4. doi: 10.7554/eLife.05005
Qi X, Jiao Y, Cheng C, Qian E Chen Z, Wu Q. H22954, a novel
long non-coding RNA down-regulated in AML, inhibits
growth in a BCL-2-dependent mechanism. Cancer Lett.
454:26-36. doi: 10.1016/j.canlet.2019.03.055

Gu P, Chen X, Xie R, Xie W, Huang L, Dong W, et al. A novel
AR translational regulator IncRNA LBCS inhibits castration resistance
of prostate cancer. Mol Cancer. (2019) 18:109. doi: 10.1186/s12943-019-
1037-8

Qin G, Tu X, Li H, Cao P, Chen X, Song ], et al. Long noncoding
RNA p53-stabilizing and activating RNA promotes p53 signaling by
inhibiting heterogeneous nuclear Ribonucleoprotein K deSUMOylation
and suppresses hepatocellular carcinoma. Hepatology. (2019) 71:112-
29. doi: 10.1002/hep.30793

World Health Organization. Global cancer observation. Data source:
GLOBOCAN. (2018). Graph Production: IARC. Available online at: http://gco.
iarc.fr/today

Sadanandam A, Lyssiotis CA, Homicsko K, Collisson EA, Gibb WIJ,
Waullschleger S, et al. A colorectal cancer classification system that associates
cellular phenotype and responses to therapy. Nat Med. (2013) 19:619-
25. doi: 10.1038/nm.3175

Gibb EA, Brown CJ, Lam WL. The functional role of long non-coding RNA in
human carcinomas. Mol Cancer. (2011) 10:38. doi: 10.1186/1476-4598-10-38
Zheng YL, Li L, Jia YX, Zhang BZ, Li JC, Zhu YH, et al. LINC01554-
mediated glucose metabolism reprogramming suppresses tumorigenicity
in hepatocellular carcinoma via downregulating PKM2 expression
and inhibiting akt/mtor signaling pathway. Theranostics. (2019)
9:796-810. doi: 10.7150/thno.28992

Wu Y, Shao A, Wang L, Hu K, Yu C, Pan C, et al. The role of
IncRNAs in the distant metastasis of breast cancer. Front Oncol. (2019)
9:407. doi: 10.3389/fonc.2019.00407

Ma Y, Yang Y, Wang F, Moyer MP, Wei Q, Zhang P, et al. Long non-coding
RNA CCAL regulates colorectal cancer progression by activating Wnt/beta-
catenin signalling pathway via suppression of activator protein 2a. Gut. (2016)
65:1494-504. doi: 10.1136/gutjnl-2014-308392

Rigoutsos I, Lee SK, Nam SY, Anfossi S, Pasculli B, Pichler M, et al. N-
BLR, a primate-specific non-coding transcript leads to colorectal cancer
invasion and migration. Genome Biol. (2017) 18:98. doi: 10.1186/s13059-01
7-1224-0

Zhang Z, Zhou C, Chang Y, Zhang Z, Hu Y, Zhang F, et al. Long non-coding
RNA CASCI1 interacts with hnRNP-K and activates the WNT/beta-catenin
pathway to promote growth and metastasis in colorectal cancer. Cancer Lett.
(2016) 376:62-73. doi: 10.1016/j.canlet.2016.03.022

Xu C, Yang M, Tian ], Wang X, Li Z. MALAT-1: a long non-
coding RNA and its important 3’ end functional motif in colorectal
cancer metastasis. Int | Oncol. (2011) 39:169-75. doi: 10.3892/ijo.20
11.1007

Rodriguez-Aguayo C, Monroig PDC, Redis RS, Bayraktar E, Almeida MI,
Ivan C, et al. Regulation of hnRNPA1 by microRNAs controls the miR-18a-
K-RAS axis in chemotherapy-resistant ovarian cancer. Cell Discov. (2017)
3:17029. doi: 10.1038/celldisc.2017.29

cancer
(2019)

Frontiers in Oncology | www.frontiersin.org

March 2020 | Volume 10 | Article 363


https://doi.org/10.1126/science.123.3191.309
https://doi.org/10.2147/CMAR.S182719
https://doi.org/10.1126/science.1192002
https://doi.org/10.1186/s13046-019-1150-y
https://doi.org/10.1038/nrg2521
https://doi.org/10.1186/s12864-016-3287-9
https://doi.org/10.1016/j.neo.2017.05.002
https://doi.org/10.1016/S1476-5586(04)80047-2
https://doi.org/10.1093/nar/gky939
https://doi.org/10.1093/bioinformatics/bty085
http://r2.amc.nl
http://r2.amc.nl
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.1038/nprot.2007.324
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1186/1471-2105-4-2
https://doi.org/10.1093/nar/gkx356
https://doi.org/10.1093/nar/gkw965
https://doi.org/10.1007/s10549-009-0674-9
https://doi.org/10.1158/2159-8290.CD-NB2015-019
https://doi.org/10.1093/nar/gkx1090
https://doi.org/10.1093/nar/gkt1248
https://doi.org/10.1038/nmeth.1611
https://doi.org/10.1186/1471-2105-14-S2-S4
https://doi.org/10.1093/nar/gky995
https://doi.org/10.1093/nar/gkx922
https://doi.org/10.1093/nar/gky1141
https://doi.org/10.7554/eLife.05005
https://doi.org/10.1016/j.canlet.2019.03.055
https://doi.org/10.1186/s12943-019-1037-8
https://doi.org/10.1002/hep.30793
http://gco.iarc.fr/today
http://gco.iarc.fr/today
https://doi.org/10.1038/nm.3175
https://doi.org/10.1186/1476-4598-10-38
https://doi.org/10.7150/thno.28992
https://doi.org/10.3389/fonc.2019.00407
https://doi.org/10.1136/gutjnl-2014-308392
https://doi.org/10.1186/s13059-017-1224-0
https://doi.org/10.1016/j.canlet.2016.03.022
https://doi.org/10.3892/ijo.2011.1007
https://doi.org/10.1038/celldisc.2017.29
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Lanetal.

INcRNA SNHG6 in CRC Growth

57.

58.

59.

60.

Kuranaga Y, Sugito N, Shinohara H, Tsujino T, Taniguchi K, Komura K, et al.
SRSF3, a splicer of the PKM gene, regulates cell growth and maintenance of
cancer-specific energy metabolism in colon cancer cells. Int J Mol Sci. (2018)
19. doi: 10.3390/ijms19103012

Nishikawa T, Kuwano Y, Takahara Y, Nishida K, Rokutan K. HnRNPA1
interacts with G-quadruplex in the TRA2B promoter and stimulates
its transcription in human colon cancer cells. Sci Rep. (2019)
9:10276. doi: 10.1038/s41598-019-46659-x

Ji E, Lee H, Ahn S, Jung M, Lee SH, Lee JH, et al. Heterogeneous nuclear
ribonucleoprotein Al promotes the expression of autophagy-related protein
6 in human colorectal cancer. Biochem Biophys Res Commun. (2019) 513:255-
60. doi: 10.1016/j.bbrc.2019.03.179

Singh R, Gupta SC, Peng WX, Zhou N, Pochampally R, Atfi
A, et al. Regulation of alternative splicing of Bcl-x by BC200

contributes to breast cancer pathogenesis. Cell Death Dis. (2016)
7:€2262. doi: 10.1038/cddis.2016.168

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Lan, Yao, Sun, Li, Liu and Wang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Oncology | www.frontiersin.org

19

March 2020 | Volume 10 | Article 363


https://doi.org/10.3390/ijms19103012
https://doi.org/10.1038/s41598-019-46659-x
https://doi.org/10.1016/j.bbrc.2019.03.179
https://doi.org/10.1038/cddis.2016.168
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	The Interaction Between lncRNA SNHG6 and hnRNPA1 Contributes to the Growth of Colorectal Cancer by Enhancing Aerobic Glycolysis Through the Regulation of Alternative Splicing of PKM
	Introduction
	Methods
	Expression and Prognostic Values of SNHG6 in Colorectal Cancer
	Expression of SNHG6 in Colorectal Cancer
	Prognostic Value of SNHG6 in Colorectal Cancer

	Comprehensive RNA-Binding Proteins–Mass Spectrometry Analysis
	Bioinformatics Analysis of Comprehensive RNA-Binding Proteins–Mass Spectrometry Results
	Protein–Protein Interactive Network and Module Identification
	Functional Enrichment Analysis of 44 Genes in the Module
	Characteristics of hnRNP Proteins in Colorectal Cancer
	Co-expression analysis of hnRNP proteins and SHNG6 in colorectal cancer
	Expression of hnRNP proteins in colorectal cancer
	Prognostic value of hnRNP proteins in colorectal cancer
	Expression of hnRNP proteins in drug-resistant colorectal cancer cell lines


	Pathway Enrichment Analysis of SNHG6 in Colorectal Cancer
	Pathway Enrichment Analysis of 467 Proteins of SNHG6 in Colorectal Cancer
	Pathway Enrichment Analysis of Genes Associated With SNHG6 Expression in Colorectal Cancer
	Pathway Enrichment Analysis of mRNA Interacting Directly With SNHG6
	Pathway Enrichment Analysis of Genes Correlated With SNHG6 in GSE103479

	Quantitative Real-Time Polymerase Chain Reaction
	Associations in the SNHG6/hnRNPA1/PKM Axis
	The Binding Site Between SNHG6 and hnRNPA1
	Splicing Regulatory Motif of SNHG6 Combined With hnRNPA1
	Functional Domains of hnRNPA1 Associated With SNHG6
	Exploration of the Targeted mRNA of SNHG6


	Results
	Expression and Prognostic Values of SNHG6 in Colorectal Cancer
	High Expression of SNHG6 in Colorectal Cancer
	High Expression of SNHG6 Is Associated With Poor Prognosis in Colorectal Cancer

	467 Proteins Interact With SNHG6 in Colorectal Cancer
	Bioinformatics Analysis of Comprehensive RNA-Binding Proteins–Mass Spectrometry Results
	Protein–Protein Interactive Network and Module Identification
	The Module Could Promote Colorectal Cancer by Splicing and Processing mRNA
	Characteristics of hnRNP Proteins in Colorectal Cancer
	The expression of hnRNP proteins was positively correlated with SNHG6 expression in colorectal cancer
	High expression of hnRNP proteins in colorectal cancer
	Low expression of hnRNP proteins was associated with poor prognosis in colorectal cancer
	Relatively low expression of hnRNPA1, hnRNPM, and hnRNPK in drug-resistant colorectal cells


	SNHG6 Plays an Important Role in the Metabolism of Colorectal Cancer
	Pathway Enrichment Analysis of 467 Proteins Obtained From the Comprehensive RNA-Binding Proteins–Mass Spectrometry Analysis of Colorectal Cancer
	Pathway Enrichment Analysis of Genes Related to SNHG6 Expression in Colorectal Cancer

	The SNHG6/HNRNPA1/PKM Axis Was Found to Be Involved in the Metabolic Mechanism of Colorectal Cancer
	Pathway Enrichment Analysis of RNAs That Interact Directly With SNHG6
	Pathway Enrichment Analysis of Genes Correlated With SNHG6 in GSE103479

	SNHG6 Expression Is Positively Correlated With PKM2/PKM1 Ratio
	Discussion on SNHG6/hnRNPA1/PKM Interaction
	The Binding Site of SNHG6 Interacting With hnRNPA1
	Splicing Regulatory Motif of SNHG6 Was Associated With hnRNPA1
	Functional Domains of hnRNPA1 Were Associated With SNHG6
	SNHG6 Could Target the 3'UTR of PKM mRNA


	Discussion
	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


