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Abstract

Colon cancer is the third most common cancer and the second leading cause of
cancer-related death worldwide. Dysregulated RNA splicing factors have been
reported to be associated with tumorigenesis and development in colon cancer. In this
study, we interrogated clinical and RNA expression data of colon cancer patients from
The Cancer Genome Atlas (TCGA) dataset and the Gene Expression Omnibus (GEO)
database. Genes regulating RNA splicing correlated with survival in colon cancer were
identified and a risk score model was constructed using Cox regression analyses. In
the risk model, RNA splicing factor peroxisome proliferator-activated receptor-y
coactivator-la (PPARGC1) is correlated with a good survival outcome, whereas Cdc2-
like kinase 1(CLK1), CLK2, and A-kinase anchor protein 8-like (AKAPS8L) with a bad
survival outcome. The risk model has a good performance for clinical prognostic
prediction both in the TCGA cohort and the other two validation cohorts. In the
tumor microenvironment (TME) analysis, the immune score was higher in the low-risk
group, and TME-related pathway gene expression was also higher in low-risk group.
We further verified the mRNA and protein expression levels of these four genes in the

adjacent nontumor, tumor, and liver metastasis tissues of colon cancer patients, which
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1 | BACKGROUND

Colon cancer is the third most common cancer and the second lead-
ing cause of cancer death worldwide.! The incidence and mortality
of colon cancer are increased all over the world.2® Approximately
20% of patients with colon cancer are diagnosed at an advanced
stage, and the 5-year survival rate is less than 15%.* With the im-
provement of detection methods, the early diagnosis rate has been
improved, but the prognosis of advanced colon cancer patients is
still poor. Therefore, the study of molecular mechanisms related to
the pathogenesis of colon cancer will contribute to the diagnosis,
treatment, and prognosis of colon cancer.

Alternative splicing is an important biological process in which
multiple mRNA splicing isoforms are generated by different splicing
patterns of pre—mRNA.5 Alternative splicing can enrich the variety
and quantity of proteins and is the major mechanism to improve bio-
diversity and affect a variety of biological processes.” Dysregulation
of alternative splicing contributes to tumor processes, including
angiogenesis, tumor invasion and metastasis, energy metabolism,
and immune regulation.®” For instance, splicing variants of PKM
transform to PKM2, which could affect the metabolism and promote
tumor cell proliferation.8 In addition, the variant isoform CD44v
switch to CD44s has been reported to be associated with epithelial-
mesenchymal transition in many cancer types.”*? Recently, AS has
been summarized to be involved in the initiation and development of
CRC.1® Investigation of aberrant AS in colon cancer is of great sig-
nificance for elucidating the molecular mechanism of tumorigenesis
and providing therapeutic targets and novel prognostic biomarkers
for colon cancer patients.

Cancer-associated aberrant AS events may regulate by cis-acting
somatic mutations and trans-acting mutations in splicing regulatory
proteins including SR proteins.14 Dysfunction of splicing factors can
hinder splicing of individual introns or generate new splice sites, and
could even have a larger impact on splicing dysregulation and alter
the transcription network.?® Recently, there has been growing inter-
est in investigating the aberrant RNA splicing regulation factors in
tumorigenesis and progression.“’

In this study, we constructed a prognostic risk model for colon
cancer based on the genes associated with RNA splicing regulation.
The clinical application value of this risk model was investigated. In
addition, further external validation of the four RNA splicing-related
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were consistent with bioinformatics analysis. In addition, knockdown of AKAPS8L can
suppress the proliferation and migration of colon cancer cells. Animal studies have
also shown that AKAPSL knockdown can inhibit tumor growth in colon cancer in vivo.
We established a prognostic risk model for colon cancer based on genes related to

RNA splicing regulation and uncovered the role of AKAPS8L in promoting colon cancer

AKAPS8L, colon cancer, prognosis, risk model, RNA splicing

DEGs in the risk model was carried out in clinical samples of colon

cancer patients and in vitro cell function experiments.

2 | MATERIALS AND METHODS

2.1 | Data collection and collation

All transcriptome and the corresponding clinical data of colon
cancer patients were derived from TCGA and GEO databases.
Including the discovery cohort (TCGA, n = 453) and two validation
cohorts (GSE17536, n = 177, GSE41258, n = 185). Source websites,
numbers of samples, and platforms of each cohort are summarized
in Tables S1-S8. The clinical features of the TCGA and GEO patients
are shown in Table 1, and the workflow is shown in Tables S1-
S8. The RNA sequencing data were quantified as transcripts per
kilobase million (TPM) values, which were similar to microarray
data and more comparable between samples. The raw data for the
microarray datasets were normalized using the RMA algorithm for
background adjustment in the “Affy” software package. A total of
484 RNA splicing regulation-related genes were obtained from the
item “GO_RNA_SPLICING” from the GSEA database (http://www.
gsea-msigdb.org/). Three hundred and forty-seven genes were
found in all cohorts selected for further analysis.

2.2 | Statistical analysis

Statistical analyses were undertaken using R version 3.6.3. and
GraphPad Prism version 6.0.0 for Windows (GraphPad Software).
The best cut-off values of KM curves for subgroups in each dataset
were obtained by utilizing “survminer” R package. To demonstrate
the robustness of risk score, the sample size of any subgroup is no
less than 30% of the total number and the log-rank test was used
to determine the significant differences. Independent predictive
performance of risk scores was evaluated by univariate and multi-
variate Cox regression analyses. The Wilcoxon test was applied in
comparisons of two groups; the Kruskal-Wallis test was utilized to
compare groups of more than two. The X2—test was implemented
to show differences between two subgroups and clinical informa-
tion. In clinical sample validation and cell function experiments, all
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TABLE 1 Clinical characteristics between training and validation cohorts of colon cancer patients

TCGA
N =453

Age (years)

260 328(72.4)

<60 125 (27.6)
Gender

Female 214 (47.2)

Male 239 (52.8)
Tumor position

Distal 177 (39.10)

Proximal 260 (57.40)

Unknown 16 (3.53)
Stage

1711 251 (55.40)

H/1v 192 (42.40)

Unknown 10 (2.21)
MSI

MSI-H 78(17.2)

Non-MSI-H 351 (77.5)

Unknown 24 (5.30)
Censored

Yes 102 (22.5)

No 351 (77.5)

Overall survival (months) 22.3(12.7-36.4)

Note: Data are shown as n (%) or median (range).

GSE41258 GSE17536
N =185 N =177
125 (67.6) 122 (68.9)
60 (32.4) 55(31.1)
87 (47.0) 81 (45.8)
98 (53.0) 96 (54.2)
108 (58.40) 0(0.00)
77 (41.60) 0(0.00)
0(0.00) 177 (100.00)
78 (42.20) 81 (45.80)
107 (57.80) 96 (54.20)
0(0.00) 0(0.00)
35(18.9) 0(0.0)
133(71.9) 0(0.0)

17 (9.19) 177 (100)
102 (55.1) 73 (41.2)
83(44.9) 104 (58.8)

66.0 (25.0-100.0) 42.3(22.8-67.8)

Abbreviations: MSI, microsatellite instability; MSI-H, MSI-high; TCGA, The Cancer Genome Atlas.

results are shown as the mean+SD of three independent experi-
ments. Differences between two groups were analyzed using the
unpaired sample t-test. The statistical significance was considered
to be 0.05, and all statistical p values were two-sided.

Other methods are available in Appendix S1.

3 | RESULTS

3.1 | Identification of RNA splicing associated
DEGs with prognostic significance for colon cancer

First, we analyzed the expression of genes associated RNA splicing
in tumor samples and adjacent nontumorous samples in the TCGA
and GSE41258 cohorts. A total of 195 genes were differentially ex-
pressed in both cohorts and were termed RNA splicing associated
DEGs (Figure 1A). Using univariate Cox regression analysis of OS in
the TCGA cohort, 21 DEGs with prognostic significance were iden-
tified. It was considered that upregulated genes should be associ-
ated with a poorer survival, whereas downregulated genes should be
related to superior survival. Thus, AKAP8L, PPARGC1A, CLK2, and
CLK1were selected for further analysis (Figure 1B). The heatmap

graph showed that the four DEGs were expressed differently be-

tween colon cancer and normal tissue (Figure 1C).

3.2 | Construction and validation of prognostic risk
model based on four RNA splicing associated genes

We next constructed a prognostic signature based on the four
genes, and the proportional hazards assumption as follows: risk
score = (0.11xexpression level of AKAP8L)+(0.13xexpression
level of CLK2)+(0.15x expression level of CLK1)+(-0.35x expres-
sion level of PPARGC1A). The distribution of each patient's risk
score was obtained by calculating the risk score of each patient in
the TCGA cohort. The risk score had a positive correlation with the
event of death, and the number of alive patients in the low-risk score
group was higher than in the high-risk group (Figure 2A,B). The ex-
pression levels of AKAP8L, CLK1, and CLK2 were higher in high-risk
score group, while the expression level of PPARGC1A was higher
in the low-risk score group (Figure 2C). Principal component analy-
sis showed that the sample discrimination was favorable between
the high-risk and low-risk groups (Figure 2D). Furthermore, patients
were divided into high-risk and low-risk groups based on the median
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Identification of key RNA splicing regulation related differentially expressed genes (DEGs) for prognosis of colon cancer. (A)

195 RNA splicing regulator related DEGs were selected for subsequent analysis based on the intersection of The Cancer Genome Atlas
(TCGA) cohort and GSE41258 dataset. (B) Volcano plot for the 195 DEGs from the TCGA data portal. HR, hazard ratio. (C) Heatmap shows
the expression profiles of the four selected RNA splicing regulator related genes in normal and colon cancer samples in the TCGA database

value of the risk score in each combination, and then KM analysis
was used to analyze the OS of patients between the two groups. The
result revealed that the high-risk group patients had a significantly
worse OS, indicating that a high-risk score predicted poor prognosis
for colon cancer (Figure 2E). The clinical characteristics between the
high-risk and low-risk score groups in the TCGA cohort is shown in
Table 2. Furthermore, the prediction performance of the risk model
was assessed with two external datasets using the GEO datasets of
GSE17536 and GSE41258. Similar results were obtained in the two
validation cohorts as in the training TCGA cohort. High-risk scores
were significantly associated with worse OS (Figure 2F,G). The clini-
cal characteristics of the training and validation cohorts are shown
in Appendix S1. These results suggested that the risk model has a
relatively high prognostic predictive ability and could identify high-
risk patients with poor survival outcomes in three different cohorts.
We applied univariable Cox regression analysis in the TCGA training
cohort and found that the risk score and tumor TNM stage were
risk factors for OS. Further multivariable Cox regression analysis re-
vealed that risk score, tumor TNM stage, and tumor position were
independent risk factors for OS (Figure 2H). Similar results, showing
that the risk score was an independent risk factor for OS, were ob-

tained in the two validation cohorts (Figure 21,J).

3.3 | Clinical prognostic value of the risk model
The KM analysis of risk score was further stratified by various clini-
cal factors in the TCGA cohort. Among the subgroups of patients

aged 260years or <60years, the high-risk score was associated

with poor prognosis, with p values of 0.034 and 0.001, respectively
(Figure 3A,B). The patients were divided according to the tumor po-
sition, proximal colon and distal colon; the proximal colon includes
the cecum and ascending and transverse colon, and the distal colon
includes the descending and sigmoid colon. For patients with tu-
mors in the proximal position, the prognosis was worse in high-risk
score patients (Figure 3C). We also observed that the high-risk score
was associated with poor survival outcome in patients with distal
colon cancer, although the difference was not statistically significant
(Figure 3G). High-risk score related to poor prognosis in patients with
non-MSlI (Figure 3D). In stage llI/IV colon cancer patients, high-risk
score patients had a worse OS (Figure 3E). Moreover, high-risk score
predicted poor survival in male colon cancer patients (Figure 3F).
The results suggested that the risk model has a good performance
for clinical prognostic prediction.

3.4 | Functional process and pathway enrichment
analysis in high-risk and low-risk groups

In order to further analyze the functional processes and pathways
significantly enriched in the high-risk and low-risk groups, functional
enrichment analyses were carried out. Gene Ontology enrichment
analysis showed that the top GO terms were mainly concentrated
in immune-related functions in the low-risk group. The top GO
terms included Fc receptor signaling pathway, Fc receptor mediated
stimulatory signaling pathway, and immune response-regulating cell
surface receptor signaling pathway in biological processes, endo-

some membrane, mitochondrial matrix, and vacuolar membrane in

FIGURE 2 Construction and evaluation of the risk model in The Cancer Genome Atlas (TCGA) cohort and external validation in
GSE17536 and GSE41258 datasets. (A) Risk score distribution of colon cancer patients in the TCGA cohort. (B) Overall survival (OS) and
survival status (red dots indicate dead, blue dots indicate alive) of colon cancer patients in TCGA cohort. (C) Heatmap of the expression
profiles of four genes in colon cancer patients with high-risk and low-risk scores in the TCGA cohort. (D) Principal component (PC) analysis
shows that the sample discrimination was favorable between the high-risk and low-risk groups. (E) Kaplan-Meier curves of the OS for
colon cancer patients with high-risk and low-risk scores in the TCGA cohort. (F) Kaplan-Meier curves of OS for colon cancer patients with
high-risk and low-risk scores in the GSE17536 validation cohort. (G) Kaplan-Meier curves of OS for colon cancer patients with high-risk and
low-risk scores in the GSE41258 validation cohort. (H-J) Univariate and multivariate Cox regression of OS in the (H) TCGA cohort and (I)
GSE17536 and (J) GSE41258 validation cohorts. Cl, confidence interval; COAD, colon adenocarcinoma; HR, hazard ratio
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cell components, and antigen binding, cofactor binding, and coen-
zyme binding in molecular function (Figure 4A). RNA splicing and
epigenetic regulation associated pathways were enriched in the
high-risk group. The top GO terms in high-risk group included mRNA

processing, RNA splicing, and covalent chromatin modification in
biological processes, microtubule organizing center part, nuclear
speck, and centriole in cell components, and modification-dependent
protein binding, methyltransferase activity, and chromatin binding
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TABLE 2 Clinical characteristics between high-risk and low-risk
score groups in The Cancer Genome Atlas cohort of colon cancer
patients

High risk Low risk
N =227 N =226 p value
Age (years)
<60 64 (28.2) 61(27.0) 0.856
260 163 (71.8) 165 (73.0)
Gender
Female 108 (47.6) 106 (46.9) 0.960
Male 119 (52.4) 120(53.1)
Tumor position
Distal 92 (40.5) 85 (37.6) 0.436
Proximal 125(55.1) 135(59.7)
Unknown 10 (4.41) 6(2.65)
Stage
/11 110 (48.5) 141 (62.4) 0.008
/v 110 (48.5) 82(36.3)
Unknown 7 (3.08) 3(1.33)
MSI
MSI-H 31(13.7) 47 (20.8) 0.129
Non-MSI-H 184 (81.1) 167 (73.9)
Unknown 12(5.29) 12(5.31)
RAS
MUT 97 (42.7) 94 (41.6) 0.436
WT 105 (46.3) 98 (43.4)
Unknown 25(11.0) 34 (15.0)
BRAF
MUT 24 (10.6) 35 (15.5) 0.094
WT 178 (78.4) 157 (69.5)
Unknown 25(11.0) 34 (15.0)

Note: Data are shown as n (%).

Abbreviations: MSI, microsatellite instability; MSI-H, MSI-high; MUT,
mutant.

in molecular functions (Figure 4B). Moreover, KEGG analysis iden-
tified that the immune response related pathways were activated
in the low-risk group when compared to the high-risk group, while
the RNA splicing related pathways were suppressed (Figure 4C). The
chemokine signaling pathway, NOD-like receptor signaling pathway,
and Toll-like receptor signaling pathway were the three immune-
related pathways significantly enriched in the low-risk group com-

pared to the high-risk group (Figure 4D).

3.5 | Tumor microenvironment analysis between
high-risk and low-risk groups

As the functional enrichment analysis suggested that immune-
related functions and pathways were enriched in patients with
low-risk scores, we wanted to further analyze whether there
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were differences in the TME and the types of infiltrated immune
cells between the high-risk and low-risk groups. Based on the
ESTIMATE method, the immune score and stromal score were
calculated between the high-risk and low-risk groups. We found
that the immune score of the low-risk group was higher than that
of the high-risk group, and there was no significant difference in the
stromal scores between the two groups (Figure 5A). Then we further
analyzed the levels of 28 types of tumor infiltrating immune cells
between the high- and low-risk groups. We found that the low-risk
group had more immune cell infiltration than the high-risk group
(Figure 5B), including activated CD4 T cells, activated CD8 T cells,
and activated dendritic cells. Moreover, the TME related signatures
analysis revealed that CD8 T cell effector and immune checkpoint
associated pathway genes were higher in the low-risk group than
in the high-risk group (Figure 5C). Previous studies revealed that
colon adenocarcinoma patients with a higher immune score and
more infiltration of antitumor immune cells have a better survival
outcome.” Y Therefore, we speculated that the better prognosis of
the low-risk group might be related to the more favorable antitumor

immune microenvironment.

3.6 | Validation of four genes in clinical colon
cancer tissue samples and cancer cell lines

The ROC curve analysis was used to assess the specificity and sen-
sitivity of the four genes for colon cancer diagnosis. We found that
AKAPS8L, PPARGC1A, CLK2, and CLK1 achieved an area under the
ROC curve value of >0.75, indicating a high specificity and sensitiv-
ity (Figure 6A-D). Furthermore, survival analysis of the four RNA
splicing associated DEGs was carried out in the TCGA dataset by
KM curve. High expression of AKAP8L, CLK1, and CLK2 and low
expression of PPARGC1A was significantly associated with poor
prognosis in colon cancer (Figure 6E-H). We next validated the ex-
pression pattern of CLK1, CLK2, AKAPS8L, and PPARGC1A in clinical
colon cancer samples and cell lines. The results of quantitative RT-
PCR showed that CLK1, CLK2, and AKAP8L were highly expressed
and PPARGC1A was expressed at low levels in colon cancer tissues
compared to adjacent normal tissues, which is in accordance with
the results of bioinformatics analysis (Figure 7A-D). Moreover, the
expression levels of CLK2 and AKAPSL were significantly higher
in liver metastatic tissues than in primary colon cancer tissues,
whereas the expression levels of CLK1 and PPARGC1A showed no
significant difference between primary and metastasis samples
(Figure 7E-H). We also detected the mRNA expression of CLK1,
CLK2, AKAPS8L, and PPARGC1A in normal colonic epithelial cell line
NCM460 and a panel of colon cancer cell lines. We found that CLK1,
CLK2, and AKAPSL were higher and PPARGC1A was lower in colon
cancer cell lines compared to NCM460 (Figure 7I-L). We further
evaluated the protein expression level of the four genes by IHC
assay in 36 paired colon cancer tissues and liver metastatic tis-
sues (Figure 8A). The protein levels of CLK1, CLK2, and AKAP8L
were also higher in colon cancer tissues than in adjacent normal
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FIGURE 3 Clinical prognosis prediction of the risk model stratified by different clinical factors in The Cancer Genome Atlas (TCGA)
cohort of colon cancer patients. (A) Kaplan-Meier analysis of overall survival (OS) based on the risk model in patients with age 260 in the
TCGA cohort. (B) Kaplan-Meier analysis of OS based on the risk model in patients with age <60years in the TCGA cohort. (C) Kaplan-Meier
analysis of OS based on the risk model in patients with proximal tumor position in the TCGA cohort. (D) Kaplan-Meier analysis of OS based
on the risk model in patients with non-microsatellite instability-high (MSI-H) in the TCGA cohort. (E) Kaplan-Meier analysis of OS based

on the risk model in patients with stage Ill/IV disease in the TCGA cohort. (F) Kaplan-Meier analysis of OS based on the risk model in male
patients in the TCGA cohort. (G) Kaplan-Meier analysis of the OS time based on the risk model in patients with distal tumor position in the

TCGA cohort. Cl, confidence interval

tissues, which was in accordance with the mRNA expression level
(Figure 8B-D). Additionally, CLK1 had a higher expression level in
liver metastatic tissues than in tumor tissues. However, the ex-

pression levels of CLK2 and AKAPS8L had no significant difference

between colon cancer tissues and corresponding liver metastatic
tissues. The PPARGC1A protein expression was low in both ad-
jacent normal tissues and colon cancer tissues, but had a relative

higher level in liver metastatic tissues (Figure 8E).
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3.7 | AKAPSL promotes colon cancer cell
proliferation, migration, and invasion

Among the four RNA splicing associated genes in this risk model,
the biological role of AKAPSL in colon cancer tumorigenesis and de-
velopment remains unclear. In order to test whether AKAPSL plays
a biological role in colon cancer, we first detected the basal protein
expression level of AKAPS8L in a normal colonic epithelial cell line
NCM460 and a panel of colon cancer cell lines. The result showed
that SW620, LOVO, DLD1, and HCT-116 had higher AKAPSL lev-
els than NCM460 cells (Figure 9A). We then stably knocked down
AKAPS8L in HCT-116 and DLD1 cells with high basal levels of AKAP8L
(Figure 9B). When AKAPS8L was knocked down, the cell proliferation
capacity was inhibited in HCT-116 and DLD1 cell lines (Figure 9C).
Colony formation assay revealed that the colony numbers were sig-
nificantly decreased in the AKAP8L knockdown cells (Figure 9D). In
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addition, migration and invasion assays showed that loss of AKAP8L
could suppress the motility and invasive ability of HCT-116 and
DLD1 cells (Figure 9E,F). Furthermore, we constructed AKAP8L
overexpression plasmid and control vector plasmid, and transfected
SW480 cells with relatively low expression of AKAPSL (Figure 9G).
We found that the proliferation rate of SW480 cells overexpress-
ing AKAPSL was only slightly increased compared with the control
group, but its migration and invasion ability was significantly en-
hanced (Figure 9H,1). In addition, we carried out in vivo experiments
to verify the oncogenic function of AKAP8L. We constructed a
subcutaneous xenograft tumor model in nude mice with AKAPS8L-
knockdown or control HCT116 cells and DLD1 cells. We found that
stable knockdown of AKA8PL could remarkably delay the tumor
growth both in the HCT116 model and DLD1 model (Figure 10A,C).
At the end of the animal experiment, the tumors were collected and
weighed. The tumor weights of the AKAP8L knockdown group were
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FIGURE 4 Functional enrichment analysis based on the prognostic risk model for colon cancer. (A) Gene Ontology (GO) enrichment
analysis of upregulated genes in the low-risk group. (B) GO enrichment analysis of upregulated genes in the high-risk group. (C) Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of low-risk versus high-risk groups. (D) KEGG pathway

enrichment analysis results showing the immune-related pathways

FIGURE 5 Tumor microenvironment analysis of the prognostic risk model for colon cancer. (A) Immune score and stromal score
analyses in low-risk and high-risk groups. (B) Level of tumor-infiltrating immune cells in the two groups, including 28 kinds of different
types of immune cells. (C) Tumor microenvironment-related signature analysis between low-risk and high-risk groups. *p <0.05, **p<0.01,
***p<0.001, ****p <0.0001. ns, not significant; ssGSEA, single-sample Gene Set Enrichment Analysis
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lower than that of the control group (Figure 10B-F). Consistently,
the proliferative cells in the xenografts were significantly decreased
in the AKA8PL knockdown groups compared with the control group
by Ki-67 staining (Figure 10G,H). Taken together, these results sug-
gest that AKAPSL plays an oncogenic role in colon cancer, and high
expression of AKAPS8L could promote the proliferation and metasta-
sis of colon cancer cells.

3.8 | Potential genes that interact with
AKAPSL and relevant pathway analysis

To better explore the potential genes that intersect with AKAP8L
at the protein level, we generated a PPl network functional enrich-
ment analysis based on AKAP8L using the STRING data portal. The
results showed that 10 genes had interaction with AKAPSL at the
protein level (Figure 101). We next divided the samples in the TCGA
cohort into two groups according to the median value of AKAP8L
mRNA, and then analyzed the expression of the 10 genes be-
tween the AKAPSL high-expression and AKAPS8L low-expression

subgroups. The RNF43 expression level was upregulated most
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significantly (Figure 10J). In addition, the GSEA analysis of KEGG
pathways indicated the change of relevant pathways between
the AKAPS8L high-expression group versus the AKAP8L low-
expression groups (Figure 10K). We also used Gene Set Variation
Analysis to assign activity estimates of 50 HALLMARLK cancer-
related pathways between the AKAPS8L high-expression and
AKAPS8L low-expression subgroups. We found that the MYC and
WNT/B-catenin signaling pathways were significantly activated in
the AKAPSL high-expression group (Figure 10L).

4 | DISCUSSION

We constructed a prognostic risk model based on four genes associ-
ated with RNA splicing regulation in the TCGA colon cancer dataset.
The prognostic risk model was further validated in two GEO data-
sets. The expression profile of four RNA splicing regulators was fur-
ther evaluated in clinical patient samples. The prognostic risk model
was confirmed to be an independent prognostic factor in multivari-

able analyses for colon cancer. We also determined that AKAP8SL
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FIGURE 6 Receiver operating characteristic (ROC) curves and Kaplan-Meier survival curves of overall survival (OS) time of colon cancer
patients and four genes. (A-D) ROC analysis of the four key RNA splicing regulator related genes in discrimination of normal and colon

cancer patients, all with an area under the ROC curve (AUC) value of >0.75. (E-H) Kaplan-Meier survival curves of OS time for colon cancer
patients with high and low expression of indicated RNA splicing-related genes in The Cancer Genome Atlas dataset. Cl, confidence interval;

FPR, false positive rate; HR, hazard ratio; TPR, true positive rate

FIGURE 7 mRNA expression levels of CLK1, CLK2, AKAPSL, and PPARGC1A in colon cancer patient sample and cell lines. (A-D) mRNA
expression of CLK1, CLK2, AKAP8L, and PPARGC1A in 30 paired colon cancer tissues (T) and adjacent normal tissues (ANT) by quantitative
PCR (gPCR) analysis. (E-H) mRNA expression of CLK1, CLK2, AKAPS8L, and PPARGC1A in 30 paired colon cancer tissues (T) and liver
metastatic tissues (LM) by gPCR analysis. (I-L) CLK1, CLK2, AKAP8L, and PPARGC1A relative mRNA expression in normal colonic epithelial
cell lines and colon cancer cell lines. Data in (A-H) are presented as mean+SD. *p <0.05, ***p <0.001 (Student's t-test)
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FIGURE 8 Expression of CLK1, CLK2, AKAPSL, and PPARGC1A was validated by immunohistochemical (IHC) staining in colon cancer and
liver metastatic tissues. (A) Representative images showing IHC staining results of CLK1, CLK2, AKAP8L, and PPARGC1A in colon cancer
adjacent normal tissues (ANT), colon cancer tissues (T), and liver metastatic tissues (LM) (scale bar, 50 um). (B-E) IHC staining scores analysis
of CLK1, CLK2, AKAPSL, and PPARGC1A in colon cancer tissues (T) versus adjacent normal tissues (ANT) and liver metastatic tissues (LM)

(n = 36). Data are presented as mean +SD. *p<0.05, ***p <0.001 (Student's t-test). ns, not significant

could promote colon cancer cell proliferation and migration through
in vitro experiments.

In our risk score, PPARGC1A is associated with a favorable sur-
vival outcome and CLK1, CLK2, and AKAP8L with an unfavorable
survival outcome. CLK1 and CLK2 are members of the evolution-
arily conserved CLK family, which play an important biological role
in pre-mRNA splicing by regulating SR protein. CLK1 can promote
gastric cancer development by regulating the splicing processes and
can act as a potential target for gastric cancer treatment.?° Other
studies have found that CLK1 undergoes abnormal splicing events
with an inclusion of exon 4 in CRC, which in turn affects its function
as a splicing factor kinase, and then negatively regulates its down-
stream alternative splicing events.?! Previous studies have found
that CLK2 is an important oncogene kinase and splicing regulator

in breast cancer, and knockdown of CLK2 can significantly inhibit
the proliferation and migration of breast cancer cells.??28 Qur study
found that both CLK1 and CLK2 had higher expression levels in colon
cancer, which predicted poor OS. We also tested the protein and
mRNA levels of CLK1 and CLK2 in patient samples of colon cancer
and obtained results consistent with the bioinformatic analysis.
Encoding protein of A-kinase anchor protein 8-like, AKAPSL,
also named HA95 (homologous to AKAP95),% is involved in many
biological processes, such as G,/M phase transformation, mRNA
processing, RNA splicing regulation, and histone phosphorylation
regulation.?>2% A recent study found that the N-terminal region of
AKAPS8L binds to mTORC1 in the cytoplasm, which plays an im-
portant role in mTORC1's regulation of cell growth.27 However,
AKAPS8L has been less studied in tumor, and the biological function
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FIGURE 9 AKAPS8L promotes colon cancer cell growth, migration, and invasion. (A) Basic protein expression of AKAPS8L in normal colonic
epithelial cell lines and colon cancer cell lines detected by western blot. GAPDH serve as the loading control. (B) mRNA and protein levels

of AKAPS8L in HCT-116 and DLD1 cells with control vector (sh-NC) or sh-AKAP8L were evaluated by quantitative PCR and western blot. (C)
Cell growth in HCT-116 and DLD1 cells with sh-NC or sh-AKAP8L was determined by CCK-8 assay. (D) Left, representative images of cell
colonies stained with crystal violet in HCT-116 and DLD1 cells with sh-NC or sh-AKAPS8L. Right, numbers of colonies as mean+SD from
three independent experiments. (E,F) Left, representative images of migrated cells in migration and invasion assays were stained with crystal
violet in HCT-116 cells with sh-NC or sh-AKAPS8L. Right, numbers of cells as mean+SD from three independent experiments. (G) mRNA

and protein levels of AKAP8L in SW480 cells transfected with sh-NC or AKAPS8L overexpression (OE) vector. (H) Cell growth in SW480

cells with vector or AKAP8L-OE determined by CCK-8 assay. () Representative images and statistic graph of migrated cells in migration and
invasion assays in in SW480 cells with vector or AKAP8L-OE. Data are presented as mean+SD. **p<0.01, ***p <0.001 (Student's t-test).

OD, optical density

of AKAPS8L in colon cancer is still unknown. Our results showed
that AKAPS8L has higher expression level in colon cancer and liver
metastatic tissue. Higher levels of AKAP8L were associated with
poor survival in colon cancer according to the TCGA data. We
also found that knockdown of AKAPS8L could inhibit colon cancer
cell growth both in vitro and in vivo. Furthermore, we found 10

genes that interacted with AKAPS8L at the protein level through
the PPI analysis. Among the 10 genes, the difference in RNF43
expression level was most obvious between the AKAPS8L high-
expression and AKAPSL low-expression groups. RNF43 encodes a
RING finger protein with ubiquitin ligase activity, which has been
reported to be overexpressed in CRC and to play a crucial role
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FIGURE 10 Knockdown of AKAPS8L inhibits colon tumor growth in vivo. (A,C) Tumor volumes growth curve of HCT-116 and DLD1
xenografts with control vector (sh-NC) or sh-AKAPS8L. Data are shown as mean +SEM of five mice in each group. Statistical analyses

were carried out using two-way ANOVA. **p<0.01, ***p <0.001. (B-F) Tumor images and weight of tumors harvested at the end of the
experiment; statistical analyses were carried out using the Mann-Whitney test. *p <0.05. (G,H) Representative images and statistical graph
showing the immunohistochemical staining of Ki-67 in HCT-116 xenograft with sh-NC or sh-AKAPS8L. Statistical analyses were carried out
using Student's t-test. *p <0.05. (I) Protein-protein interaction network downloaded from the STRING database indicated all the possible
intersections between AKAPS8L and other proteins (confidence = 0.4). (J) Differential mMRNA expression of genes that may interact with
AKAPSL at the protein level between the AKAPS8L high-expression and AKAPS8L low-expression subgroups in The Cancer Genome Atlas
(TCGA) cohort. (K) Kyoto Encyclopedia of Genes and Genomes Gene Set Enrichment Analysis of the AKAPSL high-expression versus
AKAPSL low-expression subgroups in the TCGA cohort (false discovery rate [FDR] <0.05). (L) Differential analysis of Gene Set Variation
Analysis scores of HALLMARK pathways between the AKAPSL high-expression and AKAPS8L low-expression subgroups in the TCGA cohort

(FDR<0.05)

in the pathogenesis of CRC.2873% A previous study has reported
that AKAPS8L is an RNF43-interacting protein but might not be
the substrate of RNF43 ubiquitin ligase.>* However, the regula-
tory relationship between AKAP8L and RNF43 remain unclear.
Furthermore, we found that MYC and WNT/-catenin signaling
pathways, which are associated with prompting colon cancer de-
velopment and progression, were upregulated in the AKAP8L high-
expression group. Therefore, we speculate that AKAP8L might
play a role in promoting colon cancer development. However, fur-
ther studies are needed to uncover the molecular mechanism of
AKAPS8L in mediating tumor development.

PPARGC1A encodes PGC1la protein, which can maintain mito-
chondrial activity, resistance to oxidative stress, and support cellu-
lar survival. In BRAF (V600E) mutated melanoma cells, PGCla can
support the survival of melanoma cells even in the presence of BRAF
inhibitor, but PGC1a can also inhibit tumor metastasis.? The poten-
tial mechanism of inhibition of this invasive phenotype is related to
activation of the ID2/TCF4 axis and increased downstream integrin
expression.>® BRAF mutations also occur in 8%-12% of advanced CRC
patients, with V60OE being the most common mutation locus.3#%° In
different types of tumor, the function of PGC1a can range from tumor
inhibition to tumor growth promotion. Some studies have reported
that PGC1la can promote the metastasis of breast cancer, pancreatic
cancer, gastric cancer, and cholangiocarcinoma.®*=*? However, other
studies have found that PGC1la could inhibit tumor aggressiveness in
prostate cancer, renal carcinoma, and melanoma.®349-42 Some studies
revealed that overexpression of PGCla resulted in the progression

43-45 whereas others found

and therapy resistance of colon cancer,
that lower expression levels of PGCla were associated with colon
cancer progression.**” In our study, we found that high mRNA lev-
els of PGCla were associated with better prognosis in colon cancer
from TCGA data. However, the protein level of PGCla was higher in
liver metastases than in adjacent normal tissue and primary tumors by
IHC assay. These differential expression profiles of PGCla in primary
tumor and metastasis suggest that PGCla expression and activity are
differentially regulated depending on the tumor site. The number of
colon cancer tissue samples used in our study is also limited. We hope
to further expand the sample size in future studies to detect the dif-
ferential expression of PGCla in colorectal cancer and liver metasta-
sis, and further explore its role and mechanism.

The GO enrichment analysis indicated that immune-related
functions were enriched in the low-risk group, while RNA splicing,

and epigenetic regulation associated pathways were enriched in
the high-risk group. In addition, we found three immune-related
pathways—the chemokine signaling pathway, NOD-like receptor
signaling pathway, and Toll-like receptor signaling pathway—were
significantly enriched in the low-risk group compared to the high-
risk group. For further ESTIMATE analysis, the result showed that
the immune score was higher in the low-risk group than in the high-
risk group. High immune score was implicated with a better progno-
sis and survival outcome in previous research. CD8 T cell effector
and immune checkpoint associated pathway genes were higher in
the low-risk group. These results indicated that the risk score cor-
related with immune status in colon cancer, and the low-risk score
had a more positive antitumor immune status. Previous studies have
shown that alternative splicing plays an important role in cancer
immunity.*->! The immunogenic epitope in tumor cells is constitu-
tively spliced out, which made the tumor cells cloud not be recog-
nized by T-cell receptor engineered T cells.” Therefore, whether the
risk score could complement with immune score to better evaluate
the efficacy and prognosis of immunotherapy still needs more in-
depth analysis.

Our study still has some limitations. First, the number of patient
samples used to verify the expression of the four splicing factor
genes was small. Therefore, the prediction efficiency of the risk
model needs further verification in a large patient sample cohort.
Second, we did not analyze the abnormal alternative splicing events
related to the four splicing factor genes. Third, the ratios of stage
| to Il and that of stage Ill to IV in the TCGA cohort were slightly
different from those in the GSE41258 and GSE17536 cohorts,
but did not affect the analysis results between the TCGA cohort
and GSE41258 and GSE17536 cohorts. In addition, the biological
function and mechanism of these four genes in the occurrence and
development of colon cancer still needs further investigation in fu-

ture studies.
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