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Abstract

Background: SLCO4A1-AST was found to be upregulated in several cancer types, including colorectal cancer (CRQ).
However, the detailed roles of SLCO4A1-AST in CRC remain to be elucidated. Therefore, we investigated the functions,
mechanism, and clinical significance of SLCO4A1-AST in colorectal tumourigenesis.

Methods: We measured the expression of SLCO4A1-AST in CRC tissues using gRT-PCR and determined its correla-
tion with patient prognosis. Promoter methylation analyses were used to assess the methylation status of SLCO4A1-
AST. Gain- and loss-of-function assays were used to evaluate the effects of SLCO4A1-AS1 on CRC growth in vitro and
in vivo. RNA pull-down, RNA immunoprecipitation, RNA-seq, luciferase reporter and immunohistochemistry assays
were performed to identify the molecular mechanism of SLCO4A1-AST in CRC.

Results: SLCO4A1-AS1 was frequently upregulated in CRC tissues based on multiple CRC cohorts and was associated
with poor prognoses. Aberrant overexpression of SLCO4A1-AST in CRC is partly attributed to the DNA hypomethyla-
tion of its promoter. Ectopic SLCO4A1-AST expression promoted CRC cell growth, whereas SLCO4A1-AS1 knockdown
repressed CRC proliferation both in vitro and in vivo. Mechanistic investigations revealed that SLCO4A1-AST functions
as a molecular scaffold to strengthen the interaction between Hsp90 and Cdk2, promoting the protein stability of
Cdk2.The SLCO4A1-AST1-induced increase in Cdk2 levels activates the c-Myc signalling pathway by promoting the
phosphorylation of c-Myc at Ser62, resulting in increased tumour growth.

Conclusions: Our data demonstrate that SLCO4A1-AS1 acts as an oncogene in CRC by regulating the Hsp90/Cdk2/c-
Myc axis, supporting SLCO4A1-AS1 as a potential therapeutic target and prognostic factor for CRC.
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Background

More than 1.9 million new colorectal cancer (CRC)
cases and approximately 100,000 deaths were estimated
in 2020, ranking the third in terms of incidence and the
second in terms of mortality representing approximately
one in ten cancer cases and deaths worldwide [1]. The
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pathogenesis of CRC involves multiple factors, including
environmental, genetic, and epigenetic variables, and its
detailed molecular mechanisms remain unclear [2]. Dur-
ing the past decade, long noncoding RNAs (IncRNAs)
have been linked to cancer occurrence and metastasis
by acting as either oncogenes or tumour suppressors [3,
4]. These IncRNAs are generally endogenous, no shorter
than 200 nucleotides in length and have limited or no
protein-coding capacity [5]. Dysregulation of IncRNAs
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has been implicated in the development and progression
of almost all types of tumours, including CRC.

CRC exhibits abnormal expression patterns of IncR-
NAs, and some IncRNAs, including MEG3[6], SLCC1
[7], H19 [8], FEZF1-AS1 [9], UCAL1 [10], and LINC00152
[11], have been reported to regulate colorectal tumouri-
genesis and progression by targeting tumour-related
signalling pathways. We previously identified several
IncRNAs with important roles in CRC and demonstrated
that IncRNAs appear to be promising cancer biomarkers
[9-15]. For example, we revealed that FEZF1-AS1 pro-
mote CRC growth and metastasis by regulating STAT3
signalling and glycolysis [9]. These data demonstrate the
key roles of IncRNAs in the complicated pathogenesis of
CRC.

SLCO4A1 antisense RNA 1 (SLCO4A1-AS1) is located
on the opposite strand of SLCO4A1l on chromosome
20, which is significantly overexpressed in multiple can-
cer types, including CRC [16-21]. Limited studies have
reported that SLCO4A1-AS1 could promote tumouri-
genesis and metastasis via different mechanisms, par-
ticularly by regulating different microRNAs (miRNAs)
[16-21].

In this study, we confirmed the aberrant overexpres-
sion and prognostic role of SLCO4A1-AS1 in CRC using
multiple cohorts and revealed that decreased DNA
methylation levels in the promoter of SLCO4A1-AS1
account for, at least partly, the aberrant overexpression of
SLCO4A1-AS1 in CRC. Functional analyses revealed that
SLCO4A1-AS1 markedly promotes tumour growth both
in vitro and in vivo. Further mechanistic investigations
revealed that SLCO4A1-AS1 acts as a molecular scaffold
to strengthen the interaction between Hsp90 and Cdk2
and subsequently promotes Cdk2 protein stability in
CRC cells. Finally, the SLCO4A1-AS1-induced increase
in Cdk2 levels activates the c-Myc signalling pathway by
promoting the phosphorylation of c-Myc at Ser62. Col-
lectively, these data highlight a novel regulatory role of
SLCO4A1-AS1 in c-Myc signalling via the Hsp90-Cdk2
axis in CRC, suggesting that SLCO4A1-AS1 represents
a potential therapeutic target and prognostic factor for
CRC.

Methods

Patient information and cell lines

Two CRC cohorts, comprising 109 (CRC cohort 1) and
158 (CRC cohort 2) human primary CRC tissues and
their adjacent noncancerous tissues (NCTs) were col-
lected from Fudan University Shanghai Cancer Center
with informed consent and Affiliated Hospital of Jiang-
nan University, respectively. The detailed information of
patients was listed in Additional file 1: Table S1.
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CRC cell lines (HT29, LoVo, HCTI116, SW620,
and SW480) and the normal colon epithelial cell line
NCM460 were purchased from the American Type Cul-
ture Collection (ATCC). LoVo and SW620 cells were
cultured in F12K and RPMI 1640, respectively, whereas
other cells were maintained in DMEM. All media were
supplemented with 10% fetal bovine serum and incu-
bated at 37 °C and 5% CO,. These lines were tested for
mycoplasma contamination before use to ensure that
they were mycoplasma-free.

Cell transfection and constructions of stable cell lines

Small interfering RNAs (siRNAs) against human
SLCO4A1-AS1 (siSLC, 5'-GTTTCTGAGAACTGACAT
A-3') were purchased from RiboBio (China). The pLenti-

EFla-EGFP-F2A-Puro-CMV-MCS  (oeCtrl), pLenti-
EF1a-EGFP-F2A-Puro-CMV-SLCO4A1-AS1 (0eSLC),
pLKD-CMV-G&PR-U6-shRNA (shCtrl), and pLKD-
CMV-G&PR-U6-shSLCO4A1-AS1  (shSLC) plasmids

were purchased from OBiO (China). Plasmids or siRNAs
were transfected into cells using the LipoFiter transfec-
tion reagent (HanBio, China). The generation of lentiviral
particles and the constructions of stable cell lines were
conducted as we previously described [9].

RNA extraction and quantitative RT-PCR analyses

Total RNA was extracted from tissues or cells using an
RNA Isolater (Vazyme, China) under RNase-free condi-
tions according to the manufacturer’s protocol. Cytoplas-
mic and nuclear RNA were separated to analyze RNA
subcellular localization according to the instructions of
a PARIS™ Kit (Ambion, USA). RNA was reverse tran-
scribed into complementary DNA (cDNA) using a HiFiS-
cript cDNA Synthesis Kit (CWBIO, China). Quantitative
RT-PCR (qRT-PCR) was performed using UltraSYBR
Mixture (CWBIO), with ACTB as an internal control and
U6 small nuclear RNA as a nuclear endogenous control.
The primers used for qRT-PCR were listed in Additional
file 2: Table S2.

Promoter methylation analyses

Genomic DNA was extracted from cancer cells or human
leukocytes using a Genomic DNA Mini Preparation Kit
(Beyotime, China) and then bisulfite-modified using an
EpiJET Bisulfite Conversion Kit (Thermo Fisher, USA).
To determine the methylation status of each CpG site,
the resulting modified DNA was amplified with bisulfite
sequencing PCR (BSP) primers, and the PCR products
were then inserted into a T-vector for Sanger sequencing.
To perform methylation-specific PCR (MSP) analyses,
bisulfite-treated DNA was amplified using methylation-
specific primers, and the PCR products were subjected
to electrophoresis using 2% agarose gels. BSP and MSP
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primers were designed using MethPrimer (http://www.
urogene.org/cgi-bin/methprimer2/MethPrimer.cgi) [22]
and listed in Additional file 2: Table S2. NCM460 and
LoVo Cells were treated with 10 pmol/L 5-aza-dC (Beyo-
time, inhibitor of DNA Methyltransferase) for 72 h, and
then subjected to the quantitation of SLCO4A1-AS1 by
qRT-PCR.

Cell proliferation and colony formation assays

Cell Counting Kit 8 (CCKS, Dojindo, Japan) and colony
formation assays were performed to evaluate cell prolif-
eration abilities as we previously described [9].

Cell cycle analysis

CRC cells were synchronized by serum starvation for
24 h and were then released into the cell cycle with 20%
fetal bovine serum. Cells were fixed in chilled 75% etha-
nol at 4 °C overnight and subsequently resuspended in
800 ul of phosphate-buffered saline. Next, the fixed cells
were stained with propidium iodide (PI, CWBIO) and
assessed by a flow cytometer system (BD Biosciences,
USA) to analyze the percentage of cells in different
phases of the cell cycle.

Tumourigenesis in nude mice

To assess the in vivo effect of SLCO4A1-AS1 on tumouri-
genesis, a total of 2 x 10° HCT116 (SW620) cells stably
overexpressing SLCO4A1-AS1 (shSLC) or the control
vector were subcutaneously injected into the flanks of
5-week-old athymic nude BALB/c mice to establish a
CRC xenograft model. When a tumour was palpable, its
volume was measured every two days and was calculated
according to the formula: volume (mm?)=longer diam-
eter x shorter diameter” x 0.5. All protocols concerning
animals were approved by the Clinical Research Ethics
Committees of Jiangnan University.

Western blotting and co-immunoprecipitation (co-IP)

Whole-cell lysates were prepared using RIPA buffer con-
taining protease inhibitors (Beyotime). The separation
of nuclear and cytoplasmic protein fractions was per-
formed using a Nuclear and Cytoplasmic Protein Extrac-
tion Kit (Beyotime). Extracted proteins were separated by
SDS-PAGE and transferred to a PVDF membrane. The
membrane was blocked with 5% nonfat milk, incubated
with primary antibodies at 4 °C overnight, and analyzed
by immunoblotting using HRP-conjugated secondary
antibodies. Co-IP assays were performed as previously
described [23]. Antibodies used in western blotting and
co-IP assays were purchased from the following manu-
facturers: Proteintech (Cdk2, Hsp90, and c-Myc), Abmart
(Phospho-c-Myc (S62), Histone H3.1, Myc-Tag, and
Flag-tag), ABclonal (B-actin), Absin (GAPDH), and CST
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(HA-Tag). An anti-B-actin antibody was used as a con-
trol for whole-cell lysates. Histone H3.1 and GAPDH
antibodies were used as markers of nuclear and cytoplas-
mic protein fractions, respectively. Normal rabbit IgG or
mouse IgG antibody was used as an isotype control for
co-IP arrays.

RNA pull-down and mass spectrometry analyses

RNA pull-down assay was performed as we previously
described [9]. Detailed information regarding the prim-
ers used for in vitro transcription is depicted in Addi-
tional file 2: Table S2. The retrieved proteins in RNA
pull-down assays were separated on SDS-PAGE gels for
protein mass spectrometry and western blot analyses.

RNA immunoprecipitation (RIP)

RIP was performed using a Magna RIP Kit (Merck, USA)
according to the manufacturer’s instructions. Briefly, cells
were lysed in RIP lysis buffer supplemented with RNase
and protease inhibitors, followed by the addition of mag-
netic beads coated with a specific antibody to enrich
RNA-protein complexes. Precipitated RNAs were then
eluted and subjected to qRT-PCR analyses.

RNA-seq and bioinformatics analyses

Online RNA-seq and DNA methylation data were down-
loaded from The Cancer Genome Atlas (TCGA) (http://
cancergenome.nih.gov/). DNA methylation data of
cancer cell lines were collected from Cancer Cell Line
Encyclopedia (CCLE) (http://www.broadinstitute.org/
ccle/). Four independent microarray datasets (GSE9348,
GSE21510, GSE23878, and GSE33113) were available
in GEO (http://www.ncbi.nlm.nih.gov/geo). RNA-seq
assays were performed to measure the mRNA expres-
sion profiles of SLCO4A1-AS1-silenced HT29 cells or
SLCO4A1-AS1-overexpressing LoVo cells as well as their
control cells at GENEWIZ (China) using HiSeq3000
(Ilumina, USA). Gene set enrichment analysis (GSEA)
was launched to identify genes of statistical difference by
using GSEA v3 software (http://www.brodinstitute.org/
gsea/index.jsp) [24]. Differential expression genes (DEGs,
|logFC|20.5) were clustered and visualized using the
pheatmap R package. The clusterProfiler R package was
used to identify and visualize the enrichment results of
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways of DEGs [25].

Luciferase reporter assay

A minimal promoter (TATA-box) and four tandem
repeats of canonical c-Myc E-boxes (CACGTG) were
synthesized and inserted upstream of the firefly luciferase
reporter gene (luc+) in pGL3-Basic vector (Promega,
USA), which was used to evaluate the transcription
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activation levels of c-Myc. The constructed plasmids and
the pRL-TK plasmids (Renilla luciferase) were cotrans-
fected into CRC cells. Twenty-four hours after transfec-
tion, the cells were harvested and subjected to luciferase
activity analyses using the Dual-Luciferase® Reporter
Assay System (Beyotime). The primers used for con-
structs were listed in Additional file 2: Table S2.

Fluorescent in situ hybridization (FISH)

and immunohistochemistry (IHC) staining

The fluorescent in situ detection of SLCO4A1-AS1 was
performed on HCT116 cells and 4 pum fresh frozen tissue
slides according to the manufacture’s protocol provided
by Ribo"" Fluorescent In Situ Hybridization Kit (RiboBio).
IHC staining was performed on 4-um sections of the tis-
sue microarrays constructed using paraffin-embedded
CRC tissue samples with primary antibodies for Cdk2
(1:50, Proteintech) or Phospho-c-Myc (62) (p-62 c-Myc,
1:100, Abmart). Next, the expression levels of Cdk2 and
p-62 c-Myc were quantified using the GT Vision' " Detec-
tion System (Gene Tech, China). The total Cdk2 and p-62
c-Myc immunostaining scores were evaluated based on
the percentage of positively stained cells and the staining
intensity. The percent positivity was scored on a scale of
0—4 as follows: 0 (0%), 1 (1-25%); 2 (26—50%; 3(51~75%)
and 4 (>75%). The staining intensity was established from
0 to 3, with 0 for no staining, 1 for weakly stained, 2 for
moderately stained, and 3 for strongly stained. Both the
percent positivity of cells and the staining intensity were
evaluated under double-blind conditions by two inde-
pendent pathologists.

Statistical analyses

Statistical analyses were performed using SPSS 23.0
(IBM, USA) or R (version 4.0.3). GraphPad Prism 8.0
software and R software were utilized to create diagrams.
The most appropriate cutoft value for SLCO4A1-AS1 was
obtained by generating receiver operating characteristic
(ROC) curves in our CRC cohorts. The Pearson x* test
was used to analyze the association between SLCO4A1-
AS1 expression and the clinicopathologic features of CRC
patients. The Kaplan—Meier method was used to estimate
overall survival (OS) and disease-free survival (DFS) and
the log-rank test was used to evaluate the differences in
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survival rates. A Cox proportional hazard model was
used for univariate and multivariate analyses. Two-way
ANOVA was used to assess differences between groups.
The Student’s t-test was used to determine significant dif-
ferences in other continuous data. P-values less than 0.05
were considered statistically significant.

Results

SLCO4A1-AS1 is upregulated in CRC and predicts poor
prognosis.

The TCGA CRC dataset including 50 pairs of CRCs and
NCTs was analyzed to screen differentially expressed
IncRNAs (fold change>2, P<0.01) that overlapped with
our previous IncRNA expression profile data in CRC [9]
(Additional file 4: Fig. S1a). We found that 14 candidate
IncRNAs were significantly increased in CRCs com-
pared with paired NCTs (Additional file 3: Table S3). Of
these 14 IncRNAs, six (H19, MIR17HG, PVT1, SNHG16,
SNHG6, and ZFAS1) have been clearly reported to be up-
regulated in CRC. So, we validated the expression of the
remaining eight candidate IncRNAs in 12 pairs of CRCs
and NCTs using qRT-PCR and revealed that SLCO4A1-
AS1 showed the most significant overexpression in CRC
compared with other IncRNAs (Additional file 4: Fig.
S1b). Therefore, we selected SLCO4A1-AS1 for further
research.

Unsupervised hierarchical clustering with 30 signifi-
cantly upregulated IncRNAs distinguished the CRCs
from corresponding NCTs from TCGA database (Fig. 1a).
In addition, pan-cancer analyses based on TCGA data-
sets revealed the upregulation of SLCO4A1-AS1 in mul-
tiple cancer types, with the highest overexpression fold
and abundance in CRC (Fig. 1b, ¢, Additional file 4: Fig.
Slc). Moreover, SLCO4A1-AS1 upregulation was also
observed in the CRC datasets of GSE9348, GSE21510,
GSE23878 and GSE33113 (Fig. 1d). To further validate
these results, we examined SLCO4A1-AS1 levels using
qRT-PCR in an independent CRC cohort that we col-
lected. Consistent with the results of the online data-
bases, SLCO4A1-AS1 was overexpressed in 57% (62 of
109, fold change >2) of CRC tissues compared with their
corresponding NCTs (P =0.0002, Fig. 1e).

To evaluate the pathological and clinical value of
SLCO4A1-AS], patients were divided into two groups

(See figure on next page.)

analyses were performed in CRC cohort 1. *P <0.05; **P <0.01

Fig. 1 SLCO4A1-AS1 is upregulated in CRC and predicts poor prognosis. a Heatmap of the 30 top upregulated IncRNAs from TCGA CRC dataset
identified by unsupervised hierarchical clustering. b and ¢ SLCO4A1-AS1 is overexpressed in multiple cancer types (b) and shows high abundance
in CRC based on TCGA database (c). d Validation of SLCO4A1-AS1 overexpression in CRC samples from four independent GEO databases. e
SLCO4A1-AST was upregulated (>two fold) in 57% (62 of 109) of CRC tissues compared with their paired NCTs in CRC cohort 1. Relative expression
levels of SLCO4A1-AST were quantified by gRT-PCR. f Kaplan—-Meier survival analysis according to SLCO4A1-AST levels in the CRC dataset of

TCGA. Overall survival (g) and disease-free survival (h) analyses according to SLCO4A1-AST1 levels were analyzed using the Kaplan—-Meier method.

i SLCO4A1-AS1-based and TNM-based prediction models were constructed using a ROC method. j The associations between different clinical
characteristics and SLCO4A1-AS1 expression. Statistical significance was performed using the x? test. k Cox univariate and multivariate regression
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according to the cutoft value generated by the ROC curve
method. Survival analyses revealed that patients with
high SLCO4A1-AS1 expression were significantly asso-
ciated with shorter OS and DEFS times in CRC datasets
from our hospital and TCGA (Fig. 1f-h). ROC analyses
showed that the area under curve (AUC) of the combi-
nation of the SLCO4A1-AS1-based and TNM-based pre-
diction models (0.813) was higher than the TNM-based
model alone (0.757), suggesting that the combination of
SLCO4A1-AS1 and TNM stage is more precise in pre-
dicting clinical outcome than TNM stage alone (Fig. 1i).
We next assessed and contrasted SLCO4A1-AS1 expres-
sion with different clinicopathological features and found
that SLCO4A1-AS1 expression positively correlated with
TNM stage (Fig. 1j). Furthermore, univariate and mul-
tivariate regression analyses elucidated that SLCO4A1-
AS1 expression was an independent risk factor for CRC
prognosis (Fig. 1k). Collectively, these findings demon-
strate that SLCO4A1-AS1 is highly expressed in CRC tis-
sues and predicts poor prognosis.

Promoter hypomethylation promotes SLCO4A1-AS1
expression in CRC.

Previous studies have shown that promoter hypomethyla-
tion is related to the upregulation of oncogene and subse-
quent tumourigenesis [26]. We next sought to investigate
the effect of promoter methylation status on the expres-
sion of SLCO4A1-AS1. Interestingly, we identified one
CpG island located in the promoter of SLCO4A1-AS1
using MathPrimer, which was successfully detected
by three DNA methylation probes (cg00633062,
€g22803410, and cgl3735863) (Fig. 2a). According to
TCGA dataset, the methylation levels of SLCO4A1-AS1
in CRC tissues were markedly lower than those in NCTs
and were negatively correlated with the expression levels
of SLCO4A1-AS1 in CRC tissues from both TCGA and
CCLE data sets (Fig. 2b—d, Additional file 5: Table S4).
The methylation status of the CpG island was examined
by BSP in CRC cell lines and two types of normal control
cells (Leukocyte and NCM460). The results showed that
the CpG sites in this CpG island were rarely methylated
in SW620, SW480 or HT29 cells, with average methyla-
tion rates of 0, 0 and 7.5%, respectively (Fig. 2e). In con-
trast, the mean methylation ratios of these CpG sites were
especially high in normal cells (80% for NCM460 and
82.5% for human leukocytes, Fig. 2e). What is more, the
negative association between the methylation status and
expression of SLCO4A1-AS1 was also confirmed in these
CRC cell lines (Fig. 2f). Additionally, NCM460 and LoVo
cells with low expression of SLCO4A1-AS1 were treated
with the DNA methyltransferase inhibitor 5-aza-dC, and
the expression of SLCO4A1-AS1 in the treated cells was
significantly restored (Fig. 2g). The promoter methylation
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status of SLCO4A1-AS1 was also investigated in several
paired tumour tissues using an MSP assay. The results
showed that the relative methylation levels of SLCO4A1-
AS1 promoter were significantly decreased in CRCs
compared with NCTs (Fig. 2h). Together, these data dem-
onstrate that promoter hypomethylation is an important
mechanism mediating the upregulation of SLCO4Al-
AS1in CRC.

SLCO4A1-AS1 induces CRC cell proliferation in vitro

and in vivo

To explore the effects of SLCO4A1-AS1 on cell func-
tions, we overexpressed SLCO4A1-AS1 in HCTI116
and LoVo cells expressing relatively low levels of endog-
enous SLCO4A1-AS1 and knocked down SLCO4A1-AS1
expression in HT29 and SW620 cells with relatively high
levels of endogenous SLCO4A1-AS1 (Figs. 2e and 3a).
The results showed that overexpression of SLCO4Al-
AS1 dramatically promoted cell proliferation and colony
formation of HCT116 and LoVo cells, whereas knock-
down of SLCO4A1-AS1 significantly impaired cell prolif-
eration and colony formation of HT29 and SW620 cells
(Fig. 3b, c). Moreover, ectopic SLCO4A1-AS1 expression
promoted G1-S cell cycle progression, whereas silencing
SLCO4A1-AS1 expression decreased the number of cells
in the S phase compared with their control cells (Fig. 3d).
Furthermore, SLCO4A1-AS1 overexpression promoted
CRC tumourigenicity, whereas silencing SLCO4A1-AS1
inhibited CRC tumour growth in nude mice (Fig. 3e).
Collectively, these data demonstrate that SLCO4A1-AS1
promotes CRC cell proliferation and tumourigenicity.

SLCO4A1-AS1 interacts with Hsp90 and Cdk2 in CRC

To further identify targets directly interacting with
SLCO4A1-AS1, we firstly investigated the subcellu-
lar localization of SLCO4A1-AS1 using qRT-PCR and
FISH. The results showed that SLCO4A1-AS1 was
localized in both the nucleus and cytoplasm in CRC
cells and tissues (Fig. 4a, b, and Additional file 6: Fig.
S2a and b). We next pulled down SLCO4A1-AS1 bind-
ing proteins in HCT116 and SW620 cells using RNA
pull-down assays. The retrieved proteins were sepa-
rated using SDS-PAGE gels (Fig. 4c and Additional
file 6: Fig. S2c), and several differential gel bands from
HCT116 cells were chosen for mass spectrum analy-
ses, and the potential interacting proteins were ranked
by largest based on a confidence score in mass spec-
trometric assays (Additional file 7: Table S5). Among
these proteins, Hsp90 (HSP90AB1) could function as
a molecular chaperone to control protein kinase ubiq-
uitination degradation, regulating cell survival and car-
cinogenesis [27-29], whereas Cdk2, a client protein of
Hsp90, is widely known as a protein kinase involved in
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cell cycle regulation and tumourigenesis [30], which is
consistent with the aforementioned phenotypic results
of SLCO4A1-AS1. Therefore, we selected Hsp90 and
Cdk2 for further validations. Western blotting analyzes
confirmed that both Hsp90 and Cdk2 were bound to
SLCO4A1-AS1 using the retrieved proteins in the RNA
pull-down assay (Fig. 4d and Additional file 6: Fig. S2d).

These interactions were further confirmed using RIP
assays (Fig. 4e).

To identify the Hsp90- or Cdk2-interacting region in
SLCO4A1-AS1, we constructed three deletion mutants of
SLCO4A1-AS1 based on the predicted secondary struc-
ture of SLCO4A1-AS1 using ViennaRNA (http://rna.tbi.
univie.ac.at/) (Fig. 4f, g). The results of pull-down assays


http://rna.tbi.univie.ac.at/
http://rna.tbi.univie.ac.at/

Zhang et al. Journal of Biomedical Science (2022) 29:4 Page 8 of 17
a b d
s — LoVo — HCT116 _
& 6pq oot =oeSLC 82.01... oectr 82.07-.. cectr g w5 200 =120, Gr:c;r ;“\Z -
22 401 " l;-_l S 1.5{— oesic S 1.5~ oesic E 150 B - P s
S =" . = E = 80
g3% = £10 [ E1.0 1A, g g 100 H
28 21 | | | | 205 S 8 05 5 5 3 % g 4
S 1 S H S (5] =
Ba 101l ] su0—— s l—— ° ol L 3 ol L
15 LoVo  HCT116 7 1 2 3 4 8 1.2 3 4 "0 200 400 600 800 10K 0 200 400 600800 1.0K © NS
Days Days PI-A PI-A oél &6"
. hCtrl
5 = HT29 = SW620 S 250
§_ 15, = shotd = shSLC Z 287+ shul Z 257 shew S1s0 5 00 S04, G:"Z?D o
S0 o 21— shSLC O 2.0q— shSLC w k] =
<10 =4 T =] S 150 S
15> 2 . 215 1 2100 2 2 80
53 = 14 I = 104 2 2 100 5
o305 i L * S 1.0 ¥ s o =
23 2 E 071 p T 05l e S = 50 3 2 4
S . > > 0. e o o % 2
S®0.0 3 00— B 0T 0 0 = |
& HT29 SW620 3 1 2 3 4 S 1.2 3 4 0200 400 600 800 1.0K 0 200 400 600 8001.0K S 0 '\{\ K3
Days Days PI-A PI-A & %@"
c e HCT116 SW620
- “w
oeCtrl oesiC £ el =50 oesLc ® ® e o o - el @ @ & @ o v @
2 1501
5 1001 oeCrl @ ® < @ . - shsc® € & @& -
£ 501
2 oA { ot a e e B R e sz e g gz no e e
HeT118 P=0.0221
- T 6004 _, . _ 054 P=00165 10004 _,  cnem _06 0.
shCtrl shSLC g 200 = :',}g‘{'c E oot 204 g 800 —=— shsLc ; 2
S 1501 g 400 503 2 600 -
S 100+ L 2 2. 2 g
g 2 200 Z02 S 400 202
£ 50 5 g z 5
E s £ 0.1 g 200 £
= 0- 2 0 =00 2 0 = 0.0
HT29 7 101316 19 22 oeCtrl 0eSLC 71013161922 shCtrl shSLC
Days Days
Fig. 3 SLCO4A1-AS1 promotes CRC proliferation in vitro and in vivo. a Validation of SLCO4A1-AS1 expression in CRC cells transfected with
SLCO4A1-AST overexpression (0eSLC) or shRNA (shSLC) plasmids. b The effects of SLCO4A1-AS1 on CRC cell proliferation were assessed by CCK-8
assays. ¢ Effects of SLCO4A1-AS1 on the colony formation abilities of CRC cells. d The effects of SLCO4A1-AS1 on the cell cycle in CRC cells were
evaluated by FACS. e The effect of SLCO4A1-AST on CRC tumour formation in a nude mouse xenograft model. Representative images of tumours
from the SLCO4A1-AST (shSLC and 0eSLC) and control groups (n =7 for each group). *P <0.05; **P <0.01; ***P <0.001

showed that the 5-terminus (1-600 bp) of SLCO4A1-
AS1 mediated its interaction with Hsp90, and the 3’-ter-
minus (900-1440 bp) was essential for the binding of
SLCO4A1-AS1 to Cdk2 (Fig. 4f, g). Taken together, these
data demonstrate that SLCO4A1-AS1 physically associ-
ates with both Hsp90 and Cdk2 proteins.

SLCO4A1-AS1 acts as a scaffold in the Hsp90/Cdk2 complex
to regulate Cdk2 stability

We next determined whether SLCO4A1-AS1 regu-
lates Hsp90 and/or Cdk2 activities and found that
overexpression or knockdown of SLCO4A1-AS1 did
not affect the protein levels of Hsp90 in CRC cells
(Fig. 5a). Nevertheless, overexpression of SLCO4Al-
AS1 increased, while SLCO4A1-AS1 knockdown
decreased Cdk2 protein expression (Fig. 5a). As a cli-
ent of the Hsp90, Cdk2 protein levels are markedly
increased by Hsp90 [30]. Therefore, we hypothesized
that SLCO4A1-AS1 may act as a scaffold to regu-
late the association between Hsp90 and Cdk2, result-
ing in enhanced Cdk2 activity. To test this hypothesis,

we performed co-IP assays and confirmed the asso-
ciation between Hsp90 and Cdk2 (Fig. 5b), which was
significantly impaired by SLCO4A1-AS1 knockdown
(Fig. 5c). In line with these results, we revealed that
the proteasome inhibitor MG132 efficiently restored
Cdk2 expression in SLCO4A1-AS1-depleted CRC cells,
whereas the lysosome inhibitor NH4Cl was unable to
block SLCO4A1-AS1 knockdown-induced degradation
of Cdk2 (Fig. 5d). Furthermore, the protein synthesis
inhibitor cycloheximide (CHX) was used to evaluate
the effect of SLCO4A1-AS1 on the stability of Cdk2.
We observed that silencing SLCO4A1-AS1 expression
in CHX-treated SW620 cells shortened the half-life of
Cdk2 compared to that of the control group (Fig. 5e).
Further ubiquitination analyses showed that SLCO4A1-
AS1 knockdown significantly promoted Cdk2 ubiq-
uitination, which was blocked by ectopic expression
of Hsp90 (Fig. 5f). Together, these data suggest that
SLCO4A1-AS1 functions as a scaffold to strengthen
the interaction between Hsp90 and Cdk2, inhibiting the
ubiquitination and degradation of Cdk2 in CRC cells.
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SLCO4A1-AS1 mediates multiple cancer-related signalling
pathways

To gain further insight into the SLCO4A1-AS1-regu-
lated signalling pathways involved in CRC pathogen-
esis, we measured unbiased transcriptome profiling in
SLCO4A1-AS-overexpressing LoVo cells or SLCO4A1-
AS1-depleted HT29 cells using RNA-seq. Compared
to the negative control, genes with opposite expres-
sion trends in the two independent RNA sequencing
datasets were selected and subjected to hierarchical
clustering and pathway enrichment analyses (Fig. 6a
and Additional file 8: Table S6). GSEA results revealed

that these genes are involved in several signalling path-
ways, including the c-Myc targets pathway (activated),
apoptosis (suppressed), DNA repair (activated), G2M
checkpoint (activated), and oxidative phosphoryla-
tion (activated), which are closely related to cell sur-
vival and tumourigenesis (Fig. 6b). In addition, DEGs
((JlogFC|20.5) were further selected for GO analyses,
and the results showed that these DEGs were enriched
in several biological processes involving cell prolif-
eration, cell cycle, and regulation of kinase activity
(Fig. 6¢). Notably, GSEA functional annotation analyses
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showed that several MYC-related pathways, such as
the MYC_targets_V1 pathway and the MYC_targets_
V2 pathway, were among the top-scoring processes,
suggesting that SLCO4A1-AS1 might be involved in
the transcriptional activation of c-Myc target genes
(Fig. 6d, e). In addition, both total and nuclear Cdk2
levels were significantly decreased in SLCO4A1-AS1-
silenced CRC cells (Fig. 6f). Overall, these data suggest

that SLCO4A1-AS1 regulates multiple cancer-related
pathways, especially c-Myc-related pathways.

SLCO4A1-AS1 activates c-Myc signalling

in a Cdk2-dependent manner in CRC

Cdk2 could promote c-Myc-mediated transcrip-
tion by phosphorylating c-Myc protein at Ser62 and
increasing its stability [31, 32]. Therefore, we hypoth-
esized that SLCO4A1-AS1 exerts its functions by
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promoting Cdk2-mediated c-Myc Ser62 phospho-
rylation (p-62 c-Myc). As expected, SLCO4A1-AS1
knockdown reduced, whereas ectopic SLCO4A1-AS1
expression increased the levels of both c-Myc and p-62
c-Myc (Fig. 6g). Moreover, CVT-313 (a selective inhibitor

of Cdk2) treatment blocked the SLCO4A1-AS1-induced
elevation of c-Myc and p-62 c-Myc (Fig. 6h) in CRC
cells. As expected, we observed that ectopic expression
of Cdk2 rescued the expression of c-Myc target genes in
SLCO4A1-AS-depleted CRC cells (Fig. 6i). In addition,
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we constructed a c-Myc reporter plasmid and evaluated
the activation status of the c-Myc pathway in CRC cells
using luciferase reporter assays. The results showed that
c-Myc signalling was significantly inhibited in SLCO4A1-
AS1-silenced CRC cells, which was rescued by forced
overexpression of Cdk2 (Fig. 6j). Consistent with these
results, SLCO4A1-AS1-induced CRC proliferation and
cell cycle progression were significantly inhibited by
Cdk2 knockdown (Fig. 6k, 1). Collectively, these data
demonstrate that SLCO4A1-AS1 exerts tumour-promot-
ing functions in CRC by activating the Cdk2/c-Myc axis.

Cdk2 and p-62 c-Myc expression correlates

with SLCO4A1-AS1 and prognosis in CRC

To investigate the correlations and prognostic value of
SLCO4A1-AS1, Cdk2 and p-62 c-Myc in patients with
CRC, we simultaneously measured their levels in CRC
tissues. We found that the protein levels of Cdk2 and
p-62 c-Myc were significantly elevated in CRC tissues
compared to those in NCTs and predicted poor progno-
sis (Fig. 7a—d), and Correlation analyses indicated that
the expression of SLCO4A1-AS1, Cdk2, and p-62 c-Myc
was significantly correlated with each other (Fig. 7e—g).
Furthermore, using SLCO4A1-AS1, Cdk2, and p-62
c-Myc as three risk factors, we tracked the cumulative
mortality rate in CRC patients. The results showed that
the shortest OS time was observed in patients with high
levels of these three markers (Fig. 7h). Taken together,
these clinical analyses confirm the regulatory axis of the
SLCO4A1-AS1/Cdk2/ p-62 c-Myc in CRC.

Discussion

Accumulating studies have shown that dysregulated
IncRNAs play important roles by participating in mul-
tiple carcinogenic pathways. SLCO4A1-AS1 is a newly
identified oncogenic IncRNA in multiple cancer types
[16, 18-21, 33]. In this study, we confirmed that the aber-
rant overexpression of SLCO4A1-ASl1 is associated with
poor prognosis in multiple CRC cohorts and revealed
that promoter hypomethylation is a key mechanism
mediating the upregulation of SLCO4A1-AS1 in CRC.
Using a combination of genomic, biochemical, and cell
biology analyses, we demonstrated that SLCO4A1-AS1
promotes colorectal tumourigenesis by strengthening the
binding of Hsp90 to Cdk2, resulting in increased Cdk2
stability and subsequent activation of the c-Myc signal-
ling pathway (Fig. 8).

Li and colleagues first reported that SLCO4A1-AS1 is
overexpressed in CRC [34]. Other groups further con-
firmed the aberrant expression of SLCO4A1-AS1 in
CRC, which was linked to poor survival [20, 21]. Ele-
vated expression of SLCO4A1-AS1 was also observed in
bladder cancer [33], lung cancer [16, 18], and laryngeal
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squamous cell carcinoma [35]. In this study, we also
observed that SLCO4A1-AS1 is upregulated in multiple
cancer types, especially digestive system cancers. Clini-
cal sample validation in multiple CRC cohorts further
confirmed the overexpression of SLCO4A1-AS1 in CRC
and increased SLCO4A1-AS1 levels were associated with
poor survival. In addition, we observed that the combina-
tion of SLCO4A1-AS1 and TNM stage was more precise
for predicting clinical outcome than TNM stage alone.

Little is known about the mechanism mediating
SLCO4A1-AS1 overexpression in human cancers. Yu
et al. [21] reported that copy number amplification of
SLCO4A1-AS1 was identified in approximately 9% of
CRC tissues based on TCGA database. Promoter CpG
methylation is a key mechanism regulating gene expres-
sion, including IncRNAs [26, 36]. In this study, we dem-
onstrated that a CpG island in the promoter region of
SLCO4A1-AS1 is hypermethylated in normal cells but
hypomethylated in CRC, and its methylation levels were
negatively correlated with SLCO4A1-AS1 expression in
two independent CRC cohorts and CRC cell lines. These
data reveal, for the first time, that promoter hypomethyl-
ation is an important mechanism mediating the upregu-
lation of SLCO4A1-AS1 in CRC.

Several studies have reported the regulatory roles of
SLCO4A1-AS1 in tumour cell proliferation, apopto-
sis, autophagy and metastasis in several cancer types,
including bladder cancer, CRC, lung cancer, and laryn-
geal squamous cell carcinoma [16, 18-21, 33]. In this
study, we further showed that SLCO4A1-AS1 promotes
CRC proliferation and cell cycle progression in vitro, and
tumourigenesis in vivo. To date, SLCO4A1-AS1-related
mechanistic investigations have focused on miRNAs, and
some papers have revealed that SLCO4A1-AS1 functions
as a competing endogenous RNA (ceRNA) to inhibit the
activities of several miRNAs, including miR-223-3p [18],
miR-150-3p [17], miR-4701-5p [16], miR-335-5p [33],
miR-876-3p [37], and miR-508-3p [19]. Notably, in addi-
tion to miR-223-3p, the abundance of other miRNAs
is very low in CRC tissues (data not shown), suggest-
ing that these miRNAs are not key molecules mediat-
ing the tumour-promoting functions of SLCO4A1-AS1
under physiological and pathological conditions. In
addition, Wu et al. reported that SLCO4A1-AS1 com-
petitively binds to miR-150-3p to elevate SLCO4Al
expression. Interestingly, although we also observed a
positive correlation between SLCO4A1-AS1 expres-
sion and SLCO4A1 mRNA levels in CRC tissues, force
expression or knockdown of SLCO4A1-AS1 in CRC cells
exhibited weak or no significant effect on the expres-
sion of SLCO4A1 (Additional file 9: Fig. S3a, b). Because
the endogenous expression of SLCO4A1 is more abun-
dant than that of SLCO4A1-AS1 in CRC cells (data not
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shown), we speculated that this effect of SLCO4A1-AS1
on SLCO4AL is not a primary mechanism mediating the
tumour-promoting functions of SLCO4A1 in CRC.

Several studies have reported that SLCO4A1-AS1
promotes tumour growth and metastasis by potentially
influencing the [B-catenin/Wnt and EGFR/MAPK sig-
nal pathways [20, 21, 35]. However, how SLCO4A1-AS1
regulates these pathways remains to be elucidated, and
little is known about the direct downstream targets of
SLCO4A1-AS1. To the best of our knowledge, the only
known SLCO4A1-ASl-associated protein is B-catenin,
and Yu et al. revealed that SLCO4A1-AS1 increases the
stability of B-catenin by inhibiting its phosphorylation by
GSKp, resulting in CRC progression [21].

To investigate the underlying mechanisms by which
SLCO4A1-AS]1 regulate CRC growth and cell cycle pro-
gression, we analyzed signalling pathways potentially
regulated by SLCO4A1-AS1 using RNA-seq. We identi-
fied that several signalling pathways, including the c-Myc
targets, cell cycle, apoptosis, and DNA repair, were sig-
nificantly altered in CRC cells in response to SLCO4A1-
AS1 overexpression or knockdown. We further identified
two SLCO4A1-ASl-associated proteins, Cdk2 and
Hsp90, and elucidated the exact interacting regions
mediating their associations. Cdk2 involves numerous
oncogenic pathways, especially the cell cycle and DNA

replication signallings [38]. The Hsp90 chaperone also
plays a key role in the survival of cancer cells. Many
clients of Hsp90, including telomerase, p53, protein
kinases, HIF1la, MDM2 and STATS3, are important fac-
tors regulating tumourigenesis [27]. Interestingly, Cdk2
has been reported to be a client of Hsp90, and Hsp90
inhibitor treatment significantly reduces levels of Cdk2 in
cancer cells [30]. By a series of assays, we revealed that
SLCO4A1-AS1 inhibits Cdk2 ubiquitination/degrada-
tion by strengthening the association between Hsp90
and Cdk2 as a molecular scaffold. Both Cdk2 and Hsp90
are candidates for cancer therapy, and some clinical tri-
als are currently in progress using Cdk2 or Hsp90 inhibi-
tors. However, it is challenging to develop selective
Cdk?2 inhibitors [38], and the therapeutic effects of most
Hsp90 inhibitors are also unsatisfactory. Pashtan et al.
[39] reported that the simultaneous inhibition of Hsp90
and tyrosine kinase that reduces oncogene switching and
drug resistance in breast cancer cells, which highlights
targeting SLCO4A1-AS1 as an alternative strategy to
inhibit both Cdk2 and Hsp90.

Dysregulation of the proto-oncogene MYC family was
observed in more than 50% of human cancers and is
frequently associated with poor clinical outcomes. Myc
plays a pivotal role in almost every aspect of oncogenic
processes, including proliferation, cell cycle progression,



Zhang et al. Journal of Biomedical Science (2022) 29:4

apoptosis, metabolism, and cancer immune response.
For example, in CRC, frequent defects of the Wnt-APC
pathway result in enhanced transcriptional activation of
MYC. As a key member of the Myc family, c-Myc also
contributes to extensive dysregulated cell growth and
oncogenesis, especially in CRC development [40]. How-
ever, developing drugs directly targeting Myc is chal-
lenging due to its “undruggable” protein structure. Cdk2
phosphorylates c-Myc at Ser62 to suppress its ubiquit-
ination modification/degradation, resulting in enhanced
stability of c-Myc [31]. Targeting Cdk2 shows promising
prospects for human cancers, especially in c-Myc-overex-
pressing cancers [38]. Here, we revealed that SLCO4A1-
AS1 exerts tumour-promoting functions by regulating
the Cdk2-c-Myc axis in CRC, suggesting that targeting
SLCO4A1-AS1 appears to be an alternative strategy for
inhibiting the Cdk2-c-Myc axis in cancer therapy.

Conclusions

In conclusion, we confirmed the aberrant upregulation
of SLCO4A1-AS1 in CRC and uncovered that promoter
hypomethylation at least partly explains the deregu-
lated expression of SLCO4A1-AS1 in CRC. SLCO4Al-
AS1 promotes colorectal tumourigenesis by enhancing
the interaction between Cdk2 and Hsp90, resulting in
increased Cdk2 levels and consequently activated c-Myc
signalling in CRC cells. Our data suggest that targeting
SLCO4A1-AS1 may represent a promising strategy for
CRC treatment.
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