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Colon cancer is the fourth leading cause of cancer-related death, and exhibited clinical differences among
patients of different ages, includingmalignancy,metastasis, andmortality rate. Few studies, however, focus
on the communications between aging and colon cancer. Here we identified age-dependent differentially
expressed genes (DEGs) in colon cancer using TCGA transcriptome data. Through analyzing multi-omics
high throughput data, including ATAC-Seq, DNaseI-Seq and ChIP-Seq, we obtained six age-dependent tran-
scription factors in colon cancer, and their age-dependent targets, significantly affecting patients’ overall
survivals. Transcription factor ETS1 potentially functioned in both aging process and colon cancer progres-
sion through regulating its targets, RGL2 and SLC2A3. In addition, comparing with its relative lower expres-
sion levels in elderly patients, higher levels of RGL2 were detected in young patients, and significantly
associatedwith larger tumor size, highermetastasis, and invasions of colon cancer, consistentwith the clin-
ical traits that young patients’ colon cancer exhibited late stageswithmore aggressiveness. Thus, these ele-
ments may serve as keys linking aging and colon cancer, and providing new insights and basis for
mechanism researches, as well as diagnosis and therapies of colon cancer, especially in young patients.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Colorectal cancer is exceedingly prevalent, as the third most
commonly diagnosed cancer worldwide, whose lethal rate ranks
fourth, after lung cancer, liver cancer, and stomach cancer [1,2].
The risk of developing colorectal cancer has been highly associated
withdemographic, behavioral, and environmental factors, including
inflammatory bowel disease (IBD), colorectal cancer history, body
mass index (BMI), dietary habits, and physical activities [1,3]. At
genomic levels, colorectal cancerwas quite commonly accompanied
by genetic and epigenetic alternations, which promoted tumorigen-
esis [4]. One of the responsible factors was chromosomal instability,
which contained the loss of tumor suppressor genes and amplifica-
tions of oncogenes [4-6], affecting major signaling pathways (WNT,
MAPK/PI3K, TGF-b, P53) [2]. Telomere dysfunction andDNAdamage
response alterations were two main causes underlying chromoso-
mal instability, affecting genes responsible for critical cellular func-
tions, including APC, KRAS, PI3K and P53 [2].

In addition, telomere dysfunction and DNA damage response
alterations were also two leading factors responsible for aging pro-
cess. Telomere dysfunction was highly correlated with limitations
of cellular proliferative capacity, and could activate canonical DNA
damage response pathway, leading to cellular apoptosis or senes-
cence [7]. Telomere dysfunction could induce expression of p21
and p16 to initiate cellular senescence through p53 and RB tumor
suppressor pathways [7-10]. Loss of p53 function could restore
many cellular defects caused by telomere dysfunction, including
growth arrest and cellular apoptosis [11].

These researches indicated a hint of the links between senes-
cence process and cancer progression. Considering the interplay
of senescence and cancer, previous research showed that telomere
dysfunction suppressed tumorigenesis through p53-dependent
cellular senescence induction, accompanied by global induction
of p53, p21 and senescence-associated-b-galactosidase staining
[12]. Since pathological progressions were always complicated,
senescent cells were reported to promote epithelial cell growth
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and tumorigenesis through senescence-associated secretory phe-
notypes in a proinflammatory context [13,14]. Cellular senescence
was thought to be one of the hallmarks of aging [15]. Thus, some
connections might exit between aging process and cancer
progression.

Actually, age acts as an important risk factor related to the
occurrence of colorectal cancer. According to the newest statistics
provided by the American Cancer Society, the incidence rates for
colorectal cancer declined by 3.3% annually among patients aged
65 years and older during the 2000 s, while increased by approxi-
mately 2% annually among adults aged younger than 50 [16]. Sim-
ilar to the incidence rate patterns, colorectal cancer death rates
decreased by 3% annually among patients aged 65 and older, while
increased by 1.3% annually among adults aged younger than 50
[16]. Nevertheless, few researches focused on the molecular
changes of this age-related differences, or whether some protect-
ing mechanisms existed in old individuals. The underlying mecha-
nisms accounting for this phenomenon remain unclear. Since colon
cancer accounts for a large proportion of colorectal cancer inci-
dence, we focused on colon cancer in this study.

In this study, we extended our previous study on the interplay
between senescence and cancer [39]. Integrating TCGA datasets
and other published multi-omics datasets, including ATAC-Seq,
DNaseI-Seq, ChIP-Seq, and RNA-Seq, we identified several tran-
scription factors and their target genes, linking aging process and
colon cancer progression, through multi-parallel analyses.
2. Materials and methods

2.1. Data processing and identifying DEGs

For the collected RNA-Seq data of ETS1 KD and HOXA9 KD, clean
reads were mapped to the human reference genome hg38 using
hisat2 [17,18] with default parameters. Gene expression levels
were quantified using stringtie [18,19]. Differential analyses were
performed with edgeR [20,21] in R environment [22]. Genes with
P-value <0.05 were considered significant. Heatmap visualizations
of DEGs were done with Pheatmap package [23].

For TCGA RNA-Seq data, quantifications of patients with age of
50 or less and age of 80 or more were considered, and read counts
were processed in edgeR [20,21] for differential analysis. Genes
with P-value<0.05 were considered significant.
2.2. Pathway enrichment analysis

KEGG pathway enrichments were done with geneSCF [24]. For
graphical demonstrations, we presented significantly enriched
items related with senescence, immune, and cancer, for clear visu-
alizations. Items enriched with P-value <0.05 were considered sig-
nificant. Bar plots of enrichment results were done with ggplot2
package [25], and alluvial plots were done with ggalluvial package
[26]. GSEA (Gene set enrichment analysis) was done with GSEA
software [53,54].
Fig. 1. Characterizations of age-dependent differentially expressed genes (DEGs) in c
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2.3. ATAC-Seq and ChIP-Seq data processing

For ATAC-Seq data and DNaseI-Seq, Bowtie (v1.2.3) [27] or
Bowtie2 (v2.3.4.3) [28] was used to align reads to human reference
genome hg38 with default parameters. Peak calling was performed
using MACS2 (v2.1.2) [29] with default parameters.

For ChIP-Seq data, the peak files and target files were directly
downloaded from the Cistrome data browser [30,31]. The detailed
peaks were modified from WASHU epigenome browser [32]. Tar-
gets were identified based on corresponding gene score greater
than 0.2 in the downloaded files.

2.4. Identification of transcription factor binding site motifs

All ATAC-Seq and DNaseI-Seq peaks were extracted for motif
analysis using the HOMER motif finding tool with default parame-
ters [33]. Motifs with P-value<0.05 were considered significant.

2.5. Survival analysis

The clinical data for survival analysis were downloaded from
UCSC Xena TCGA GDC hub. Survival analyses were performed with
the survival package [34]. Cutoff thresholds were conducted with
Q1 versus Q4 quartile for high and low expression groups of vari-
ous genes, thus patients with the top 25% of gene expression
belonged to high expression group, and patients with the mini-
mum 25% of gene expression belonged to low expression group.
Survival plots were proceeded with survminer package [35] in R
environment [22].

2.6. Data collection

We downloaded expression profiles and clinical traits data of
human colon cancer of TCGA and normal colon data of GTEx from
UCSC Xena browser (https://xenabrowser.net/datapages/).

The ATAC-Seq and DNaseI-Seq datasets from GSE83968 [36],
including two ATAC-Seq data and eleven DNaseI-Seq data, were
downloaded from the EBI (European Bioinformatics Institute) data-
base (https://www.ebi.ac.uk/).

For ChIP-Seq data of ETS1 and PKNOX1, the peak files and tar-
gets were directly downloaded from the Cistrome data browser
(http://cistrome.org/db/) [30,31]. The ETS1 KD dataset GSE153852
[37] and HOXA9 KD dataset GSE100144 [38] were utilized to con-
firm their regulatory relationships to potential targets. All these
datasets were downloaded from GEO (https://www.ncbi.nlm.nih.-
gov/geo/) unless otherwise specified.

3. Results

3.1. Identifying age-dependent differentially expressed genes in colon
cancer patients

Previously we found that age-dependent differentially
expressed genes (DEGs) in senescent mouse embryonic fibroblasts
olon cancer. (A) Age division of young and old patients of colon cancer. Age of 50 or
ge-dependent DEGs in colon cancer. (C) Volcano plot of DEGs in colon tumor tissues,
ed based on the thresholds, indicated by dotted lines. X-axis stands for log2 (fold
een age-dependent DEGs (from B) and cancer-dependent DEGs (from C) in colon
l tissues. (F) RGL2 was upregulated in young colon cancer patients, comparing with
ression changes of the 803 common age-dependent DEGs from young to old colon
EGs were normalized to z-scores, indicated by different colors. (H) KEGG pathway
oth old patients comparing to young patients and colon tumor tissues comparing to
regulated in old patients while down-regulated in colon tumor tissues, and down-
to senescence, immune and cancers, were selected. All pathways presented were
r in this figure legend, the reader is referred to the web version of this article.)
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could also function in cancers, including pancreatic cancer, col-
orectal cancer and cholangiocarcinoma [39]. To investigate the role
of senescence in the progression of colon cancer, we obtained colon
2192
cancer data from UCSC xena browser TCGA GDC hub. Focusing on
age-dependent regulators in colon cancer, we defined age of 50 or
less as ‘young’ and age of 80 or more as ‘old’ (Fig. 1A). Based on 61
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young patients’ and 92 old patients’ RNA-Seq data, we identified
1096 DEGs as set 1 (639 up-regulated and 457 down-regulated
in old patients, Fig. 1B). We then obtained the DEGs between colon
tumor tissues and adjacent normal tissues as set 2 (Fig. 1C). Focus-
ing on genes functioning in both aging and colon cancer progres-
sion, we obtained 803 common genes between DEGs of set 1 and
set 2 (Fig. 1D), one of which was RGL2, which is upregulated in
colon tumor tissues comparing with adjacent normal tissues
(Fig. 1E), and in young patients comparing with old patients
(Fig. 1F). Taking the average expression levels as indicators, these
803 common genes exhibited gradual downregulations or upregu-
lations from ‘young’ to ‘old’ patients, where age between 51 and 79
were defined as ‘middle’ (Fig. 1G).

We divided these 803 common genes into four groups as fol-
lows, down-regulated in both old patients comparing to young
patients and colon tumor tissues comparing to adjacent normal tis-
sues (150 genes, Figure S1A), up-regulated in both old patients and
colon tumor tissues (277 genes, Figure S1B), up-regulated in old
patients while down-regulated in colon tumor tissues (201 genes,
Figure S1C), and down-regulated in old patients while up-
regulated in colon tumor tissues (175 genes, Figure S1D). KEGG
pathway enrichments were then performed on these four groups
respectively using geneSCF [24]. Significantly enriched pathways
among different groups included senescence related pathways, as
exemplified by cellular senescence, longevity regulating pathway,
p53 signaling pathway, and several others (Fig. 1H), and cancer
related pathways, as exemplified by pathways in cancer, colorectal
cancer, and several others (Fig. 1H). In addition, significantly
enriched pathways also included immune related pathways, as
exemplified by Th17 cell differentiation, Th1 and Th2 cell differen-
tiation, and IL17 signaling pathway (Fig. 1H). Furthermore, Gene
Set Enrichment Analysis (GSEA) showed that the involved path-
ways mainly included immune-related pathways, and
metabolism-related pathways (Table S1), as exemplified by inter-
feron signaling (Figure S2A), cytokine signaling in immune system
(Figure S2B), extracellular matrix organization (Figure S2C) and
metabolism of lipids (Figure S2D).

3.2. Survival analysis reveals potential age-dependent candidates
functioning in colon cancer

To unravel the relations between DEGs and patients’ vital sta-
tus, the above mentioned four groups of common genes were sub-
jected to survival analysis. In the analysis, cutoff thresholds were
determined by Q1 versus Q4 quartile to define high and low
expression levels, which meant that patients with the top 25% of
gene expression belonged to high expression group, and patients
with the minimum 25% of gene expression belonged to low expres-
sion group. Totally 64 genes (13, 18, 16, and 17 genes in four
groups respectively) were significantly (P-value < 0.05) associated
with patients’ survival probabilities (Fig. 2A, Table S2), which were
then selected as potential candidates functioning in colon cancer.
As exemplified by two coding genes (Fig. 2B, C) and one non-
coding RNA (Fig. 2D), low expression of protein coding gene
TMEM165 significantly decreased patients’ overall survival proba-
bilities (Fig. 2B), while high expression of protein coding gene
ASPHD1 and non-coding RNA KRT8P12 significantly decreased
patients’ overall survival probabilities (Fig. 2C, D).

3.3. Identifying transcription factors functioning in colon cancer
progression

Aiming to find upstream transcription factors (TFs) of the 64
potential candidates functioning in colon cancer from survival
analysis, we obtained ATAC-Seq or DNaseI-Seq data of 13 colon
cancer cell lines. After aligning sequencing reads and evaluating
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open chromatin accessibilities, we subjected 13 sets of peaks sep-
arately to HOMER to find corresponding motifs [33], and identified
13 sets of regulatory TFs based on P-value <0.05 in the analyses
(Fig. 3A). The 146 common factors among 13 sets of TFs were con-
sidered as candidate colon cancer TFs (Fig. 3B). We further over-
lapped these 146 candidate TFs with the 1096 age-dependent
DEGs of colon cancer, and considered the common 6 factors as
age-dependent colon cancer TFs (Fig. 3C), which were ATF3,
HOXA9, ETS1, PKNOX1, STAT1, and HOXB4. To visualize these TF
genes’ differential expressions, three of them were represented
as examples, PKNOX1, HOXA9, and ETS1. Both PKNOX1 and HOXA9
were significantly up-regulated in old patients, comparing with
young patients, and significantly up-regulated in colon tumor tis-
sues, comparing with adjacent normal tissues (Fig. 3D, E). ETS1
was down-regulated in both old patients comparing with young
patients, and colon cancer tissues, comparing with adjacent normal
tissues (Figure S3A, B), although different expression levels of ETS1
were not significantly correlated with patients’ overall survivals
(Figure S3C). These results revealed that several TFs (ATF3, HOXA9,
ETS1, PKNOX1, STAT1, and HOXB4) may function in both aging and
colon cancer.
3.4. Identifying potential targets of age-dependent colon cancer
transcription factors

Using ChIP-Seq data from Cistrome DB [30,31], we found that
two age-dependent candidate TFs, ETS1 and PKNOX1, directly
bound to the genomic loci of a majority of the above mentioned
64 potential candidates functioning in colon cancer (Fig. 4A-D).
Among the 64 potential candidate genes, ETS1 had binding sites
on 70.3% (45 out of 64) in CUTLL1 cells, a T lymphocyte cell line
(Fig. 4A) and on 62.5% (40 out of 64) in K562 cells, a human ery-
throleukemia cell line (Fig. 4B) respectively; while PKNOX1 had
binding sites on 64.1% (41 out of 64) and 70.3% (45 out of 64) in
two K562 replicates respectively (Fig. 4C, D). For detailed visualiza-
tion, we found that ETS1 exhibited consistent binding at the pro-
moters of RGL2 (Fig. 4E) and NCKAP5L (Fig. 4F) in CUTLL1 (a T
lymphocyte cell line), GM12878 (a lymphoblastoid cell line),
K562 (a human erythroleukemia cell line), and PANC-1 (a pancre-
atic cancer cell line) cells. PKNOX1 exhibited consistent binding at
the promoters of FH (Fig. 4G) and VPS52 (Fig. 4H) in K562 (a human
erythroleukemia cell line), MCF-7 (a breast cancer cell line), and
GM12878 (a lymphoblastoid cell line) cells. Moreover, different
expression levels of these target genes significantly affected
patients’ overall survival probabilities (Figure S4), suggesting their
essential roles in colon cancer progression.

To validate these TFs’ regulations on the potential targets, ETS1
knocking down (KD) RNA-Seq data were collected from
GSE153852 [37]. The data revealed that some targets were signif-
icantly affected by ETS1 knockdown in both Rh30 and Rh41 cells,
two rhabdomyosarcoma cell lines (Fig. 5A, B). In addition, both
RGL2 and SLC2A3 genes were significantly down-regulated when
ETS1 was knocked down (Fig. 5C, D). SLC2A3 was previously
reported to be associated with colon cancer [40,41], supporting
our analyzed data. Moreover, high expression levels of both SLC2A3
and RGL2 were significantly correlated with patients’ low survivals
(Figure S4A, B). In addition, KEGG pathways enrichments analysis
of DEGs after ETS1 disruption in both Rh30 and Rh41 cells revealed
that many senescence, immune and cancer related pathways were
significantly affected (Fig. 5E).

In addition to ETS10s regulatory roles, RNA-Seq data of another
TF, HOXA9, were collected from GSE100144 [38]. Knocking down
HOXA9 could up-regulate RGL2 (Figure S5). These results implied
that ETS1 potentially functions as an upstream TF in both senes-
cence and colon cancer, and additionally that SLC2A3 and RGL2



Fig. 2. Survival analysis results of age-dependent DEGs of colon cancer. (A) Survival analysis of the above mentioned four groups of common DEGs. X-axis stands for four
groups of common DEGs and y-axis stands for -log10(P-value). DEGs with P-value<0.05 were labeled red. (B-D) Examples of survival analyses, including TMEM165 (B), ASPHD1
(C), and KRT8P12 (D). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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are direct targets of ETS1, playing their essential roles downstream
in colon cancer progression.

3.5. RGL2 functions in both aging and colon cancer

To address the function of RGL2, a candidate we chose for fur-
ther research, we also collected expression data of normal colon
tissues from Genotype-Tissue Expression (GTEx). We defined high
and low expression groups of RGL2 with Q1 versus Q4 quartile in
TCGA data (Fig. 6A) and in GTEx data (Figure S6). We then checked
the expression levels of senescence, proliferation, and cancer
markers. In colon cancer patients with low levels of RGL2, PTEN
and SMAD4, two tumor suppressors, were significantly up-
regulated (Fig. 6B, C), and CDKN1A and CDKN2B, two cell cycle reg-
ulators and senescence markers, were significantly up-regulated
(Fig. 6D, E). In GTEx data, we observed similar differential expres-
sion patterns of these marker genes in normal colon tissues. Using
all available samples for calculating correlations between RGL2 and
other marker genes, we found that the expression of the senes-
cence marker CDKN2B was negatively correlated with that of
RGL2 (Fig. 6F); and P53, a tumor suppressor and senescence marker
2194
gene, was also negatively correlated with RGL2 in expression level
(Fig. 6G). Expressions of ERCC1, EGFR and S100A2, three cancer
markers, however, were positively correlated with that of RGL2
(Fig. 6H-J). The expression patterns of these markers were consis-
tent between TCGA colon cancer samples and GTEx normal colon
tissues. These results indicated that RGL2 is involved in both aging
process and colon cancer progression.

In addition, the expression levels of RGL2 were associated with
clinical traits. The TNM system is the most widely used staging sys-
tem, and the higher the number after the letters, the more deteri-
orating the cancer becomes. Significant differential expressions of
RGL2 between M0 and M1 stages of colon cancer indicated that
higher levels of RGL2 were associated with cancer metastasis
(Fig. 6K). Differential expressions of RGL2 between N0, N1 and
N2 stages showed that higher levels of RGL2were highly associated
with more lymph nodes that contained cancer (Fig. 6L). This was
consistent with the positive correlations between RGL2 expression
levels and positive lymph nodes detected by HE staining (Fig. 6M).
Moreover, differential expressions of RGL2 between T1, T2, T3, and
T4 stages indicated that higher levels of RGL2 were significantly
associated with larger tumor size (Fig. 6N). In another staging sys-



Fig. 3. Open chromatin accessibilities evaluation and transcription factors (TFs) identification in colon cancer. (A) The numbers of TFs identified as significant with
HOMER [33] in 13 colon cancer cell lines. (B) Common TFs of 13 cell lines. Each of the 13 sets of TFs was divided into several sub-groups, indicated by black dots horizontally.
Only top 10 sub-groups by frequency were presented. Y-axis stands for gene numbers, and each column stands for a single sub-group. We identified 146 common TFs among
13 sets, indicated in red number. (C) Venn plot of the common parts between age-dependent colon cancer DEGs and 146 identified common TFs in colon cell lines. (D, E)
Differential expressions of PKNOX1 (D) and HOXA9 (E) in colon tumor tissues, comparing with adjacent normal tissues, and in old colon cancer patients, comparing with
young patients. *** P-value < 0.001, * P-value < 0.05 by Students’ t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Q. Cheng, Y. Wu, H. Xia et al. Computational and Structural Biotechnology Journal 19 (2021) 2190–2201
tem, RGL2 levels were also positively correlated with the tumor
size and metastasis (Fig. 6O). In addition, cancers with venous
invasion exhibited significantly higher expressions of RGL2
(Fig. 6P).

Intriguingly, RGL2 was not only upregulated in colon cancer tis-
sues comparing to adjacent normal tissues (Fig. 1E), it expressed
even higher in young colon cancer patients than in old patients
(Fig. 1F), and its higher expression levels indicated more aggressive
and deteriorating colon cancer (larger tumor size, higher metasta-
sis, and invasions, Fig. 6K-P), consistent with the clinical data that
colon cancer exhibits higher metastasis and malignancy in young
patients. These results suggested that RGL2 may be a predictor in
2195
colon cancer, and more importantly, it may serve as a new indica-
tor for the elevated cancer risk in young colon cancer patients.
4. Discussion

To unravel the relationships between aging and cancers, we
evaluated the potential roles of age-dependent DEGs in colon can-
cer progression. Enrichment analyses indicated that these DEGs
were involved in senescence, immune, cancer, and metabolism
related pathways. Combining multi-omics high throughput data,
we elucidated a set of age-dependent colon cancer TFs and their



Fig. 4. Transcription factors bound at genomic regions of 64 candidates from survival analysis. (A, B) ChIP-Seq data representations of ETS1 binding in CUTLL1 cells (A)
and K562 cells (B). (C, D) ChIP-Seq data representations of PKNOX1 binding in two replicates of K562 cells. Chromosome information is labeled in the outermost circle, and
the 64 candidate genes are labeled in the immediate inner circle. ChIP-Seq peaks are labeled in the red circle, and the immediate inner black circle represents 64 candidates’
genomic locations. The blue lines link the TF and its potential targets. (E, F) Detailed binding states of ETS1 on promoter regions of RGL2 (E) and NCKAP5L (F) in four cell lines.
(G, H) Detailed binding states of PKNOX1 on promoter regions of FH (G) and VPS52 (H) in three cell lines. The ChIP-Seq data were collected from Cistrome DB (http://cistrome.
org/db/). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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candidate target genes potentially functioning in both aging and
colon cancer. Among them, ETS1, as an upstream TF, potentially
regulated aging process and colon cancer progression through
binding its two direct targets, RGL2 and SLC2A3. Age-related dys-
regulations of RGL2 were significantly correlated with different
clinical phenotypes of colon cancer. Higher levels of RGL2 were
detected in young colon cancer patients (Fig. 1F) and significantly
associated with larger tumor size, higher metastasis, and invasions
of colon cancer (Fig. 6K-P), consistent with the clinical data that
colon cancer exhibited higher metastasis and malignancy in young
patients. In summary, we elucidated essential roles of several TFs,
together with their targets, linking aging and colon cancer, serving
as potential diagnostic and prognostic indicators of colon cancer,
especially in young patients. Specifically, RGL2, regulated by differ-
ent transcription factors, may function in maintaining the dynam-
ics between aging and colon cancer progression, as well as be a
new indicator for the elevated cancer risk in young colon cancer
patients.

SLC2A3, as a candidate we identified in this study potentially
functioning in colon cancer, was reported to be activated by
CAV1 elevation, to further increase glucose uptake and ATP pro-
duction in colon cancer cells, which might contribute to malignant
progressions of cancers [40]. Moreover, SLC2A3 could be inhibited
by miR-29c elevation, to further inhibit cell proliferation and gly-
colysis in prostate cancer [42], supporting that SLC2A3 plays
important roles in cancer progressions. In addition to SLC2A3, our
study revealed that RGL2 is potentially a new biomarker in colon
cancer, especially in young patients.

After searching for age-dependent TFs, we found disruptions of
two factors, ETS1 and HOXA9, could affect the expression levels of
RGL2. ETS1 is a TF previously reported to show dichotomous roles
as an oncogene or a tumor suppressor gene in diverse cancers [48-
52]. ETS1 was involved in cellular senescence pathway, in response
to microenvironment changes, including oncogenic stress, oxida-
tive stress, ionizing radiation, and tumor suppressor loss. However,
in TCGA colon cancer, different expression levels of ETS1 were not
significantly correlated with patients’ overall survivals (Fig-
ure S3C). Thus, we focused on its target gene RGL2, of which dys-
regulation was significantly associated with the overall survivals
of colon cancer patients (Figure S4A). Both ETS1 and RGL2 were
down-regulated (Figure S3A, 1F), while HOXA9 was up-regulated
in old colon cancer patients (Fig. 3E), comparing with young
patients. Knocking down ETS1 decreased RGL2 expression towards
aging process (Fig. 5A, B), while knocking down HOXA9 increased
RGL2 expression towards anti-aging process (Figure S5). Neverthe-
less, expressions of ETS1 and RGL2were not significantly correlated
in these young and old patients (Pearson correlation, P-
value = 0.3527). We thus believe that the expression of RGL2 was
determined by different combinations of upstream transcription
factors in different micro-environments, such as cancer cells in dif-
ferent stages.

Our results demonstrated that the age-related dysregulations of
RGL2 contributed to elevated colon cancer malignancy and metas-
tasis in young patients. Firstly, RGL2 was up-regulated in colon
tumor tissues, comparing with adjacent normal tissues (Fig. 1E).
Dysregulations of RGL2 significantly affected tumor suppressors,
as exemplified by PTEN and SMAD4 (Fig. 6B, C). Secondly, high
Fig. 5. Characterizations of differentially expressed genes (DEGs) in colon cancer aff
DEGs in colon cancer in Rh30 cells (A) and Rh40 cells (B). Expression levels were normaliz
(C) and RGL2 (D) in ETS1 disruption RNA-Seq data in Rh30 and Rh41 cells. *** P-value <
Methods and materials. (E) KEGG pathway enrichment analysis results of DEGs from ET
knock down ETS1, indicated by shRNA1 and shRNA2. On the left side, different colors indic
related to senescence, immune, and cancers, were selected. All pathways presented w
collected from GSE153852 [37].
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expression levels of RGL2 were significantly correlated with
patients’ low survivals (Figure S4A). Thirdly, RGL2 was up-
regulated in young colon cancer patients, comparing with old
patients (Fig. 1F). In addition to tumor suppressors, dysregulations
of RGL2 significantly affected senescent markers, as exemplified by
two cell cycle regulators CDKN1A and CDKN2B (Fig. 6D, E). Further-
more, age-related dysregulations of RGL2 were significantly corre-
lated with different clinical phenotypes of colon cancer. Higher
levels of RGL2 were significantly associated with larger tumor size,
higher metastasis, and invasions of colon cancer (Fig. 6K-P), indi-
cating that RGL2was involved in both aging process and colon can-
cer progression. These results were consistent with the clinical
data that colon cancer exhibited higher metastasis and malignancy
in young patients. We thus believe that RGL2, regulated by differ-
ent regulatory factors, may play essential roles in maintaining
the dynamics between aging process and colon cancer progression.
Since RGL2 was upregulated in colon cancer tissues (Fig. 1E), and
particularly expressed higher in young colon cancer patients
(Fig. 1F), RGL2 may be an indicator, accounting for the age-
differentiated clinical outcomes, and a therapeutic target of colon
cancer in young patients. Furthermore, these results shed light
on the thinking that whether these factors might dictate age-
differentiated medications and treatment approaches, which
would be a great follow-up study in the near future.

Considering cell type’s specificity, colon cancer cells were
selected for evaluating open chromatin accessibilities. However,
since we did not find ChIP-Seq data of the several TFs and ETS1 dis-
ruption data in colon cancer cells, non-colon cells were selected for
checking TFs’ binding sites, including K562, CUTLL1, GM12878,
PANC-1, and MCF-7 cells, and for ETS1 disruption, including Rh30
and Rh41 cells (rhabdomyosarcoma cell lines). Restriction of these
cell types to colon cancer cells would benefit further mechanism
researches.

With increasing understanding on the pathogeneses and mech-
anisms of cancer developments, researchers found cancer stem
cells were responsible for cancer recurrence, metastasis, and resis-
tance to therapeutic drugs [43,44]. Thus, targeting cancer stem
cells could be a promising strategy to eliminate cancers [45]. The
TF, HOXA9, was reported to be mediated by long non-coding
RNA HOTTIP to regulate downstream targets, and further alter can-
cer stem cell stemness, including tumorigenesis [46]. HOXB4, as a
self-renewal regulator and another candidate in our analyses,
was involved in the regulation of proliferation and tumorigenic
potential of leukemia cells by IGF2BP1, through multiple pathways
of stemness [47]. Targeting these stemness associated mechanisms
would be a great follow-up study as well. We believe these results
will shed light on future researches regarding aging process and
cancer progression, as well as cancer therapies.
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Fig. 6. Correlations of RGL2 expression with different senescence and cancer markers’ expression, and with clinical traits. (A) High and low expression groups of RGL2
determined by Q1 versus Q4 quartile. (B-E) Expression comparisons of PTEN (B), SMAD4 (C), CDKN1A (D) and CDKN2B (E) in the defined high and low expression groups of
RGL2. (F-J) Corresponding expression correlations of RGL2 and CDKN2B (F), P53 (G), ERCC1 (H), EGFR (I), and S100A2 (J) in transcriptome data of normal colon tissues from
GTEx. (K, L) Expression comparisons of RGL2 in different M stages (K) and N stages (L) in TNM system. The TNM system is the most widely used staging system. The higher the
number after the letters, the more deteriorating the cancer becomes. (M) Correlations of RGL2 expressions and numbers of positive lymph nodes detected by HE staining. (N)
Expression comparisons of RGL2 in different T stages in TNM system. (O) Expression comparisons of RGL2 in different stages of colon cancer in another staging system. (P)
Expression comparisons of RGL2 in tissues with or without venous invasion. *** P-value < 0.001, ** P-value < 0.01, * P-value < 0.05 by Students’ t-test.
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