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Background: There are some problems in the clinical diagnosis of colorectal cancer (CRC), such as the 
difficulty in saving samples, so it is the most popular research work to develop a diagnostic index and method 
that is easy to obtain, convenient to save and stable. G-quadruplex (G4) is a unique structure found in DNA 
and it plays a crucial biological role in tumor formation. G4 is derived from DNA with good stability, and 
the DNA of serum samples is easy to obtain. Therefore, G4 has the potential as an ideal marker for CRC 
diagnosis. However, it has not received more attention.
Methods: Through bioinformatics-based G4 mutation prediction in the genome, we discovered that the 
G4 quantity in SW480 cells was lower than that of the reference gene. However, it was unclear how the G4 
quantity changed in the actual samples. We detected the G4 content by fluorescence in cells and human 
serum samples.
Results: G4 content was significantly higher than that in NCM480 (P<0.001). To further explore the 
relationship between tumorigenesis and G4, we knocked out the TP53 gene in SW480 cells and found that 
the G4 content decreased significantly (64%) (P<0.001). The difference in G4 content is a key factor in 
distinguishing between normal and tumor cells. Furthermore, we detected G4 in serum samples from 27 
healthy individuals and 27 patients with CRC and found that G4 was significantly increased in those with 
CRC (P<0.001) by 1.94 fold. We also evaluated the G4 model using receiver operating characteristic (ROC), 
with an area under the curve of 0.91, and found it to have excellent specificity and sensitivity. 
Conclusions: The increased G4 is an important characteristic in patients with CRC and has clinical 
application value as a novel biomarker. The relationship between G4 and TP53 regulation may be a potential 
target for future cancer studies, and as attention to this area of research increases, the underlying mechanisms 
may be better understood, potentially benefiting clinical cancer treatment.
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Introduction

G-quadruplex (G4) is a noncanonical secondary structure 
consisting of four guanine-rich nucleic acid chains that can 
be formed from both DNA and RNA (1). Recent evidence 
suggests that G4 is involved in key genome functions, such 
as transcription, replication, genome stability, and epigenetic 
regulation, and has numerous connections to cancer biology, 
extending G4 beyond the DNA double helix (2). Although 
G4 structures can be computationally predicted from nucleic 
acid sequence motifs, their actual structures may vary 
significantly within and between motifs (3).

Analysis of G4’s secondary structures reveals that the 
endogenous G4 genome landscape is tightly regulated, with 
only 1–2% of the over 700,000 human sequences being 
able to biophysically fold into a G4 structure in vitro (4). 
It was reported that G4s have an increased prevalence in 
cancer cells (5) and are particularly associated with highly 
expressed and amplified genes in patient-derived aggressive 
breast cancer tissue (6). Multiple pieces of evidence suggest 
that G4 plays a role in cancer growth and progression (7,8), 
and higher G4 quantities have been detected in cancer cells 
compared to normal cells, making G4 an intriguing target 
for drug discovery (7,9). G4 appears to have an association 
with cancer-related genes, as a greater G4 is detected in 
cancer cells as compared to normal cells. The tracking 
of G4 in real time to directly understand its biological 
role is a new field of basic biology and may open up novel 
pathways for the diagnosis and treatment of diseases such as 
cancer (10). Moreover, the G4 structure may serve as a new 
prognostic biomarker and effective therapeutic target for 

colorectal cancer (CRC) (11).
We hypothesized that G4 content would significantly 

increase during the process of rapid cell proliferation, 
which is a hallmark of cancer. To test this hypothesis, we 
conducted bioinformatics analysis and identified changes 
in G4 content between tumor and normal cells. To confirm 
these findings, we performed experiments involving TP53 
gene knockout and analyzed clinical samples. Our results 
revealed a marked increase in G4 content in tumor cells 
compared to normal cells, suggesting that G4 may serve 
as a promising diagnostic marker for cancer. Our findings 
shed light on the molecular mechanisms underlying 
tumorigenesis and suggest that G4 may play a significant 
role in cancer development. Further investigation into the 
role of G4 in tumor biology could lead to the development 
of novel therapeutic strategies for cancer treatment. We 
present this article in accordance with the MDAR reporting 
checklist (available at https://jgo.amegroups.com/article/
view/10.21037/jgo-24-26/rc).

Methods

Bioinformatics analysis of G4

We refer to a prior article for G4 predictions (4). There 
were five putative G4 sequences (PQSs) types to be 
predicted: (I) G3+L1_7; (II) G3+L1_12, (III) G2L1_12; (IV) 
G3+L8_12, and (V) G2+L1_12. In the related literature, there 
are several methods for predicting G4 sequences, including 
regular expression matching, scoring, sliding windows, and 
scoring and machine learning. We used the most classical 
type, regular expression matching (12).

The normal human genome was selected as the reference 
genome (ref; https://www.ncbi.nlm.nih.gov/genome/
guide/human/) and the sequence of cell line SW480 of 
CRC (mut) was obtained from the DepMap database of 
the Broad Institute (https://depmap.org/portal/). The 
mutation [including single-nucleotide polymorphism (SNP) 
and insertion-deletion (INDEL)] position of the SW480 
cells was obtained, and a sequence of 50 nt was slid up and 
down from the human reference genome (hg19; since the 
mutation information was based on hg19) to construct a 
normal reference sequence. The corresponding position 
was then replaced with a mutation site or sequence. Thus, 
the mutation sequence was constructed and processed, 
and the two formed a reference-mutation sequence  
pair (13). A program was written to obtain the PQS of the 
reference sequence and mutation sequences by regular 
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matching, including the positive and negative chains. After 
the PQSs were obtained, statistical analysis was performed. 
The Fisher exact test was used to compare whether the 
same mutation type showed obvious differences between 
reference and mutation sequences, and the PQS count 
number was compared here. 

Cell lines and culture

One common human CRC cell line (SW480) was obtained 
from Suzhou Haixing Biosciences (Suzhou, China), and one 
normal human colon cell line (NCM460) was obtained from 
Peking University Health Science Center (Beijing, China). 
All cells were grown in Dulbecco’s Modified Eagle Medium 
(DMEM) with 12.5 mM glucose, 4 mM glutamine, 5% fetal 
bovine serum (10270; Gibco, Thermo Fisher Scientific, 
Waltham, MA, USA), and 1% streptomycin/penicillin at  
37 ℃ in a 5% CO2 atmosphere.

MTT assay

Cells seeded in 96-well plates at a density of 5×103 cells 
per well were incubated at 37 ℃ in a 5% CO2 atmosphere 
for 48 h. The medium was removed, and cells were then 
incubated with 100 μL of a 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT; Sigma-Aldrich, 
St. Louis, MO, USA) solution (5 mg/mL) for 2–4 h. After 
the medium was discarded, 100 μL of dimethyl sulfoxide 
(DMSO) was added and gently mixed for 10 min. Finally, 
the absorbance at 570 nm was measured by a microplate 
reader (Synergy H1, BioTek, Winooski, VT, USA). Three 
replicates per condition were assayed, and the average values 
from three to five separate experiments are presented. Data 
are expressed as a percentage of the control.

TP53 gene CRISPR/Cas9 knockout 

We used CRISPR/Cas9 to knock out the TP53 gene (gene 
ID: 7157) in SW480 cells. A pX330 p53 vector (plasmid 
#42230; Addgene, Watertown, MA, USA) was used to 
knock out human mutant TP53 (14). SW480 cells were 
transfected with pX330 vector harboring single-guide 
RNA (sgRNA) specific to human TP53 using FugeneHD 
reagent (Promega Corp., Madison, WI, USA) (sgRNA 
sequence: 5'-CTTCCCACAGGTCTCTGCTA-3'). After 
48 h, single cells were seeded on 96 well plates, and upon 
clone expansion, TP53 expression levels were examined by 
polymerase chain reaction (PCR), gel electrophoresis, and 

sequencing.

Serum collection and patient information

Serum samples (n=27) were obtained from patients who 
underwent surgical resection of primary CRC between 
2020 and 2022 at Peking University People’s Hospital. 
Normal samples were obtained from healthy volunteers 
undergoing routine physical examinations at the medical 
examination center. We collected 5 mL of blood using 
ethylenediaminetetraacetic acid (EDTA) anticoagulant 
tubes and collected 1 mL of serum for the experiment. The 
research protocol was approved by the Ethics Committee 
of Peking University People’s Hospital (approval No. 
2018PHB193-01), and all patients provided appropriate 
informed consent. The study was conducted in accordance 
with the Declaration of Helsinki (as revised in 2013). The 
CRC samples were obtained from patients who had been 
clinically diagnosed and operated, while the control samples 
were collected from the serum of healthy individuals at the 
physical examination center. Detailed clinical data can be 
found in Table S1. The study included 27 CRC patients 
(Tumor) and 27 healthy individuals (Normal) (refer to  
Table S1). There were no significant differences observed in 
age and sex between the patients and healthy individuals.

Measurement of G4

The DNA samples were extracted using TransGen 
B i o t e c h  k i t s  ( B e i j i n g ,  C h i n a ) ,  f o l l o w i n g  t h e 
manufacturer’s instructions. The formation of G4 
was  a s ses sed  by  measur ing  Thiof lav in  T (ThT) 
fluorescence spectroscopy (15-19). We used the sequence 
(5'-GGGTTAGGGTTAGGGTTAGGG-3') of the G4 
structure of human telomeres as the G4 standard sample 
(G4 standard) using gene synthesis. Before analysis, the 
G4 standard was heated at 90 ℃ for 5 min at a 10-μM 
concentration in water, then diluted into 100 mM Tris-HCl 
(pH 7.5, 10 mM KCl, 5 mM MgCl2), and slowly cooled 
to room temperature (22–25 ℃) over 1 h. Experiments 
were performed using 96-well black microplates from 
BBI Life Sciences Corporation (Shanghai, China). Each 
condition was tested at least in triplicate in a volume of 
20 μL for each DNA sample. Measurements were taken 
at room temperature (22–25 ℃). The G4 standard and 
ThT were mixed at final concentrations of 1 and 0.5 mM, 
respectively. Fluorescence emission was detected at 490 nm 
after excitation at 440 nm in a microplate reader (Synergy 

https://cdn.amegroups.cn/static/public/JGO-24-26-Supplementary.pdf
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H1, BioTek). Experiments were performed under the same 
conditions as used for the fluorescence single-wavelength 
measurements except that the fluorescence emission was 
collected between 460 and 600nm every 5 nm with a 
microplate reader (Synergy H1, BioTek).

Statistical analysis

A t-test was performed to calculate the P value. A histogram 
was plotted using GraphPad Prism v. 8.8 (GraphPad 
Software, Inc., La Jolla, CA, USA), and the receiver 
operating characteristic (ROC) curve was plotted using R 
language (The R Foundation of Statistical Computing). 
Data are expressed as the mean ± standard deviation.

Results

Bioinformatics analysis of G4

Quantitative prediction of PQS
There were 1,231,281 mutation sites in SW480 cells, 
including 1,147,609 SNPs, 30,052 insertions (INSs), 52,996 
deletions (DELs), 622 double-nucleotide polymorphisms, 
and 2 triple-nucleotide polymorphisms. Reference-mutation 
sequence pairs were generated for these mutation sites, and 
the PQS was predicted from these sequences (Figure 1).

Quantitative prediction of PQS and non-PQS
We examined the number of original PQS mutations that 
underwent conversion to non-PQS mutations (defined as 
S1) and the number of original non-PQS mutations that 
were converted to PQS mutations (defined as S2) following 
sequence mutation. From Figure 2, the S1 number is higher 
than that of S2, indicating that mutation did not increase 
the PQS number.

Differences between the sequence pairs of the different 
mutation types
We categorized the mutations into different types and 
analyzed the differences between PQS in the reference-
mutation sequence pairs. Annotation information for 
the mutation was obtained from the DepMap database. 
The database annotates mutations (mut_anno) into 
four categories: damaging, silent, other preserving, and 
nonconserving. Additionally, mutations were classified into 
20 classes (Mut_Class) according to the database terms, 
including 3'-UTR, 5'-FLANK, 5'-UTR, DE_NOVO_
start_out of FRAME, FRAME_SHIFT_DEL, FRAME_

SHIFT_INS, IGR, IN_FRAME_DEL, In_Frame_Ins, 
Intron, Missense_Mutation, Nonsense_Mutation, Nonstop_
Mutation, Silent, Splice_Site, Start_Codon_Del, Start_
Codon_Ins, Start_Codon_SNP, Stop_Codon_Del, and 
Stop_Codon_Ins. Based on the above classifications, the 
statistical analysis results of the mutation sharing into Mut_
Anno are shown in Figure 3. The reference group was still 
mostly higher because the reference group itself predicts a 
higher PQS.

Fisher exact test of PQS
Fisher exact test requires the construction of contingency 
tables. With the damaging of G2L1_12 used as an example, 
the constructed contingency tables are shown in Table 1. 
As shown in Figure 4, the count numbers of reference and 
mutation vary significantly among different PQSs. This 
difference is reflected in the silent, other nonconserving 
sequences of G2L1_12 and G2plusL1_12. The damaging 
sequence showed the most significant difference in 
G3plusL1_12.

Mut_class was analyzed in the same way as above, and 
the result of the Fisher exact test is shown in Figure 5. 
This result indicated that there are significant differences 
between G2L1_12 and G2plusL1_12, including In_Frame_In, 
Nonstop_Mutation, De-novo-Start_OutFrame, Frame_
Shift_Del, Splice_Site, Missense Mutation, Frame_Shift_
Ins, Silent, In-Frame_Del, and Nonsense_Mutation. 
However, in G3plusL1_12 and G3plusL1_7, Splice_Site and 
Frame_Shift_Ins were significantly different. This indicated 
that the different types of G4 varied in terms of mutations 
and were mainly focused on the G2L1_12 and G2plusL1_12 
types, because the types have more differences.

PQS analysis of tumor genes
Tumor gene data were obtained from ONGene (www.
ongene.bioinfo-minzhao.org). There were 803 tumor 
genes, 690 of which were coincident with the genes in the 
SW480 mutation data. The difference between tumor and 
nontumor genes and between reference-mutation sequence 
pairs was analyzed first. The results are shown in Table 2.

Knockout of TP53 gene by CRISPR/Cas9

We used CRISPR/Cas9 to knock out the TP53 gene in 
SW480 cells. The results showed that after knockout of the 
TP53 gene, the growth state of the cells was changed and 
that the cell appearance was small (Figure 6A,6B). Moreover, 
agarose gel electrophoresis after PCR amplification clearly 

http://www.ongene.bioinfo-minzhao.org
http://www.ongene.bioinfo-minzhao.org
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Figure 1 PQS quantity. The PQSs are the 4 PQS motifs (since 1 of 5 is already included in the other 1). Sequence count (seq count) is 
the sequence number in which the PQS can be predicted. PQS count is the predicted PQS number. PQS positive (pos) strand count is 
the number in the PQS count that belongs to the positive chain. Neg is the number in the negative chain. PQS, putative G-quadruplex 
sequence; Ref, reference; Mut, mutant. 

indicated that TP53 was not present in the knockout 
samples (KO) (Figure 6C). The deletion of key bases 
was found after Sanger sequencing of the PCR product 
(Figure 6D). The MTT experiment also showed that KO 
had low cell activity and were significantly different from 
nonknockout cells (SW480 cell) (Figure 6E).

The fluorescence spectrum and the standard curve of G4

We used G4 standard with ThT reaction after each 5 nm 
fluorescence spectrum scan (excitation wavelength 440 
nm, emission wavelength range 460–600 nm) and found 
the maximum absorption of fluorescence value at 490 nm 
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(Figure 7A). Figure 7B shows the standard and the sample 
for the determination of 490 nm, the obtained fluorescence 
value, the concentration of the standard by linear regression 
to produce a standard curve, and the concentration of the 
sample calculated according to the equation of the standard 
curve.

G4 contents were significantly different between NCM460, 
SW480, and KO TP53 SW480 cells

G4 content was detected via the ThT fluorescence method. 
The results showed that the G4 content in SW480 cells was 
significantly higher than that in the NCM460 cells. When 
the TP53 gene was knocked out in SW480 cells, the G4 
content decreased significantly, from 0.99 to 0.36 (pmol/ng 
DNA), representing a decrease of 64% (Figure 8). 

G4 as a candidate biomarker in CRC diagnosis

We measured the serum G4 content in 27 healthy 
participants and 27 patients with CRC. The results showed 
that the G4 content in patients with CRC was significantly 
higher (a 1.94-fold increase) than that in healthy 
participants (P<0.001), with an average increased from 
144.6229 to 281.0693 pmol/mL serum (Figure 9A). ROC 
evaluation using this result showed that the area under the 
ROC curve (AUC) was 0.916, with good specificity and 
sensitivity of 0.889 and 0.926, respectively (Figure 9B). 
Therefore, G4 may be considered a potential biomarker  
of CRC.

Discussion

G4 is a unique genomic structure composed of multiple 
guanine nucleotides that plays a significant role in various 
biological processes. In recent years, emerging evidence 
has linked G4 formation to tumorigenesis, making it a 
promising target for cancer treatment (20-24). Our study 
aimed to explore the relationship between G4 formation 
and tumor development and to investigate the therapeutic 
potential of targeting G4 structures in cancer treatment 
(7,25,26). Through this research, we hope to shed light on 
the molecular mechanisms underlying cancer progression 
and contribute to the development of novel therapeutic 
strategies.

Although G4 prediction studies have demonstrated 
the relevance of G4 structures, the specific quantity of 
G4 structures present in tumor cells remains uncertain 
(12,27-31). Our study sought to address this deficiency by 
characterizing the abundance of G4 structures in cancer 
cells and assessing their potential as a therapeutic target. 
In this study, based on a previous prediction method, we 
accurately predicted the G4 quantity of SW480 cells in 
CRC and compared it with the reference genome. We 
found that the G4 quantity of SW480 did not increase 
significantly but decreased slightly. Moreover, the changes 
of G4 content in CRC cells have not been reported. We 
thus detected the G4 content of DNA in cells and human 
serum using ThT fluorescence labeling and found that 
the G4 content in CRC tumor cells was higher than that 
in normal human cells. To determine the relationship 
between G4 and tumor, we knocked out the TP53 gene 
which was closely related to the tumor. We found that 

Table 1 The number of damaging and nondamaging types in 
reference and mutation sequences for G2L1_12

G2L1_12 type Reference Mutation

Damaging 52,481 46,008

Nondamaging 274,487+142,935+244 242,046+122,937+242
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Figure 4 Fisher exact test of significance in damaging, other non-
conserving, silent and other conserving. *, P<0.05; ***, P<0.001. 
PQS, putative G-quadruplex sequence.
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after the TP53 gene was knocked out, the G4 content 
was decreased significantly and was much lower than that 
in SW480 without TP53 gene knockout and in normal 
cells. This suggests that G4 is closely related to tumor 
occurrence and that TP53 could increase the G4 content in 
cells. This result is consistent with studies of other cancers, 
such as breast cancer (6), liver cancer, stomach cancer (5), 

and lung cancer (32). In a study, G4 has been used as a 
novel target for the treatment of gastrointestinal cancers 
and in the treatment of esophageal cancer, pancreatic 
cancer, hepatocellular carcinoma, gastric cancer, CRC, 
and gastrointestinal stromal tumors (33). However, the 
regulation of G4 and ligand function in cancer is not clear. 
Therefore, it is necessary to explore new modulations, 
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Figure 5 Fisher exact test of significance in multiple G4 types. *, P<0.05; **, P<0.01; ***, P<0.001. PQS, putative G-quadruplex sequence. 

Table 2 Test results of PQS discrepancies between the tumor and nontumor gene reference–mutation sequence pairs

G4 classes Sequence number PQS number − +

G2L1_12 0.3738 0.0671 0.2343 0.1559

G2+L1_12 0.3440 0.0530 0.2556 0.1048

G3+L1_12 0.5161 0.0567 0.0544 0.4055

G3+L1_7 0.7332 0.0109 0.0489 0.0635

The P values for the Fisher exact test, which indicates that the classical PQS G3+L1_7 had significant differences between neoplastic and 
nonneoplastic genes (P=0.0109). PQS, putative G-quadruplex sequence; −, negative strand; +, positive strand.
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such as the direct or indirect interactions with TP53 and 
G4 (34-36). TP53 might be an important regulator or 
target of the G4 (34) may lead to a significant reduction of 
transcriptional activity and change in the dynamics of p53α 
isoforms (37). It may also increase the transactivation ability 
of partial function TP53 family proteins (38). Nevertheless, 
the other findings indicate that p53 expression did not have 
a prognostic impact on sporadic CRCs in Korean patients 
(39). Furthermore, it has been discovered that berberine 

may inhibit colon cancer by regulating the TCA cycle and 
glycolysis/gluconeogenesis through its interaction with 
c-MYC and HIF1α G-quadruplexes (40). Here, our results 
showed that TP53 knockout significantly decreased G4 
content. We can judge the prognosis effect by detecting the 
change of serum G4 content. With the continuous decline 
of G4 content, the prognosis effect may be better and 
better. Therefore, G4 can be used not only for diagnosis, 
but also for judging the prognosis of CRC.
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We predicted G4 quantity in the genome of SW480 cell 
lines, detected G4 content in cell and human serum, and 
found increased G4 levels in CRC. G4 content and TP53 
expression were positively correlated in SW480 cells. The 
G4 and TP53 regulatory relationship might be a potential 
target for cancer research in the future. With increased 
research attention in this area, the related mechanisms will 
be better understood, hopefully to the benefit of those with 
cancer.

Conclusions

For the first time, we predicted the number and distribution 
of G4 in the SW480 human CRC cell line, with the 
predicted result being significantly different from the 
experimental result. We surmised that this difference may 
be attributable to environmental differences in the cells 
and the structures of the genome. Finally, we found that 
the G4 content in patients with CRC was significantly 
increased compared to healthy controls. Via the model, we 
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determined that G4 is a good biomarker for the diagnosis 
of CRC, and, for the first time, confirmed that G4 has 
diagnostic potential in CRC.
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Table S1 Clinicopathological characteristics of colorectal cancer patients and normal

Subgroup Patients (n=27) Normal (n=27)

Age (years) [mean ± SD] 60.6±10.9 61.7±10.3

Sex

Male 18 (67%) 15 (56%)

Female 9 (33%) 12 (44%)

BMI (kg/m2) [mean ± SD] 23.0±3.4

Tumor size (cm)

<5 17 (63%)

≥5 10 (37%)

Tumor grade

Low 2 (7%)

Moderate 24 (89%)

High 1 (4%)

TNM stage, n (%)

I 2 (7%)

II 12 (44%)

III 7 (26%)

IV 6 (22%)

Supplementary


