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Background: Doctors have always been overwhelmed by tumor drug resistance because it is a major 
challenge in the clinical treatment of tumors. Cellular senescence has a strong relationship with the 
development of tumor drug resistance. Herein, we aimed to explore new regulatory factors involved in the 
aging process of colorectal cancer (CRC) cells and assess the effect of cellular senescence on CRC drug 
resistance.
Methods: Genes associated with cellular senescence for anticipating regulatory factors were first used, and 
the regulatory molecules of survival significance were then identified based on the results of public database 
analysis. The effects of E2F translation factor 1 (E2F1) on CRC cell viability, invasion, migration, and cellular 
senescence processes were assessed through 3-(4,5)-dimethylthiahiazo(-z-y1)-3,5-di-phenytetrazoliumromide 
(MTT), 5-Ethynyl-2'-deoxyuridine (EdU), Transwell, scar repairining, β-galactosidase staining, and cell 
immunofluorescence assays, respectively. Overexpression or silencing plasmids were used for transfecting 
HCT116 or OXA-HCT116 to assess the effect of E2F1 on the senescence process and drug resistance in 
CRC cells.
Results: On combining the database analysis results with those of our studies, we found that E2F1 was 
a critical regulator of cellular senescence in CRC. In the in vitro experiments, the E2F1 overexpression 
significantly stimulated the proliferation, invasion, and migration of CRC cells and even reduced oxaliplatin-
induced senescence, further enhancing their resistance to oxaliplatin. Conversely, the tumorigenesis of 
colorectal cancer was repressed after the suppression of E2F1. Furthermore, CRC cells, which were 
otherwise resistant to oxaliplatin, also showed senescent phenotypes.
Conclusions: Our results suggest that E2F1 suppresses the aging of CRC cells and tumor cells develop 
resistance to oxaliplatin through high E2F1 expression. Moreover, E2F1 may act as a possible target for 
oxaliplatin resistance studies.
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Introduction

Colorectal cancer (CRC) is one of the most prevalent 
cancers worldwide and the second largest cause of cancer 
mortality (1). Age is a risk factor, with approximately 90% 
of cases occurring in people aged over 50 years. However, 
its frequency among people aged younger than 50 has 
recently increased (2). Moreover, Chinese and Japanese 
people are more prone to CRC (3). Other common risk 
factors for CRC include obesity, red and processed meat, 
smoking, and alcohol intake (4). Gut microbiota disturbance 
is also a recently more widely recognized independent 
risk factor for cancer development (5,6). Chemotherapy 
is widely used as one of the primary treatments for CRC; 
it improves the survival time for patients with advanced 
cancers (7). However, the efficacy of chemotherapy has 
been considerably reduced due to the potential of long-
term chemotherapy to develop chemoresistance and 
chemotherapy-resistant individuals.

Senescence is defined as irreversible cell cycle arrest 
caused by cellular stress (8). Intense oncogenic stress, such 
as radiation, chemotherapy, carcinogens, and oxidative 
stress, lead to DNA replication overload or damage, 
thus causing a senescence-associated phenotype (9-11). 
Cellular senescence is an intrinsic cellular response that 
limits cell proliferation and prevents tumor development 
by inducing telomere shortening and cell cycle arrest 
under normal physiological conditions (12,13). However, 
when the stress exceeds the threshold levels in tumor cells, 
cellular senescence acts as a target for anticancer medicines, 
triggering the activation of the p16/pRb and Arf/TP53/
p21 pathways and DNA damage response (DDR), resulting 

in premature senescence and cell death (14-16). Cellular 
senescence affects tumor progression and has a great impact 
on tumor chemoresistance (17,18). For instance, lung cancer 
cells can inhibit cellular senescence by activating the PTEN/
Akt pathway, thereby inducing cisplatin resistance (19). In 
contrast, doxorubicin treatment induces cellular senescence 
in the HCT116 and MCF7 cells, thus enhancing their 
sensitivity to curcumin, caffeine, and thymoquinone (20).  
However, little is known regarding the function of cellular 
senescence in chemotherapy resistance in CRC.

The E2F family plays various roles in controlling the 
progression of the cell cycle (21). For example, E2F1 is 
a replication stress suppressor and cell cycle regulator; 
therefore, it can cause programmed cell death and restrict 
the unrestrained proliferation of cancer cells (22,23). E2F1 
is comprehensively expressed in advanced cancer tissues, 
such as colorectal, breast, testicular, and liver cancer tissues, 
and promotes their invasion and metastasis, making it a 
crucial molecular marker for determining tumor prognosis 
(24-26). In contrast, the inactivation of E2F1 results in the 
accumulation of DNA replication mediators’ DDR and 
tumor protein p53 (TP53)-dependent apoptosis of tumor 
cells (27-30). Therefore, E2F1 acts as a key target for 
clinical cancer chemotherapy drug development (31). In the 
investigations of cellular senescence-related processes, E2F1 
is predominantly used as a downstream regulatory target of 
the TP53/p21 and p16/Rb axes (32,33). However, the active 
involvement of E2F1 in controlling cellular senescence has 
not been extensively studied.

Herein, we aimed to find whether an active regulation of 
cellular senescence by E2F1 is involved and its possible role 
in CRC chemoresistance. We present the following article 
in accordance with the MDAR reporting checklist (available 
at https://atm.amegroups.com/article/view/10.21037/atm-
22-4054/rc).

Methods

Cell culture

Human CRC cell lines, including HCT116 and LoVo, 
and colonic mucosa cells NCM460 were cultured with 
Dulbecco’s Modified Eagle Medium (DMEM; high glucose) 
medium with 10% fetal bovine serum (FBS). Human 
prostate cancer PC-3 cells and gastric cancer MGC803 
cells were cultured in RPMI1640 medium containing 10% 
FBS. The cell lines were grown at 37 °C in a humidified 
atmosphere of 5% CO2.
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Creation of oxaliplatin-resistant HCT116 (OXA-HCT116) 
cells

HCT116 cells were treated with 0.1 mol/L oxaliplatin 
(MCE, HY-17371). The surviving cells were cultured to 
80% saturation and passaged twice for confirming survival. 
The surviving cell population was similarly treated with 
oxaliplatin concentrations of 0.5 mol/L, 1.0 mol/L, and  
2.0 mol/L. In the in vitro study, no more than 10 generations 
of OXA-HCT116 cells were created.

Plasmid and transfection

Human E2F1 eukaryotic expression plasmid (Lenti-CV186-
E2F1), RNA interference plasmid (Lenti-GV298-sh-
E2F1), overexpression control plasmid (Lenti-CON294), 
knockdown control plasmid (Lenti-GV298-sh-Scb) 
were purchased from Shanghai GeneChem Technology 
Company.

When the HCT116 cells grew up to 60% of the six-
well plates, and plasmid transfection was then completed. 
Then, 48 hours later, puromycin screening was performed 
to obtain E2F1 stable overexpression cell line (E2F1), E2F1 
knockdown cell lines (sh-E2F1 #1 and sh-E2F1 #2), and 
corresponding blank control cell lines (Mock and sh-Scb). 
These cell lines with stable expression were then used for 
experiments.

Quantitative reverse transcription polymerase chain 
reaction (qRT-PCR)

According to the instructions from the manufacturer, the 
RNeasy Mini Kit (Qiagen, 74,104) was used to extract 
total cellular RNA, and cDNA was created by reverse 
transcription using the PrimeScript 1st Strand cDNA 
Synthesis Kit (TaKaRa Bio., 6110A). qRT-PCR was 
performed with StepOneTM Real-Time PCR Systems, and 
the Ct values of each sample were calculated. The transcript 

levels were evaluated using the Delta-Delta Ct method, 
with ACTIN serving as the reference gene. Table 1 lists the 
sequences of all primers.

Western blot

Proteins were extracted using RIPA lysis buffer (Promega, 
A1731). Then, 30 μg protein from each sample was 
electrophoresed on 12% Bis-Tris polyacrylamide gel and 
blotted onto 0.45 μm polyvinylidene fluoride membranes. 
Afterward, membranes were blocked with 5% skimmed 
milk. Blots were incubated for 4 hours at 4 ℃ with the 
primary antibody and 1 hour at room temperature with 
the secondary antibody. Normalized to β-actin. Primary 
antibodies used included E2F1 rabbit antibody (ABclonal, 
A2067), CDKN2A/p16 rabbit antibody (ABclonal, A0262), 
CDKN1A/p21 rabbit antibody (ABclonal, A19094), p53 
rabbit antibody (ABclonal, A0263), Phospho-p53-S15 
rabbit antibody (ABclonal, AP0083) or β-actin mouse 
antibody (Proteintech, 66009-1-Ig); secondary antibody 
used included HRP enzyme-labeled goat anti-rabbit IgG 
(Servicebio, GB23303) and HRP enzyme-labeled goat anti-
mouse IgG (Servicebio, GB23301).

MTT assay

The cells were inoculated in 96-well plates at 5,000 cells 
per well, and five replicate wells per grouping were set up. 
Then, the medium was replaced with a medium containing 
oxaliplatin. After 48 hours, the medium in each well 
was replaced with 20 μL of 3-(4,5)-dimethylthiahiazo(-
z-y1)-3,5-di-phenytetrazoliumromide (MTT) solution 
and incubated for 4 hours in the incubator. Then, the 
culture medium in the wells was discarded, and dimethyl 
sulfoxide was added to each well. The absorbance was 
immediately measured at 490 nm with the enzyme-linked 
immunosorbent assay. The average absorbance of each 

Table 1 Sequences of primers for qRT-PCR

Gene Primers Sequence Product size (bp)

E2F1 Forward 5'-AAGAACCGCTGTTGTCCCG-3' 182

Reverse 5'-GAGGCCGAAGTGGTAGTCG-3'

β-actin Forward 5'-TGCCCATCTACGAGGGGTATG-3' 156

Reverse 5'-TCTCCTTAATGTCACGCACGATTT-3'

qRT-PCR, quantitative reverse transcription polymerase chain reaction; E2F1, E2F translation factor 1.
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group was calculated afterwards.

EdU staining assay

The proliferation of the cells was assessed using the 
BeyoClickTM EdU-594 Cell Proliferation Assay Kit 
(Beyotime, C0078S). Then, cells were planted in a 24-
well plate and incubated until the morphology of the cells 
returned to normal. Next, 2X EdU working solution was 
added and incubated. 4% paraformaldehyde was then added. 
After washing, cells were incubated with a permeabilization 
solution. Then, cells were incubated with the Click reaction 
solution out of the light. The nucleus was stained with 
DAPI (4',6-diamidino-2-phenylindole). A fluorescence 
microscope was used to photograph and record.

Cell migration assay

Three parallel horizontal lines were drawn on the back 
of the 6-well plate. Cells were equally distributed in the 
wells; then, scars perpendicular to these black lines were 
scratched through the cells. Afterwards, cells were washed 
to remove the suspended cells and replaced with fresh 
serum-free medium. The cells under the microscope were 
photographed at 0, 12, 24, 36, and 48 hours. Images were 
processed using Image J software; we calculated the mean 
value of intercellular distance.

Tranwell assay

A 24-well plate was added with 500 μL DMEM per well, 
and the Transwell chambers were coated with 50 μL matrix 
gel and placed into the wells containing medium. After 
trypsin digestion, cells were centrifuged at 1,000 rpm, 
resuspended, and counted. A serum-free cell suspension 
with a suitable concentration was prepared, the cell 
suspension was added to each chamber, and three replicates 
were set up for each group. After discarding the medium, 
cells were soaked in methanol and then stained with crystal 
violet. Then, the non-invaded cells in the upper chambers 
were wiped with cotton swabs. the invaded cells were 
photographed and counted under an inverted microscope. 
Each chamber was captured at the same magnification for 
nine fields of vision and counted using Image J.

Immunofluorescence assay

The cells cultivated on round coverslips were fixed with 4% 

formaldehyde, blocked with 5% skimmed milk, washed, 
and incubated overnight at 4 ℃ with chromobox 3 (HP1-γ) 
primary antibody (Abcam, ab223535). After washing, the 
cells were stained at room temperature with Fluor 594 goat 
anti-rabbit IgG secondary antibody (Abcam, ab150080). 
The cells were then incubated with DAPI (Sigma, D9542). 
A Nikon A1Si laser confocal microscope was used to 
capture the images.

Senescence-associated β-galactosidase staining assay

According to the instructions from the manufacturer, 
the Senescence Associated-β-Galactosidase Staining Kit 
(Beyotime, C0602) was used to perform the staining. The 
cells in 6-well plates were fixed at room temperature using 
a fixative. The cells were then washed with PBS and treated 
with β-galactosidase staining working solution overnight 
at 37 ℃. The photographs were taken under a light 
microscope, and the number of positive cells was matched.

Data availability

Cellular senescence gene sets were obtained from AmiGO 
2 (http://amigo.geneontology.org/). ChIP-X, PWMs, and 
Genome Browser programs were used to screen for potential 
transcription factors that regulate gene expression. The 
public datasets for analyzing the correlation between gene 
expression and survival of patients with cancer were available 
from the Gene Expression Omnibus (GEO) databases 
(https://www.ncbi.nlm.nih.gov/geo/, accession numbers 
GSE24551 and GSE41258). The ChIP-Atlas (https://chip-
atlas.org/) database was used to assess the potential target 
genes of transcription factors, and the top 1000 genes were 
chosen for the Gene Ontology (GO) enrichment analysis. 
The Gene Set Enrichment Analysis (GSEA) and GO 
enrichment analysis was performed using Sangerbox 3.0 
(http://vip.sangerbox.com/) (34). The relative expression 
of E2F1 in cell lines was analyzed by the GEO database 
(GSM5436026; GSM5436028) and the Cancer Cell Line 
Encyclopedia (CCLE) database (https://sites.broadinstitute.
org/ccle). The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013).

Statistical analysis

The survival curves of patients with CRC were estimated 
using the Kaplan-Meier method with a log-rank test. The 
measures were expressed as mean ± SEM (standard error of 

https://sites.broadinstitute.org/ccle
https://sites.broadinstitute.org/ccle
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mean), and differences between groups were analyzed using 
the Student’s t-test. P<0.05 was considered statistically 
significant. The error bars in the graphs represented 
standard deviation. Statistical analyses were performed 
using GraphPad Prism 8.0 software.

Results

E2F1 is an essential transcription factor suppressing 
cellular senescence in CRC

We obtained a cellular senescence-associated gene set from 
the AmiGO 2 database (http://amigo.geneontology.org/
amigo) for investigating the critical transcription factors 
controlling cellular senescence gene expression. ChIP-X, 
PWMs, and Genome Browser (35) analyses identified 35 
transcription factors affecting these senescence machinery 
genes. Nine transcription factors were consistently 
associated with DFS survival in patients with CRC; E2F1 
was the highest-ranked transcription factor according to 
target genes (Figure 1A). The GSEA single gene enrichment 
analysis of E2F1 revealed that E2F1 was closely related 
to DNA damage response and TP53-mediated apoptotic 
pathway, which were required to induce oncogenic stresses 
for cellular senescence (Figure 1B). Furthermore, the ChIP-
Atlas (36,37) (https://chip-atlas.org) database was used to 
predict the target genes of E2F1; we performed GSEA on 
the top 1,000 genes. Notably, these genes were enriched 
for pathways related to the induction of cellular senescence, 
such as DNA damage and repair (Figure 1C). Moreover, the 
Kaplan-Meier plots showed that patients with CRC with 
high E2F1 levels had worse disease-free survival (DFS) 
than those with low expression (P=1.7×10−3, P=0.0054)  
(Figure 1D). Moreover, the Western blot and qRT-PCR 
assays revealed that E2F1 expression was higher in cultured 
cancer cell lines, particularly CRC cell lines HCT116 and 
LoVo than in healthy colorectal mucosa (Figure 1E,1F). The 
analysis results of the CCLE (https://sites.broadinstitute.
org/ccle) database and GEO-related sequencing data 
further corroborated our experimental results (Figure 1G).

E2F1 promotes the proliferation, invasion, and migration 
of CRC cells

The HCT116 cell line was selected as the next research 
model to evaluate the importance of E2F1 in colorectal 
oncogenesis. Furthermore, we established stable cell lines 
for E2F1 overexpression (E2F1) and E2F1 knockdown 
(sh-E2F1 #1 and sh-E2F1 #2). Afterward, Western blot 

and qRT-PCR revealed the expression of E2F1 in the 
aforementioned cell lines (Figure 2A,2B). 

EdU staining was done to examine the proliferative 
vitality of these CRC cell lines. We noted that the E2F1 
overexpression increased the proliferative capacity of these 
cell lines. Conversely, the E2F1 knockdown reduced it 
(Figure 2C). The Transwell assay results showed that the 
E2F1 overexpression increased the invasion capacity of 
CRC cells, whereas the knockdown of E2F1 decreased it 
(Figure 2D). Moreover, the scar healing ability of HCT116 
overexpressing E2F1 was considerably higher than the 
control group (Mock); however, opposite results were noted 
in the knockdown E2F1 group (Figure 2E). These results 
demonstrated that E2F1, as a pro-oncogene, still promoted 
proliferation, invasion, and migration of CRC HCT116 cell 
line in vitro.

E2F1 protects CRC cells against cellular senescence

Oxidative stress and DDR promote cellular senescence (38).  
Moreover, E2F1 deficiency causes DNA replication  
damage (39) and p53-dependent apoptosis in various 
tumors. Based on the abovementioned experimental results, 
we hypothesized that E2F1 is a critical repressive regulator 
of cellular senescence in CRC.

TP53, cyclin dependent kinase inhibitor 1A (CDKN1A/
p21), and cyclin-dependent kinase inhibitor 2A (CDKN2A/
p16) (40) were used as the markers of the progression of 
cellular senescence, and their activation resulted in the 
initiation of apoptosis, autophagy, and other processes. We 
assessed the expression levels of these cellular senescence 
markers in the abovementioned cell lines using Western 
blot (Figure 3A). The results showed that all of them 
increased following the overexpression of E2F1, and the 
expression level of p-TP53 also increased dramatically. 
Furthermore, the senescent cells characteristically express 
β-galactosidase, which has high enzymatic activity at pH 
6.0. We used senescence-associated β-galactosidase staining 
to determine the amounts of β-galactosidase expression in 
each stable cell line. The results revealed that β-galactosidase 
production was lower in the E2F1 overexpression group 
than in the Mock group; however, the E2F1 knockdown 
resulted in higher levels of β-galactosidase generated in 
the cells (Figure 3B). Furthermore, the HP1-γ protein is 
widely used to indicate tissue and cellular senescence as a 
marker for forming senescence-associated heterochromatin 
foci. Cellular immunohistochemistry confirmed that E2F1 
knockdown promoted the expression of HP1-γ (red) and 
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Figure 1 E2F1 is an essential transcription factor that suppressed cellular senescence in CRC. (A) The top five TFs (right table) regulating 
senescence genes from the AmiGO 2 database (left panel) analyzed by ChIP-X, PWMs, and Genome Browser software. (B) The Gene Set 
Enrichment Analysis of TCF4 by Sangerbox 3.0 Website. Cellular senescence (Enrichment score, ES =0.2691, Red line), DNA damage 
response detection of DNA damage (ES =0.4989, Pink line), intrinsic apoptotic signaling pathway by p53 class mediator (ES =0.3634, Blue 
line). (C) Gene Ontology enrichment analysis of E2F1 target genes. The size of the orb represented the number of enriched genes in the 
respective pathway, whereas the color card represented the P value. (D) The Kaplan-Meier curves indicating DSF analysis of E2F1. (E,F) 
Western blot assay and qRT-PCR revealing the expression of E2F1 (normalized to β-actin). (G) Analysis of relative expression of E2F1. 
The analysis results were obtained by combining the CCLE database and GEO datasets. Data are shown as mean ± SEM. (standard error of 
mean) and representative of three independent experiments. Student’s t-test compared the difference. ***, P<0.001 compared with NCM460. 
CRC, colorectal cancer; TFs, transcription factors; PWMs, Position Weight Matrices; E2F1, E2F translation factor 1; DSF, disease-free 
survival; qRT-PCR, quantitative reverse transcription polymerase chain reaction; CCLE, Cancer Cell Line Encyclopedia; GEO, Gene 
Expression Omnibus; SEM, standard error of mean.
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Figure 2 E2F1 promotes the proliferation, invasion, and migration of CRC. (A,B) The Western blot and qRT-PCR assays showing the levels of 
E2F1 in the HCT116 cells stably transfected with Mock, E2F1, sh-Scb, sh-E2F1 #1, or sh-E2F1 #2. (C-E) The EdU, Transwell, and scar repair 
assays demonstrating the proliferation, invasion, and migration of the HCT116 cells stably transfected with Mock, E2F1, sh-Scb, sh-E2F1 #1, 
or sh-E2F1 #2. For the EdU staining experiment, five counting fields were selected for each sample. The Transwell assay selected nine fields of 
view per sample for counting. The scar repair assay selected five fields of view for each sample for counting. Data were shown as mean ± SEM. 
and three independent experiments were conducted. Student’s t-test compared the difference. **, P<0.01, ***, P<0.001 compared with Mock, #, 
P<0.05, ##, P<0.01, ###, P<0.001 compared with sh-Scb. E2F1, E2F translation factor 1; CRC, colorectal cancer; qRT-PCR, quantitative reverse 
transcription polymerase chain reaction; EdU, 5-ethynyl-2'-deoxyuridine; SEM, standard error of mean.
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Figure 3 E2F1 protects colorectal cancer against cellular senescence. (A) Western blot revealing the TP53, p-TP53, cyclin dependent 
kinase inhibitor 1A (CDKN1A/p21), and cyclin dependent kinase inhibitor 2A (CDKN2A/p16) protein expression in HCT116 cells stably 
transfected with Mock, E2F1, sh-Scb, sh-E2F1 #1, or sh-E2F1 #2 (normalized to β-actin). (B) β-galactosidase staining assay in the HCT116 
cells stably transfected with Mock, E2F1, sh-Scb, or sh-E2F1 #2. Scale bars: 100 μm. (C) Chromobox 3 (HP1-γ) immunofluorescence 
staining assay showing heterochromatin foci formation. Scale bars: 10 μm. Data were shown as mean ± SEM. and three replicates were 
conducted. Student’s t-test compared the difference. *, P<0.05, **, P<0.01, compared with Mock, #, P<0.05, ##, P<0.01, ###, P<0.001 compared 
with sh-Scb. E2F1, E2F translation factor 1; TP53, tumor protein p53; SEM, standard error of mean.
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the formation of focal clumps in the nucleus (Figure 3C).
In summary, E2F1, a significant regulatory transcription 

factor of cellular senescence, suppressed the initiation of 
cellular senescence in CRC cells, whereas E2F1 deficiency 
resulted in premature senescence and consequent cell death.

E2F1 improves CRC resistance to oxaliplatin by 
suppressing cellular senescence

The function of cellular senescence in tumor chemotherapy 
has been shown previously (17,41); however, we wanted to 
know whether E2F1 affects chemotherapy by regulating 
cellular senescence in CRC. Thus, we created an oxaliplatin-
resistant HCT116 cell  l ine (OXA-HCT116) (42).  
MTT was used to assess the cell viability of OXA-HCT116 
and HCT116 after oxaliplatin co-culture for 24 hours. The 
results showed that the survivability of OXA-HCT116 was 
substantially higher than that of HCT116, indicating that 
OXA-HCT116 was resistant to oxaliplatin (Figure 4A). 

Western blot and qRT-PCR revealed that the E2F1 
expression was higher in OXA-HCT116 than in HCT116, 
and sh-E2F1 #2 effectively reduced the E2F1 expression in 
OXA-HCT116 (Figure 4B,4C). Subsequently, we examined 
the importance of E2F1 in CRC chemoresistance. The 
proliferation, invasion, and migration of HCT116 cells 
were promoted by stable E2F1 overexpression and those 
of OXA-HCT116 cells were lessened by E2F1 knockdown 
(Figure 4D-4F).

After 24 hours of co-culture with oxaliplatin, the 
expression of senescence markers TP53 and p-TP53, 
CDKN1A/p21, and CDKN2A/p16 were significantly 
elevated in the HCT116 cells, and heterochromatic foci 
were observed in the nucleus (Figure 5A). Nevertheless, 
these alterations were removed after steady E2F1 
overexpression. Moreover, the E2F1 knockdown of the 
OXA-HCT116 cells promoted senescence factors expression 
and heterochromatic foci formation; however, the control 
group cells did not show these alterations (Figure 5B,5C).

These findings suggested that oxaliplatin induces 
senescence in CRC cells, which was consistent with the 
previously reported results (43), and that E2F1 improves 
resistance to oxaliplatin by suppressing cell senescence.

Discussion

CRC is the third most prevalent cancer worldwide, whereas 
rectal cancer is typically only second behind colon cancer 
in fatality (44,45). The treatment of patients with cancer 

is difficult. First-line chemotherapeutic agents for CRC, 
such as capecitabine and bevacizumab, are frequently used 
in chemotherapy for CRC and are often combined with 
oxaliplatin in metastatic CRC chemotherapy (46). However, 
the treatment of CRC is hampered by primary drug 
resistance and patients with acquired drug resistance (47). 
The present study examined the probable mechanisms of 
medication resistance in CRC and provided the possibility 
of overcoming oxaliplatin resistance in CRC.

Cellular senescence is a permanent cell cycle that is 
stopped by a specific amount of stress. Acute senescence 
prevents cancer; inducing tumor cell senescence by drugs 
is also a treatment method (48,49). In the present study, 
we discovered that the CRC HCT116 cells treated with 
oxaliplatin-induced cell senescence (50) and inhibited 
proliferation, invasion, and migration. Furthermore, the 
OXA-HCT116 cells co-cultured with oxaliplatin showed 
considerably lower TP53, p21, and p16 than HCT116 
cells treated similarly. These results made us consider 
whether drug resistance in CRC cells was attributable to 
the emergence of inhibitory senescence factors (51). The 
relationship between suppressed cellular senescence and 
tumor drug resistance has been reported in other tumors. 
For example, FOXM1 amplified the NBS1 expression and 
ATM phosphorylation, making breast cancer cells resistant 
to epirubicin-induced cellular senescence (52). When 
the Ras/Raf/MEK/ERK pathway was upregulated, the 
coregulation of the Ras/PI3K/PTEN/Akt/mTOR pathway 
enhanced drug resistance by inhibiting chemotherapy-
induced cell senescence in the MCF-7 cell line (53).

E2F1, as a cell cycle regulator, plays a complicated 
role in regulating cell proliferation. E2F1 overexpression 
encourages senescence in normal cells, whereas E2F1 
inhibition induces senescence in tumor cells (54-56). For 
instance, silencing PAX8 caused decreased E2F1 expression 
in tumor cells, which caused the G1/S cell cycle arrest and 
cellular senescence (57). c-MYC promoted enhanced E2F1 
expression by activating USP2-AS1, thus delaying the 
cellular senescence process (58). In the present study, we 
observed that E2F1 knockdown induced cell senescence, 
along with increased expression levels of TP53, p21, and 
p16. Increased β-galactosidase staining positive cells and 
the formation of heterochromatin foci in the nucleus after 
E2F1 knockdown further supported this. In contrast, the 
overexpression of E2F1 reduced oxaliplatin-induced cellular 
senescence. Furthermore, oxaliplatin-resistant cells showed 
high levels of E2F1 expression but E2F1 knockdown 
induced a senescence-associated phenotype in oxaliplatin-
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Figure 4 E2F1 is critical for drug resistance in CRC. (A) MTT assay showing the cell viability of the OXA-HCT116 or HCT116 cells 
after oxaliplatin co-culture for 24 hours (n=6). (B,C) Western blot and qRT-PCR assays showing the levels of E2F1 in the HCT116 or 
OXA-HCT116 cells stably transfected with sh-Scb, or sh-E2F1 #2 (normalized to β-actin). (D-F) EdU, Transwell, and scar repair assays 
demonstrating the proliferation, invasion, and migration of the HCT116 or OXA-HCT116 cells stably transfected with sh-Scb, or sh-
E2F1 #2 with oxaliplatin (2.0 mol/L). Data were shown as mean ± SEM. and three replicates were conducted. Student’s t-test compared 
the difference. **, P<0.01, ***, P<0.001 compared with HCT116 in A and C, ***P<0.001 compared with Mock in D, E, and F, #, P<0.05, ##, 
P<0.01, ###, P<0.001 compared with sh-Scb. E2F1, E2F translation factor 1; CRC, colorectal cancer; MTT, 3-(4,5)-dimethylthiahiazo(-z-y1)-
3,5-di-phenytetrazoliumromide; qRT-PCR, quantitative reverse transcription polymerase chain reaction; EdU, 5-ethynyl-2'-deoxyuridine.
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Figure 5 E2F1 improves colorectal cancer resistance to oxaliplatin by suppressing cellular senescence. (A) Western blot revealing the TP53, 
p-TP53, CDKN1A/p21, and CDKN2A/p16 levels in the HCT116 cells stably transfected with Mock, or E2F1 and OXA-HCT116 cells 
stably transfected with sh-Scb, or sh-E2F1 #2 (normalized to β-actin). (B) β-galactosidase staining assay showing the number of senescence 
cells in HCT116 cells stably transfected with Mock, or E2F1 and OXA-HCT116 cells stably transfected with sh-Scb, or sh-E2F1 #2 with 
oxaliplatin. Scale bars: 100 μm. (C) HP1-γ immunofluorescence staining assay revealing heterochromatin foci formation in HCT116 cells 
stably transfected with Mock, or E2F1 and OXA-HCT116 cells stably transfected with sh-Scb, or sh-E2F1 #2 with oxaliplatin. Scale bars: 10 
μm. Data were shown as mean ± SEM. and three replicates were conducted. Student’s t-test compared the difference. *, P<0.05, **, P<0.01, 
***, P<0.001 compared with Mock, #, P<0.05, ##, P<0.01, ###, P<0.001 compared with sh-Scb. E2F1, E2F translation factor 1; TP53, tumor 
protein p53; SEM, standard error of mean.
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treated OXA-HCT116 cells. We were amazed to discover 
that the resistance of colorectal tumor cells to oxaliplatin 
was closely associated with their expression levels of E2F1. 
E2F1 acts as a cellular senescence suppressor, preventing 
the development of senescence in drug-resistant cells, thus 
increasing the resistance of CRC cells to oxaliplatin.

The treatment of patients with cancer can be difficult, and 
the development of tumor resistance increases its difficulty. 
Combined chemotherapy or the combination of radiotherapy 
and chemotherapy significantly increases the burden on 
these patients (59); therefore, research on tumor drug 
resistance is important. The present study demonstrated 
the significance of E2F1 in the theory of cellular senescence 
regulating tumor drug resistance, indicating that E2F1 was 
no longer only a factor regulated by the classical senescence 
signaling pathway. The development of targeted drugs for 
E2F1 will successfully reduce the treatment dilemma of 
clinical drug-resistant patients.

Conclusions

Our study results on the mechanism of drug resistance 
formation in CRC could facilitate the development of 
corresponding chemotherapy regimens and drugs targeting 
related proteins. Furthermore, this was a preliminary study, 
so future studies will focus on whether other molecules 
synergize with E2F1 to promote drug resistance or 
whether cellular senescence is dominant in developing drug 
resistance in CRC.
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