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A B S T R A C T   

Background: Colorectal cancer (CRC) is one of the most common types of cancer. This disease arises from gene 
mutations and epigenetic alterations that transform colonic epithelial cells into colon adenocarcinoma cells, 
which display a unique gene expression pattern compared to normal cells. Specifically, CRC cells exhibit 
significantly higher expression levels of genes involved in DNA repair or replication, which is attributed to the 
accumulation of DNA breakage resulting from rapid cell cycle progression. 

Purpose: This study aimed to investigate the in vivo effects of caffeine on CRC cells and evaluate its impact on 
the sensitivity of these cells to irinotecan, a topoisomerase I inhibitor widely used for CRC treatment. 

Methods: Two CRC cell lines, HCT116 and HT29, were treated with irinotecan and caffeine. Western blot 
analysis assessed protein expression levels in caffeine/irinotecan-treated CRC cells. Immunofluorescence staining 
determined protein localization, measured DNA breaks, and explored the effects of DNA damage reagents during 
cell cycle progression and flow cytometry analysis was used to measure cell viability. Fiber assays investigated 
DNA synthesis in DNA-damaged cells during S-phase, while the comet assay assessed DNA fragmentation caused 
by DNA breaks. 

Results: Our findings demonstrated that the combination of irinotecan and caffeine exhibits a synergistic effect 
in suppressing CRC cell proliferation and inducing cell death. Compared to treatment with only irinotecan or 
caffeine, the combined irinotecan and caffeine treatment was more effective in inducing DNA lesions by dis-
placing RAD51 from DNA break sites and inhibiting DNA repair progression, leading to cell cycle arrest. This 
combination also resulted in more severe effects, including DNA fragmentation and mitotic catastrophe. 

Conclusion: Caffeine could enhance the effectiveness of an existing drug for CRC treatment despite having 
little impact on the cell survival rate of CRC cells. Our findings suggest that the beneficial adjuvant effects of 
caffeine may not only be applicable to CRC but also to various other types of cancers at different stages of 
development.   

Introduction 

DNA repair and recombination are essential processes that suppress 
cancer formation resulting from genetic mutations (Friedberg, 2001; 
Hanahan and Weinberg, 2011). Moreover, the inactivation of DNA 
repair mechanisms at distinct stages of DNA damage inhibits the DNA 
replication and proliferation capacity of cancer cells (Hanahan and 
Weinberg, 2011; Aguilera and Gómez-González, 2008; Helleday et al., 
2008). However, DNA repair factors are known to be overexpressed in 

colorectal cancer (CRC) cells make them highly resilient to DNA damage 
(Choi and Kim, 2019; Vispé et al., 1998). Specifically, CRC cells employ 
a modified homologous recombination (HR) mechanism to rescue cell 
cycle arrest and apoptosis in response to various stresses (Zhou et al., 
2020). Previous studies have been conducted to control the genetic in-
formation of CRC cells. However, efficiently inducing apoptosis in CRC 
cells during the treatment stage remains a significant challenge (Kerr, 
2003; Cremolini et al., 2015). Changes in the gene repair protein 
network found in CRC cell lines are a key factor that greatly affects cell 
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mutation and cancer cell activity; therefore, further research is urgently 
needed to clarify this process, which would aid in the creation of novel 
diagnosis and treatment strategies for CRC (Helleday et al., 2008). In 
addition to the development of various treatments to increase the 
effectiveness of CRC treatments, further efforts are needed to maximize 
the effectiveness of existing treatments (Xie et al., 2020). To this end, we 
proposed a cultured cell-based approach that can be applied to assess the 
effects of genetic damage not only on CRC cells but also on various other 
cancer cell types. 

CRC cells exhibit elevated expression of genes involved in DNA 
repair or replication, such as RAD51 and topoisomerase, in comparison 
to normal cells (Choi and Kim, 2019; Rømer et al., 2012). Chemother-
apeutic agents often disrupt the factors related to DNA repair or repli-
cation, as such inhibition induces cellular stress, ultimately leading to 
genomic instability and heightened sensitivity of cancer cells to drug 
interventions (Li et al., 2021). Irinotecan is a commonly used cytotoxic 
chemotherapy drug for metastatic CRC (Pommier, 2006). This drug is a 
semisynthetic analog derived from camptothecin, a phytocompound 
derived from the Chinese tree Camptotheca acuminata, which inhibits 
topoisomerase I activity in diverse stages of DNA metabolism (Pommier 
et al., 2006, 2010). Topoisomerase I (Topo I) unwinds DNA strands 
during DNA replication and transcription by cleaving single-strand DNA 
to inhibit the formation of supercoiled DNA (Pommier, 2006; Pommier 
et al., 2010; Champoux, 1981). Topoisomerase I (Topo I) possesses a 
catalytic tyrosine residue (Y723 in human Topo I) containing a phenolic 
OH group. This group forms a DNA-Topo I covalent complex by 
attacking the phosphate ester, a process known as transesterification, 
which is reversible (Pommier, 2006; Champoux, 1981). Once a covalent 
bond is established, a DNA strand with a free 5′-OH group is generated, 
leading to relaxation of DNA supercoiling. Following the removal of 
supercoiled DNA, Topo I facilitates the rejoining of DNA strands through 
nucleophilic attack on the tyrosyl-DNA bond by the free DNA end 
(Pommier, 2006). 

Irinotecan inhibits the Topo I enzyme, causing DNA damage and 
ultimately inducing cell death in rapidly dividing cancer cells (Pom-
mier, 2006). The resulting trinary complex stabilizes into a Topo I 
cleavage complex, preventing the topoisomerase from mediating DNA 
religation and releasing Topo I from the broken DNA end (Pommier, 
2006; Thomas and Pommier, 2019). Accumulation of this complex leads 
to the generation of double-strand breaks (DSBs) during replication 
(Strumberg et al., 2000). Consequently, irinotecan instigates DNA 
breaks followed by replication arrest and eventual cell death (Xu and 
Villalona-Calero, 2002; Stenvang et al., 2013). Various factors are 
involved during DNA repair or replication, including topoisomerase, 
RAD51, or RPA (Pommier, 2006; Strumberg et al., 2000; Choi et al., 
2017a; Choi et al., 2018, 2020). Particularly, RAD51 is a critical protein 
involved in various processes such as homologous recombination (HR), 
DNA replication, stem cell differentiation, and enhancing CRISPR-Cas9 
efficiency (Choi et al., 2017b; Choi et al., 2018; Choi et al., 2020; 
Park et al., 2023). During HR-mediated DNA repair, which is a type of 
DNA repair pathway to repair double-strand DNA breaks, RAD51 facil-
itates the exchange of genetic material between the broken DNA mole-
cule and an undamaged DNA molecule, resulting in break repair (Li and 
Heyer, 2008; Krejci et al., 2012). RAD51 achieves this by binding to 
single-stranded DNA at the site of the DSB and promoting the search for 
a homologous DNA sequence (Li and Heyer, 2008). This mechanism 
engages in faithful genome duplication resulting from DNA replication 
and repairing DNA lesions such as DSBs, DNA gaps, and DNA interstrand 
crosslinks (ICLs) (Li and Heyer, 2008; Krejci et al., 2012). Previous 
studies have examined the functional characteristics of factors related to 
RAD51, a key DNA repair factor that plays a crucial role in maintaining 
the genome stability of CRC cells. Particularly, these factors were 
identified as target markers by analyzing changes in chromosome 
structure and the dynamic characteristics of proteins (Manic et al., 2021; 
Tennstedt et al., 2013). When the expression of RAD51 is suppressed, 
CRC cells exhibit alterations in DNA replication and repair, resulting in 

induction of apoptosis and inhibition of cell proliferation (Feu et al., 
2022). As mentioned above, RAD51 plays a crucial role in the 
HR-mediated DNA repair pathway, which is important for repairing 
DNA damage and maintaining genome integrity (Li and Heyer, 2008; 
Krejci et al., 2012; Feu et al., 2022). However, RAD51 is known to be 
overexpressed in cancer cells such as CRC cells, which can increase DNA 
repair capacity and contribute to cancer development and progression 
(Tennstedt et al., 2013; Feu et al., 2022). Therefore, targeting RAD51 
could be an effective strategy for inhibiting the proliferation of CRC 
cells. 

Caffeine, a purine alkaloid, is widely present in a wide variety of 
plant-derived products such as coffee beans and tea leaves (Tsabar et al., 
2015; Zelensky et al., 2013; Bode and Dong, 2007). Furthermore, 
caffeine has been reported to inhibit the HR factor RAD51 by displacing 
the recombinase from the ssDNA filaments, ATM (ataxia-telangiectasia 
mutated), or ATR (ataxia telangiectasia and Rad3-related), thus 
affecting cell cycle progression and HR mechanisms and inducing 
apoptosis (Tsabar et al., 2015; Zelensky et al., 2013; Choi et al., 2017a; 
Bode and Dong, 2007). The adjuvant effect of caffeine in cancer treat-
ment is a topic of ongoing research. Some studies have suggested that 
caffeine may enhance the effectiveness of certain cancer chemotherapies 
by increasing the uptake and accumulation of chemotherapeutic drugs 
in tumor cells (Bode and Dong, 2007; Wang et al., 2015). However, these 
results are still preliminary, and molecular approaches are needed to 
fully understand the potential adjuvant effects of caffeine in cancer 
treatment. Additionally, it is important to note that caffeine should only 
be used as a complementary treatment for cancer under the supervision 
of a qualified healthcare provider. 

In this study, we have demonstrated the synergistic effects of 
combining irinotecan and caffeine to induce DNA breaks and promote 
cell death in CRC cells, specifically HCT116 and HT29. The combination 
of irinotecan and caffeine heightened the expression of γH2AX, a marker 
for DSBs, by disrupting RAD51 function in both the HCT116 and HT29 
cell lines, despite RAD51 protein levels remaining consistent in the 
presence or absence of caffeine. Co-treatment with irinotecan and 
caffeine led to a decelerated progression of the cell cycle and suppressed 
DNA replication. Additionally, we evaluated DNA breaks and the 
viability of CRC cells under each experimental condition. While treat-
ment with either caffeine or irinotecan alone induced some level of DNA 
breaks and apoptosis, the combined application of these drugs yielded 
substantially greater increases in both these outcomes. In summary, the 
results illuminate caffeine’s potential to augment the effectiveness of 
irinotecan, a chemotherapy medication commonly employed for treat-
ing CRC. 

Materials and methods 

Colorectal cell culture and induction of DNA damage 

The HCT116 and HT29 cell lines were cultured and maintained as 
described previously (Choi and Kim, 2019). Both cell lines were cultured 
in DMEM (Dulbecco’s modified Eagle medium; Cat.11995–073, Gibco) 
supplemented with heat-inactivated 10% FBS (fetal bovine serum; 
Cat.16000–044, Gibco) and 1 % penicillin/streptomycin (PS; 
Cat.15140–122, Gibco). The cells were then incubated in a humidified 
environment with 5% CO2 at 37◦C. To generate DNA breaks, the culture 
medium was treated with 5 mM caffeine (Cat.C0750, Sigma, purity 
(HPLC) ≥ 99.0%) for 4 h (Bode and Dong, 2007; Han et al., 2011; Qi 
et al., 2022), after which 30 µg/ml irinotecan (Cat.I1406, Sigma, purity 
(HPLC) ≥ 97.0%) was added to the culture medium and the cells were 
incubated for an additional 12 h (Zhang et al., 2019). 

Immunoblot analysis 

The samples for immunoblot analysis were prepared as described in a 
previous study (Yoon et al., 2014). The samples were washed twice with 
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PBS and lysed using cell lysis buffer supplemented with a proteinase 
inhibitor cocktail (PIC) and 1 mM phenylmethylsulfonyl fluoride 
(PMSF). The primary antibodies used in this study were as follows: 
RAD51 (Cat.PC130, Merck Millipore, diluted at 1:3000), and α-tubulin 
(Cat.ab4074, Abcam, diluted at 1:10,000). The HRP (horseradish 
peroxidase)-conjugated secondary antibodies were obtained from 
Jackson ImmunoResearch Laboratories (Cat.111–035–003). The 
expression level of each protein was quantified using the Bio-Rad Image 
Lab software. 

Immunofluorescence analysis 

Cells were attached on poly-l-lysine coated coverslips and fixed with 
4% paraformaldehyde. The fixed cells were permeabilized using 0.2% 
Triton X-100. The samples were then blocked with 0.1% bovine serum 
albumin (BSA) in phosphate-buffered saline supplemented with 0.02% 
Tween 20 (PBS-T), after which they were treated and incubated for 1 
hour with RAD51 (1:200) and γH2AX (1:500) primary antibodies. The 
secondary antibodies [anti-rabbit tetramethylrhodamine (TRITC)-con-
jugated antibody (Cat. 111–025–144, Jackson, 1:500)] were then added 
after washing the antibody-bound samples three times with PBS-T. Next, 
the stained samples were covered with an antifade mounting solution 
with DAPI (Cat. P36935, Thermo Scientific). Finally, the samples were 
examined and photographed using a Nikon Eclipse Ti-E inverted mi-
croscope equipped with a Nikon DS-Qi2 camera with a 100× lens and 
100× oil objective, and the images were analyzed using the NIS software 
from Nikon. 

Fluorescence-activated cell sorting (FACS) analysis 

Cell viability assays were conducted as described in a previous study 
(Yoon et al., 2023). The cells were harvested and washed with PBS. Next, 
84 nM thiazole orange (TO, Cat.349483, BD) and 4.3 µM propidium 
iodide (PI, Cat.349483, BD) were added to the samples. Afterward, the 
samples were incubated at room temperature and then analyzed using a 
BD Accuri C6 cytometer (BD Biosciences). The data were analyzed using 
the Accuri C6 software (BD Bioscience). For cell cycle analysis, the cells 
were fixed with 70% ethanol overnight. Finally, the fixed cells were 
harvested and stained with PI and the cell cycle patterns were profiled 
using a flow cytometer (BD FACS Calibur). 

Fiber assay 

The samples for the fiber assay were prepared as described in a 
previous study (Choi et al., 2022). Cells under each condition were 
treated with 50 µM 5-Iodo-2′-deoxyuridine (IdU, Cat. GP1769, Glen-
tham) for 15 min and washed twice with PBS, followed by treatment 
with 100 µM 5‑chloro-2′-deoxyuridine (CldU, Cat. C6891, Sigma) for 15 
min. After treatment with thymidine analogs, the cells were harvested 
and then resuspended in chilled PBS. The concentration of the samples 
was adjusted to 400 cells/µl, after which they were mounted on slide 
glasses. For DNA lysis, lysis buffer (200 mM Tris–HCl pH 7.4, 0.5% SDS, 
and 50 mM EDTA) was added to the cells. The slide glasses were tilted to 
spread the DNA, after which the samples were allowed to dry for 30 min. 
After drying, the samples were fixed using methanol/acetic acid (3:1 
v/v) for 10 min and allowed to dry overnight at room temperature. The 
dried slides were immersed in 2.5 N HCl for 1 h, after which the 
immersed samples were blocked with 1% BSA in PBS, followed by pri-
mary antibody staining with IdU-specific (Cat. B44, BD, 1:25) and 
CldU-specific antibodies (Cat. ab6326, Abcam, 1:500). After washing 
with PBS-T (0.1% Tween 20 in PBS), the samples were incubated with 
secondary antibodies: TRITC-labeled goat anti-mouse IgG antibody (Cat. 
115–025–003, Jackson Immunoresearch; 1:300) to detect IdU and 
FITC-conjugated goat anti-rat IgG antibody (Cat. 112–095–003, Jackson 
Immunoresearch; 1:400) to detect CldU. The stained cells were washed 
with PBS-T and mounted with an antifade mounting solution with DAPI. 

Fiber assay images were captured using fluorescence microscopy (Nikon 
Eclipse, Ti-E) and the lengths of the fibers were measured with the Nikon 
NIS software. 

Comet assay 

The harvested cells were suspended and mixed with 1% agarose gel 
(42◦C). The mixture of cells and gel was then set on glass slides and 
allowed to solidify, after which the solidified gels were immersed in lysis 
buffer [2% sarcosyl and 0.5 M Na2EDTA (pH 8.0) including 0.5 mg/ml 
Proteinase K, pH 8.0] for 20 h. After lysis, the slides were rinsed with 
buffer [90 mM Tris, 90 mM boric acid, and 2 mM Na2EDTA, pH 8.5] via 
submersion for 30 min. Electrophoresis was conducted for 25 min at 20 
V. Afterward, the gels were stained with 2.5 µg/ml PI in PBS for 20 min. 
Images were captured via fluorescence microscopy, and the tail of the 
comet was measured with the CASP software ver. 1.2.3 beta2 (CaspLab). 

WST-8 assay 

The WST-8 (Water-soluble tetrazolium-8) assay was used to deter-
mine the effects of irinotecan or 5-FU in combination with caffeine. The 
assay was performed according to the manufacturer’s protocol. Cells 
were inoculated in a 96-well plate (100 μl/well) and pre-incubated in a 
37 ◦C humidified incubator with 5% CO₂. Both cell lines were then 
subjected to multiple treatments, including 5-FU (Cat. F6627, Sigma- 
Aldrich) at concentrations of 0, 1, 10, 25, 50, and 100 μM for 48 h 
(de Castro e Gloria et al., 2021) and irinotecan at concentrations of 0, 5, 
10, 20, 30, 50, and 100 μg/ml for 12 h (Zhang et al., 2019). The IC₅₀ 
value was then calculated from the acquired data and graphs were 
generated using GraphPad Prism software 9. 

RNAi 

Small interfering RNAs (siRNAs) against RAD51 and a negative 
control (SN-1003) were predesigned and prepared by Bioneer. 150 nM 
siRNAs mixed with opti-MEM medium (Gibco) were then transfected 
with Lipofectamine RNAiMAX (Thermo Fisher). Finally, the siRNA- 
treated cells were incubated for 48 h in an incubator at 37◦C with 5% 
CO₂. The siRNA against RAD51 had the following sequence: 5′- 
GAAUUGAGACUGGAUCUAU-3′. 

Statistical analysis 

All statistical analyses were conducted as described previously (Koh 
et al., 2022). All data were analyzed with the GraphPad Prism 5 software 
and reported as averages ± SD (standard deviation). Statically signifi-
cant differences between the control and experimental groups were 
determined via paired two-tailed t-tests. P-values were calculated using 
the GraphPad Prism 5 software (*p < 0.05, **p < 0.01, and ***p <
0.001). 

Results 

Caffeine acts as an inhibitor of RAD51 without altering RAD51 expression 

RAD51 expression level is much higher in CRC cells than in normal 
cells, making them more resistant to chemotherapeutic drugs and 
radiotherapy (Vispé et al., 1998; Zhou et al., 2020). Previous studies 
have indicated that caffeine can act as an inhibitor of RAD51 function by 
displacing it from DNA gaps during DNA breaks caused by various 
processes such as DNA replication, chemotherapy, or radiation (Fig. 1) 
(Tsabar et al., 2015; Zelensky et al., 2013). We first analyzed the 
expression level of RAD51 when CRC cells (HCT116 and HT29) were 
treated with 5 mM caffeine for 4 h (Bode and Dong, 2007; Han et al., 
2011; Qi et al., 2022). Our findings revealed that the protein level of 
RAD51 remained similar regardless of caffeine treatment, suggesting 
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that inducing DNA breaks does not affect RAD51 protein expression, as 
it is already abundantly expressed (Fig. 2A). However, RAD51 focus 
formation was decreased in the two types of colorectal cancer cells, 
whereas focus formation of the DNA damage marker γH2AX was much 
higher in the caffeine-treated HCT116 and HT29 cells than in both 
control cells (Fig. 2B). These findings indicate that caffeine induces the 
accumulation of DNA breaks by inhibiting DNA repair, leading to the 
dissociation of RAD51 from the breaks despite its high expression levels. 

Irinotecan, a commonly used solid tumor drug, acts as a first-line 
treatment by inhibiting Topo I (Fig. 2C and D) (Pommier, 2006; 
Thomas and Pommier, 2019). Topo I plays a critical role in DNA repli-
cation, transcription, and repair by cleaving single-strand DNA to un-
wind DNA and maintain genomic stability. Additionally, due to the high 
expression of Topo I in CRC cells, CRC is hypersensitive to irinotecan, 
which attacks Top1cc, inhibits the religation of DNA strands, and leads 
to DNA breaks (Fig. 2D) (Rømer et al., 2012). The CRC cells were treated 
with irinotecan with or without caffeine to analyze whether these two 
reagents act synergistically on cancer cells. First, the expression of 
RAD51 was quantified in HCT116 cells and HT29 cells treated with 
irinotecan and irinotecan + caffeine. In the irinotecan-treated HCT116 
cells, the RAD51 expression level was similar to that of the control cells. 
RAD51 expression remained similar in HCT116 and HT29 CRC cell lines, 
irrespective of treatment with irinotecan, caffeine, or irinotecan +
caffeine, indicating that RAD51 expression is not influenced by these 
DNA damage agents (Fig. 2E and F). 

Disruption of DNA repair progression by displacing RAD51 from breaks 

RAD51 expression remained unchanged regardless of treatment with 
DNA damage agents (Fig. 2E and F). However, unlike RAD51 protein 
expression, RAD51 focus formation was not similar in DNA-damaged 
cancer cells. The number of RAD51 foci decreased when both the 
HCT116 and HT29 cell lines were treated with caffeine. In the HCT116 
cells, the number of foci of the HR factor was 2.48 ± 2.50 in the control 
group and 0.79 ± 1.24 in the caffeine-treated group. Similarly, in the 
HT29 cell line, the number of RAD51 foci was 2.47 ± 2.25 in the control 
group and 1.04 ± 1.29 in the caffeine-treated group (Fig. 3A–D). 
However, caffeine induced DNA damage and the expression of γH2AX, a 
DNA break marker, in both CRC cell lines. In the control cells of each cell 
line, the foci number of the DNA break marker was 8.33 ± 5.45 in 
HCT116 cells and 10.14 ± 7.64 in HT29 cells (Fig. 3A, B, E and F). In 
caffeine-damaged HCT116 cells, the γH2AX foci number was 33.15 ±
11.09, whereas in caffeine-treated HT29 cells, the foci number was 
37.46 ± 14.94, indicating that caffeine induces the generation of DNA 
breaks by inhibiting RAD51 localization on DNA gaps (Fig. 3A, B, E, F). 
In both cell lines treated with irinotecan, RAD51 focus formation was 
increased 32.8-fold compared to the control cells in the HCT116 cell line 
and 41.2-fold compared to the control HT29 cells (Fig. 3A-D). Addi-
tionally, the formation of γH2AX foci was dramatically increased in the 
irinotecan-treated cells. In the control cells, γH2AX expression exhibited 
a dot-like pattern, whereas γH2AX was widely distributed throughout 
the chromatin under the DNA damage condition (irinotecan-treated 

Fig. 1. Effects of caffeine on DNA repair progression and DNA replication. (A, B) Schematic representation of the effects of caffeine. After the generation of DNA 
lesions, the broken DNA is resected by nucleases, thus exposing single-stranded DNAs (ssDNAs). Replication protein A (RPA) localizes on the exposed DNA to inhibit 
the formation of secondary structures of ssDNAs. Nucleoprotein filaments are formed through the exchange from RPA to RAD51 via several mediators that search for 
homology. The filaments then invade a homologous template and are elongated by DNA synthesis. The extended ssDNA is filled by ligation, thus completing the DNA 
repair mechanism. When cells are treated with caffeine, it dissociates the recombinase from the nucleoprotein filament or interrupts RAD51 binding to ssDNA 
generated by DNA breaks. Inhibition of RAD51 function results in an incomplete repair mechanism, leading to the persistence of DNA breaks (A). Additionally, during 
DNA replication, RAD51 is involved in the restarting process in response to stress. RAD51 protects DNA by binding onto the stalled replication fork and enhances the 
regression of the replication fork, thus forming a chicken foot-shaped structure. Disrupting RAD51 function by displacing it from the nucleoprotein filaments causes 
the collapse of the replication fork (B). 
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cells) (Fig. 3A, B, E and F). The γH2AX intensity was 45.08 ± 3.47 in the 
irinotecan-treated HCT116 cells and 45.50 ± 14.97 in the irinotecan- 
treated HT29 cells (Fig. 3E and F). Our findings demonstrated that iri-
notecan was critical for the disruption of the genome stability of CRC 
cells by hindering Topo I function, thereby inducing DNA damage. 
Moreover, when the cells were treated with both caffeine and irinotecan, 
γH2AX intensity was increased by 75.91% in HCT116 and 34.17% in 
HT29 compared to the CRC cells treated with irinotecan only. In 
contrast, RAD51 focus formation was significantly reduced to 75.95% in 
HCT116 and 60.51% in HT29 cells treated with irinotecan + caffeine 
compared to the CRC cells treated with irinotecan only (Fig. 3C–F). 
Collectively, these results suggest that caffeine induces DNA breaks and 
disrupts proper DNA repair progression by displacing RAD51 from the 
DNA damage sites generated by DNA damage agents. 

Inhibition of Topo I and RAD51 function changes cell cycle progression 

Camptothecin and camptothecin derivatives including irinotecan are 
generally known to induce cell cycle arrest at the G2/M phase due to a 
structural change near the active site upon binding (Pommier, 2006). 
Caffeine affects cell cycle progression by initiating the checkpoint 
response, thereby blocking ATM and ATR, and preventing RAD51 from 
binding to exposed single-strand DNA during DNA replication (Tsabar 
et al., 2015; Bode and Dong, 2007). A previous study further reported 
that caffeine arrests the cell cycle progression at the G1/S phase and 
abrogates or reverses the G1/S and G2/M checkpoint delay (Bode and 
Dong, 2007). Moreover, the co-administration of caffeine with other 
DNA-damaging agents significantly intensifies DNA damage (Bode and 
Dong, 2007; Zhang et al., 2019). In the control HCT116 cells, the pro-
portions of cells in the G1 phase, S phase, and G2/M phase were 

Fig. 2. RAD51 protein expression remained unchanged regardless of caffeine or irinotecan treatment. (A) RAD51 expression level with/without caffeine. Both cell 
lines, HCT116 and HT29, were treated with 0 mM caffeine in the same volume of PBS as in the 5 mM caffeine treatment for 4 h. (B) Focus formation of RAD51 and 
γH2AX in caffeine-treated CRC cells. The cells were treated with either caffeine 0 mM (the same volume of PBS as in the 5 mM caffeine) or caffeine 5 mM (5 mM 
caffeine dissolved in PBS) for 4 h. Scale bars = 2.5 μm. (C) Chemical structure of irinotecan. (D) Relaxation of the supercoiled form of DNA by Topo I and interruption 
of Topo I by irinotecan. Topo I unwinds supercoiled DNA by inducing DNA breaks caused by transesterification between the DNA strand and the tyrosine residue of 
Topo I. The complex generated by the tyrosine-DNA phosphodiester bond is called Top1cc. Topo I activity is inhibited by irinotecan via trapping the Top1cc, thus 
leading to DNA lesions. (E) RAD51 expression level. In each condition [control (DMSO and PBS), caffeine (5 mM caffeine and DMSO), irinotecan (30 µg/ml irinotecan 
and PBS), and irinotecan + caffeine (30 µg/ml irinotecan and 5 mM caffeine)], RAD51 expression was confirmed via western blot. (F) Quantification of the 
expression level of RAD51 factor. Three independent experiments were performed and the RAD51 expression levels in each condition in (E) were quantified using the 
BioRad software. 
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approximately 36.05 ± 1.93%, 31.00 ± 5.08%, and 32.94 ± 3.15%, 
respectively. Upon caffeine treatment in HCT116 cells, while the pro-
portion of cells in the G2/M phase increased compared to the control, 
reaching up to 43.67 ± 1.33%, the percentage of cells in the G1 phase 
and S phase decreased to 29.34 ± 2.21% and 26.98 ± 3.32%, respec-
tively (Fig. 4A and C). In HT29 cells, the proportion of cells in the G1 
phase, S phase, and G2 phase was 43.96 ± 0.94%, 37.70 ± 4.15%, and 
18.35 ± 5.05%, respectively. Upon caffeine treatment, the ratio of cells 
in the S phase increased approximately 1.4-fold compared to the control 
cells (50.9 ± 13.8% in the caffeine-treated HT29 cell line). Meanwhile, 

the proportions of cells in the G1 and G2 phases decreased compared to 
normal HT29 cells. Specifically, the proportion of cells in the G1 phase 
was 34.94 ± 7.55%, and that of the cells in the G2 phase was 14.19 ±
6.41%. These results indicates that caffeine treatment alters cell cycle of 
CRC cells although the effects of caffeine treatment on the cell cycle vary 
among different CRC cell lines. When irinotecan was added, most of the 
HT29 cells (62.78%) were arrested in the S phase. Furthermore, HT29 
cells treated with both irinotecan + caffeine were also arrested at the S 
phase, with proportions of up to 75.99 ± 12.37%. In contrast, the per-
centage of G1 phase HT29 cells in the irinotecan-treated group was 

Fig. 3. Remaining DNA lesions induced by displacement of RAD51 from DNA breaks. (A, B) Representative images of focus formation of RAD51 and γH2AX. HCT116 
cell line (A) and HT29 cell line (B) were stained with RAD51- and γH2AX-specific antibodies. Scale bars = 2.5 μm. (C, D) Number of formed RAD51 foci. Focus 
formation of the RAD51 factor was quantified in the HCT116 cell line (C) and HT29 cell line (D) under each condition: control, caffeine, irinotecan, and caffeine +
irinotecan. The three experiments were performed independently (n = 60). The error bars indicate the mean ± SD. (E, F) Quantification of γH2AX focus formation 
and signal intensity. The number of foci and intensity of γH2AX were quantified in both the HCT116 cells (E) and HT29 cells (F). The error bars denote the mean ±
SD, and the experiments were independently conducted three times (n = 60). 
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37.55 ± 2.0%, whereas the group treated with irinotecan + caffeine 
exhibited a proportion of 22.60 ± 11.40% (Fig. 4B and D). Furthermore, 
the proportion of G2 phase HT29 cells in the irinotecan or irinotecan +
caffeine treatment groups was dramatically decreased, with proportions 
as low as 0 % in the irinotecan-treated HT29 cells and 1.41% in the HT29 
cells treated with irinotecan + caffeine. HCT116 cells with DNA damage 
induced by irinotecan exhibited a larger proportion of S-phase cells, and 
similarly, Topo I-inhibited HT29 cells with the treatment of irinotecan 
also had a higher S-phase ratio. In HCT116 cells treated with irinotecan, 
approximately 28.12% of the cells were in the G1 phase, 58.83% in the S 
phase, and 13.05% in the G2/M phase (Fig. 4A and C). Furthermore, the 
cell line treated with both irinotecan and caffeine exhibited a marked 
effect on the S-phase ratio. In HCT116 cells treated with both irinotecan 
and caffeine, the proportions of G1-phase, S-phase, and G2/M-phase 
cells were 22.58 ± 0.15%, 45.75 ± 11.71%, and 31.68 ± 11.82%, 
respectively (Fig. 4A and C). These results demonstrate that irinotecan 
blocks cell cycle progression at the S phase, suggesting that this drug 
could affect DNA replication because Topo I is essential for DNA repli-
cation during the S phase by inhibiting the formation of supercoiled 
DNA to maintain genomic stability. 

Fiber assays were also conducted to confirm the relationship be-
tween DNA replication and exposure to irinotecan and caffeine. Fiber 

length was shortened in the CRC cells treated with the DNA damage 
agents (Fig. 5A–D). In HCT116 cells, the fiber length of the control cells 
was approximately 9.0 ± 1.0 μm, whereas those of the caffeine, irino-
tecan, and irinotecan + caffeine treatment groups were 7.2 ± 1.1 μm, 
6.5 ± 1 0.0 μm, and 5.5 ± 0.6 μm, respectively (Fig. 5A and B). Simi-
larly, the length of DNA replication in the control HT29 cells was 10.4 ±
1.4 μm, whereas those of the caffeine, irinotecan, and irinotecan +
caffeine treatment groups were 8.2 ± 1.6 μm, 7.1 ± 1.1 μm, and 6.3 ±
0.9 μm, respectively (Fig. 5C and D). Interestingly, DNA replication in 
both cell lines treated with the combination of irinotecan and caffeine 
was significantly stalled (Fig. 5A–D). These results demonstrate that 
while DNA replication efficiency was substantially reduced by irinote-
can or caffeine treatment alone, the combination of both irinotecan and 
caffeine synergistically decreased DNA synthesis via the accumulation of 
DNA gaps. 

Irinotecan enhances caffeine-induced DNA fragmentation 

Our findings demonstrated that although the DNA damage effects of 
caffeine-only treatment were generally not dramatic, caffeine synergis-
tically promoted the DNA damage effects when combined with the DNA 
damage drug irinotecan. Therefore, we next sought to evaluate the 

Fig. 4. Effects of irinotecan and caffeine on cell cycle pattern. (A)–(D) Cell cycle pattern in HCT116 cells and HT29 cells. Cell cycle progression analysis was 
performed for both colorectal cell lines, HCT116 (A) and HT29 (B), under each experimental condition. The percentage of cells in each cell cycle phase was measured 
for both the HCT116 cell line (C) and HT29 cell line (D). The graphs indicate the average, and the error bars represent the standard deviation (n = 3). 

Fig. 5. Interruption of DNA replication progress in DNA damaged CRC cells (A) and (C) Labeling of DNA replication. The DNA fiber assay schematic is shown at the 
top. DNA synthesis was labeled with IdU for 15 min and CldU for 15 min in HCT116 cells (A) and HT29 cells (C). IdU was labeled with red color, and CldU was 
stained with green color. (B, D) Quantification of newly synthesized DNA. The length of the IdU and CldU tracks was measured in both the HCT116 (B) and HT29 (D) 
colorectal cancer cell lines. Three independent experiments were performed, and the error bars indicate the mean ± SD (n = 60 for each condition, scale bar =
2.5 μm). 
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effects of irinotecan and caffeine co-treatment on DNA fragmentation in 
HCT116 and HT29 cells using the comet assay. The tail moment of the 
control HCT116 cells was 5.6 ± 1.7, whereas that of the irinotecan and 
irinotecan + caffeine-treated HCT116 cells was approximately 15.8 ±
3.7 and 21.5 ± 4.3, respectively (Fig. 6A and B). The tail moment of 
HCT116 cells with DNA damaged by irinotecan was significantly (2.82- 
fold) larger than that of the control HCT116 cells. Furthermore, the 

irinotecan + caffeine treatment induced even more DNA fragmentation 
(3.85-fold compared to the control). Similarly, in HT29 cells, irinotecan 
resulted in severe DNA fragmentation, with the tail moment increased 
by 211.2% compared to the control. Specifically, the tail moment of the 
control HT29 cells was 10.3 ± 3.2, whereas that of the irinotecan- 
treated HT29 cells was 21.8 ± 4.5. Moreover, both irinotecan and 
caffeine induced higher cell mortality by substantially increasing DNA 

Fig. 6. Caffeine treatment stimulates the occurrence of DNA breaks and cell death. (A-D) Analysis of DNA fragmentation via the comet assay. (A, C) Representative 
images of DNA breaks. HCT116 (A) and HT29 cells (C) were treated with irinotecan, caffeine, or irinotecan + caffeine. A total of 40 cells were quantified under each 
experimental condition using the Casp software (1.2.3beta2). (B, D) Measurement of tail moments. The tail length was calculated with the following formula: tail 
length × % of DNA in the tail. All experiments were performed in triplicate (i.e., three independent experiments). The graphs indicate the average ± SD. (E, F) 
Analysis of cell viability of CRC cells using FACS. HCT116 cells and HT29 cells were incubated under each condition: caffeine, irinotecan, and irinotecan + caffeine. 
For cell viability analysis, the cells were stained with thiazole orange (TO) and propidium iodide (PI). The black and green dots indicate the apoptotic and live cells, 
respectively. (G) Analysis of the dose-dependent inhibitory effects of irinotecan via the WST-8 assay. In HCT116 cells (Left panel) and HT29 cells (Right panel), 
different concentrations of irinotecan were evaluated (0, 5, 10, 20, 30, 50, and 100 μg/ml). The black line indicates cell viability under treatment with irinotecan at 
various concentrations, whereas the blue line graph shows cell viability at various concentrations of irinotecan in CRC cells treated with 5 mM caffeine. The IC₅₀ value 
was calculated using the GraphPad Prism 9 software. Error bars indicate the mean ± SD (n = 3). 
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fragmentation (2.77-fold compared to the control) (Fig. 6C and D). 
These results suggest that caffeine dramatically enhances the effects of 
irinotecan on DNA damage. 

Caffeine promotes cell death by enhancing the cytotoxicity of irinotecan 

Our findings demonstrated that interrupting RAD51 function 
inhibited DNA repair, leading to DNA fragmentation and an accumula-
tion of DNA breaks due to improper DNA repair. Cell viability rates were 
evaluated in both the HCT116 and HT29 CRC cell lines under three 
experimental conditions (caffeine, irinotecan, and irinotecan +

caffeine). In the HCT116 cell line, the proportion of apoptotic cells was 
similar after caffeine treatment (7.4% in control cells and 7.5% in 
caffeine-treated cells). In contrast, in Topo I-inhibited HCT116 cells with 

the treatment of irinotecan, the proportion of apoptotic cells was 16.4 % 
(Fig. 6E). Furthermore, the percentage of apoptotic HCT116 cells treated 
with both irinotecan and caffeine increased to 19.7%. Likewise, in the 
HT29 cells, the proportion of live caffeine-treated cells was similar to 
that of the control group (i.e., 91.5% in the control group vs. 90.6% in 
the caffeine-treated group). However, there was a significant increase in 
apoptotic HT29 cells in the irinotecan-treated group (13.8%), and the 
irinotecan + caffeine treatment group exhibited an even higher pro-
portion of 17.5% (Fig. 6F). Additionally, in irinotecan-treated HCT116 
cells, the IC₅₀ value was 25.36 μg/ml, whereas in both irinotecan and 
caffeine-treated HCT116 cells, the IC₅₀ value was 13.94 μg/ml. Simi-
larly, in irinotecan-treated HT29 cells, the IC₅₀ value was 35.44 μg/ml, 
and in HT29 cells treated with both drugs, the IC₅₀ value was 11.17 μg/ 
ml (Fig. 6G). The half inhibition concentration was much lower in CRC 

Fig. 7. Improvement of stalled DNA replication and generation of DNA breaks by RAD51 depletion. (A, B) Cell viability analysis in colorectal cancer cells with 
siRAD51 and caffeine. Cell survival was analyzed in the HCT116 cell line (A) and HT29 cell line (B) treated with siRNA against RAD51 for 48 h or caffeine for 4 h. 
RAD51-depleted cells or control cells were stained with TO and PI. (C-F) Comet assay for analysis of DNA breaks. The RAD51-depleted and caffeine-treated HCT116 
cell line (C) and HT29 cell line (E) exhibited the characteristic hallmarks of DNA breaks, as demonstrated by the comet assay. DNA breaks were also quantified by 
calculating tail moment in HCT116 cells (D) and HT29 cells (F). The tail moment was calculated for 40 cells, and the graphs indicate the mean ± SD. Three assays 
were performed independently. (G-J) Analysis of cell cycle progression. In RAD51-depleted HCT116 cells (G, H) and HT29 cells (I, J), cell cycle analysis was carried 
out using a flow cytometer (FACSCalibur, Becton Dickinson). The pattern of the cell cycle was analyzed with the ModFit software (H, J). Three independent analyses 
were performed (mean ± SD). 
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cells treated with irinotecan + caffeine than in those treated with iri-
notecan only. Moreover, 5-fluorouracil (5-FU) treatment, which is 
commonly used for colon cancer therapy through inhibiting thymidylate 
synthase, along with caffeine, induced a reduction in the IC₅₀ value 
compared to treatment with only 5-FU (Fig. S1A) (Longley et al., 2003; 
Cho et al., 2020). In HCT116 cells, the 5-FU-only treatment had an IC₅₀ 
value of 11.47 μM, whereas the 5-FU + caffeine treatment had a value of 
4.192 μM. Similarly, in HT29 cells, the IC₅₀ values for the aforemen-
tioned treatments were 13.06 and 2.816 μM, respectively (Fig. S1A). In 
addition, solvents, DMSO and PBS, had no significant gap of cell 
viability between only DMSO treated cells and DMSO and PBS treated 
cells (Fig. S1B and C). These results demonstrate that existing anticancer 
drugs could affect the viability of CRC cells, and this effect was syner-
gistically enhanced by co-exposure with caffeine. 

Disruption of RAD51 function induces cell death by inhibiting the 
mechanisms required to maintain genome integrity 

Caffeine hinders the function of RAD51, one of the main factors in 
HR, by evicting it from ssDNA, leading to incomplete DNA repair and 
replication. To further compare the effects of disrupting DNA repair 
progression between caffeine-treated cells and RAD51-depleted cells, 
RAD51 was knocked down in both the HCT116 and HT29 cell lines using 
RAD51-specific siRNA. The depletion efficiency was approximately 90 
% in both cell lines (Fig. S2). In the caffeine-treated HCT116 cells, the 
proportion of live cells was approximately 96.1%, whereas the survival 
of RAD51-depleted HCT116 cells was approximately 75.8% (Fig. 7A). 
Additionally, the survival of caffeine-treated HT29 cells was 89.2%, 
whereas that of the RAD51-depleted HT29 cells was 78.5% (Fig. 7B). 
However, in both caffeine-treated cell lines, the cell survival rate was 
similar to that of the control. Specifically, the proportions of live 
caffeine-treated HCT116 and HT29 cells were 3.9 and 10.8%, respec-
tively (Fig. 7A and B). RAD51 depletion had a much stronger effect on 
cell survival than caffeine treatment by directly disrupting DNA repli-
cation or the progression of repair mechanisms, leading to cell death. 
Furthermore, we assessed DNA fragmentation under each experimental 
condition using the comet assay (Fig. 7C–F). In the HCT116 cells, the 
DNA fragmentation of the RAD51-depleted cells was more than 3.2-fold 
higher than that of the siControl cells (Fig. 7C and D). Similarly, the 
caffeine-treated HCT116 cells exhibited approximately 2.2 times more 
DNA fragmentation than the control HCT116 cells (Fig. 7C and D). The 
tail moment of the siControl HT29 cells was approximately 24.0 ± 4.9, 
whereas that of the RAD51-depleted HT29 cells was approximately 34.9 
± 4.5, representing a 1.5-fold increase compared to the control HT29 
cells (Fig. 7E and F). In contrast, the tail moment of the caffeine-treated 
HT29 cells was approximately 27.1 ± 4.7 (Fig. 7E and F). Collectively, 
our results demonstrate that RAD51 depletion increases the tail length of 
both cell lines, suggesting that the absence of RAD51 leads to DNA 
fragmentation, resulting in cell death. Caffeine also induces a substantial 
increase in DNA fragmentation. 

Furthermore, our findings also demonstrated that RAD51 depletion 
significantly altered the cell cycle progression of CRC cells. In the 
siControl HCT116 cells, the proportion of G1-phase, S-phase, and G2/M- 
phase cells were approximately 46.80, 21.46 and 31.74%, respectively 
(Fig. 7G, H). However, in RAD51-depleted HCT116 cells, the G1 phase 
and S phase ratios were dramatically decreased by approximately 30 and 
88%, respectively (Fig. 7G and H), whereas the proportion of cells in the 
G2/M phase increased to 29% of the total cells (Fig. 7G and H). Likewise, 
in RAD51-depleted HT29 cells, there was an elevation in the percentage 
of cells in the G2/M phase, accompanied by a reduction in the portion of 
cells in the G1 phase. In contrast to HCT116 case, the RAD51-depleted 
HT29 cells showed a noticeable increase in cells within the S phase, 
with a comparison of 37.16% in control cells to 51.77% in RAD51- 
depleted cells (Fig. 7I and J). During the S-phase, HR (i.e., a key DNA 
repair mechanism) begins to fill the DNA gaps that occur during DNA 
replication. RAD51 is one of the most important factors in HR, and our 

findings suggested that this recombinase is essential during the S-phase. 
Therefore, the absence of RAD51 substantially affected cell cycle pro-
gression. Taken together, our findings suggested that irinotecan and 
caffeine co-treatment could enhance cancer cell apoptosis by inhibiting 
RAD51 functions. 

Discussion 

The function and role of the RAD51-mediated DNA repair mecha-
nism are conserved in most eukaryote organisms. Additionally, this is a 
key process that suppresses genetic mutation and promotes cell prolif-
eration. Changes in the RAD51-mediated DNA repair mechanism can 
thus cause cell mutation and various physiological changes within cells 
(Aguilera and Gómez-González, 2008; Helleday et al., 2008). The DNA 
repair pathway in CRC cells is highly activated, making the suppression 
of DNA repair a promising cancer treatment strategy (Vispé et al., 1998; 
Zhou et al., 2020; Schild and Wiese, 2010). Inhibiting DNA repair 
pathways in cancer cells can enhance the effectiveness of chemotherapy 
and radiation therapy, both of which induce DNA damage, leading to a 
greater accumulation of DNA damage and ultimately resulting in cell 
death. Our findings suggest that irinotecan and caffeine co-treatment 
can enhance CRC cell death by inhibiting proper DNA repair and dis-
rupting rapid cell cycle progression. Cancer cells exhibit abnormally fast 
proliferation, thus limiting DNA repair time (Manic et al., 2021; Tenn-
stedt et al., 2013; Grundy et al., 2020). Therefore, DNA repair genes are 
highly expressed in cancer cells to compensate for this time limitation, 
enabling the repair of DNA damage caused by DNA replication or 
external/internal factors. RAD51, a major contributor to DNA repair, 
facilitates DNA replication or repair processes to maintain genomic 
stability (Choi et al., 2017b). RAD51 is abundantly expressed in many 
human cancers such as CRC, breast cancer, and pancreatic cancer, thus 
contributing to resistance to cancer therapy (Pommier et al., 2022). 
Therefore, this factor is a promising target for the treatment of malig-
nant tumors via chemotherapy (Pommier et al., 2022). Irinotecan is a 
promising Topo I-targeting drug that is often used as a first-line treat-
ment for metastatic CRC cells. Topo I is highly expressed in CRC cells 
compared to normal colon cells (Rømer et al., 2012). This enzyme is 
ubiquitous and plays an essential role in many cellular metabolic pro-
cesses, including replication, recombination, and transcription (Mor-
ham et al., 1996). Its main function is to transiently cleave and rejoin 
one strand of the DNA duplex, thereby relaxing supercoiled DNA. Topo 
I-deficient mice and fruit flies with disrupted Topo I function fail to 
develop during embryogenesis, which highlights the significance of this 
enzyme during early development (Gemkow et al., 2001; Matsuoka 
et al., 2007). Therefore, the Topo I enzyme holds great potential as an 
anticancer therapy target. Irinotecan, a semisynthetic derivative of the 
plant alkaloid camptothecin, binds to Top1cc, which serves as the 
interface between topoisomerase and DNA. In turn, irinotecan can lead 
to the accumulation of Top1cc, thereby inducing the occurrence of DSBs. 
Therefore, this drug not only causes DNA breaks but also leads to cell 
death. 

Our study sought to assess whether co-treatment with irinotecan and 
caffeine could lead to the accumulation of DNA breaks, resulting in 
cancer cell death. When DNA breaks occur due to either endogenous or 
exogenous factors, the histone variant H2AX is rapidly phosphorylated 
at serine 139 by serine‑threonine kinases such as ATM, ATR, and DNA- 
PK. This phosphorylated form, known as γH2AX, plays a critical role in 
the DNA damage response, activating the DNA repair system (Choi et al., 
2017a; Yoon et al., 2018). The Mre11-Rad50-NBS1 complex recognizes 
DNA breaks, triggering the activation of ATM and subsequent DNA 
repair pathways (Li and Heyer, 2008; Krejci et al., 2012). Exonuclease I 
generates single-strand DNA (ssDNA) by trimming the broken DNA 
strand (Li and Heyer, 2008; Krejci et al., 2012). Following DSB end 
resection, the 3′ overhang of the DSB is exposed and replication protein 
A (RPA) binds to the ssDNA to prevent secondary structure formation 
(Li and Heyer, 2008; Bhat and Cortez, 2018). Afterward, RAD51 
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localizes to the break sites coated with RPA, a process facilitated by 
BRCA2, leading to the formation of the nucleoprotein filament known as 
the presynaptic filament (Krejci et al., 2012). The ssDNA-RAD51 fila-
ment then searches for homology and invades the homologous template 
to form D-loop (displacement-loop) structures. DNA synthesis follows 
D-loop formation, and the synthesized DNA is captured to form Holliday 
junctions. The structure is eventually resolved, and the gaps are filled, 
thus completing the repair system to mend the DNA breaks (Li and 
Heyer, 2008; Krejci et al., 2012). Additionally, RAD51 participates not 
only in DNA repair but also in DNA replication. This phenomenon is 
known as replication fork protection and prevents the degradation of 
stalled replication forks (Bhat and Cortez, 2018; Bhowmick et al., 2022). 
In our study, the protein expression of RAD51 was found to be similar in 
both caffeine- and irinotecan-treated CRC cells (Fig. 2E and F). More-
over, in HCT116 and HT29 cells treated with both irinotecan and 
caffeine, the expression level of RAD51 tended to be similar regardless of 

anticancer drug treatment (Fig. 2E and F). However, the level of γH2AX, 
a marker for DSBs, showed a significant increase in CRC cells treated 
with both irinotecan and caffeine (Fig. 3). In contrast, caffeine treatment 
resulted in a distinct RAD51 focus formation pattern compared to that of 
γH2AX focus formation. In both caffeine- and irinotecan + caffeine--
treated CRC cells, RAD51 foci number decreased by more than 60% in 
both cell lines (Fig. 3). The inhibition of RAD51 resulted in improper 
DNA repair and a significant increase in the occurrence of DSBs. Both 
topoisomerase and RAD51 play crucial roles in DNA replication, and 
therefore changing their expression resulted in substantial changes in 
DNA replication patterns. Therefore, irinotecan and caffeine 
co-treatment could alter the cell cycle pattern in CRC cells. Additionally, 
the length of newly synthesized DNA in CRC cells treated with both 
drugs was much shorter than that of the cells treated with only caffeine 
or irinotecan. Furthermore, the accumulation of DNA breaks slowed 
down the DNA replication speed. Various cellular metabolic processes 

Fig. 8. Proposed model of the synergistic effects of caffeine co-administration. (A) Molecular mechanism of synergistic effects. Supercoiled DNA can form during 
DNA replication or transcription. Topo I binds to supercoiled DNA to relax it and forms a phosphodiester bond between the broken DNA end and tyrosine 723 residue 
in Topo I, known as Top1cc. In the presence of irinotecan, Top1cc is trapped by the camptothecin derivative, leading to the accumulation of DNA breaks. Homologous 
recombination, a crucial DNA repair process, is then initiated to repair DNA lesions induced by irinotecan. During DNA repair, caffeine could hinder the completion 
of the repair process by inhibiting RAD51, a key factor in the repair system, ultimately inducing cell death. Colorectal cancer cells would be more susceptible to cell 
death in the presence of both irinotecan and caffeine compared to only the presence of irinotecan. (B) Model of the possible efficiency of the combination therapy. 
CRC cells are sensitive to irinotecan and caffeine co-treatment. Both drugs work synergistically, with irinotecan inducing DNA breaks and caffeine inhibiting proper 
DNA repair. 
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including DNA repair, DNA replication, and programmed cell death 
could be impaired by caffeine (Tsabar et al., 2015; Zelensky et al., 2013; 
Bode and Dong, 2007). Caffeine has been reported to (i) suppress RAD51 
localization onto DNA break sites, (ii) inhibit the function of several 
kinases such as ATM and ATR, leading to arrest at the G2/M phase to 
activate cell cycle checkpoints, and (iii) affect the resection of DSB ends 
by degradation of resection factors (Tsabar et al., 2015; Zelensky et al., 
2013; Bode and Dong, 2007). Similarly, another study demonstrated 
that caffeine inhibits DNA repair, which negatively affects genomic 
stability, leading to the accumulation of DNA breaks during DNA repair 
or replication. On the other hand, irinotecan, a camptothecin derivative, 
has shown great promise as an anti-cancer treatment. This is because 
camptothecin targets only Topo I, penetrates cells rapidly after treat-
ment, and binds reversibly to Top1cc (Pommier, 2006). This trapping of 
Top1cc by irinotecan leads to its accumulation in cells, inhibiting DNA 
replication and transcription machinery, activating cell cycle arrest, and 
ultimately inducing cell death (Pommier, 2006; Pommier et al., 2010; 
Thomas and Pommier 2019; Strumberg et al., 2000). 

Co-treatment with irinotecan and caffeine induced severe DNA 
fragmentation and led to cell apoptosis (Fig. 6). In addition, co- 
treatment of 5-FU which is widely used for chemotherapy for cancer, 
especially colorectal cancer, and caffeine led to reduction of IC₅₀ 
(Fig. S1A) (Longley et al., 2003). 5-FU, an uracil analogue, has a fluorine 
atom at the C₅ in place of hydrogen, inducing interrupting thymidylate 
synthase (TS) which converts from deoxyuridine monophosphate 
(dUMP) to deoxythymidine monophosphate (dTMP) and is important to 
DNA synthesis (Longley et al., 2003). 5-FU is converted to fluorodeox-
yuridine monophosphate (FdUMP) which is an active metabolite, in the 
body and FdUMP binds to the nucleotide-binding site of TS, inducing 
formation of ternary complex with 5,10-methylene tetrahydrofolate 
(CH₂THF) (Garg et al., 2010; Longley et al., 2003). The complex con-
sisting of TS, FdUMP and CH₂THF induces imbalance of deoxythymidine 
triphosphate (dNTP) pool by inhibiting binding dUMP which could be 
converted to dTMP by TS (Longley et al., 2003). The imbalance of dNTP 
pool resulted from 5-FU could induce DNA breaks and, consequently, 
DNA repair process is initiated to repair the DNA lesions (Adamsen et al., 
2011; Matuo et al., 2009; Nakagawa et al., 2014). RAD51 is known for 
its key role in maintaining genome integrity. Therefore, the depletion or 
knockout of RAD51 in many species is lethal. In zebrafish, the loss of 
RAD51 leads to Fanconi anemia-like symptoms (Botthof et al., 2017), 
whereas abnormal spermatogenesis and embryo lethality were reported 
in RAD51-depleted mice (Dai et al., 2017; Tsuzuki et al., 1996). In 
RAD51-depleted colorectal cells, the occurrence of DNA breaks was 
dramatically increased (Fig. 7C–F) and cell viability was significantly 
reduced (Fig. 7A and B). Changes in the cell cycle lead to the activation 
of the DNA damage checkpoint system to fix the breaks. Therefore, in-
hibition of RAD51 function caused an accumulation of DNA fragmen-
tation, ultimately leading to cell death. Several drugs targeting various 
molecules have been developed. Particularly, a treatment for CRC 
involving DNA replication and synthesis was developed and its thera-
peutic effects were enhanced through synergistic interaction with other 
compounds. Moreover, drug development targeting HR factors, which 
are expected to have a very strong therapeutic effect, may be necessary 
to develop novel cancer treatments. 

The results of our study demonstrated that caffeine can significantly 
enhance the chemosensitivity of CRC cells to irinotecan, providing evi-
dence for the potential of caffeine as an adjuvant therapy in the treat-
ment of CRC (Fig. 8A). Our findings thus contribute to the growing body 
of evidence on the therapeutic benefits of caffeine in cancer treatment 
and highlights the need for further research to validate our results. HR 
factors such as RAD51, BRCA1/2, and RAD52, which are overexpressed 
by CRC cells, are also involved in DNA replication. Exploring this phe-
nomenon may provide the necessary insights to reduce the activity of 
DNA repair and replication efficiency for CRC treatment. Furthermore, 
in various cancer types, RAD51 expression levels were much higher than 
in normal cells, leading to increased resistance to chemotherapy or 

radiation therapy (Gachechiladze et al., 2017; Wang et al., 2022). Here, 
we found that caffeine had little effect on DNA breaks or cell viability, 
although it inhibited RAD51 focus formation by displacing the RAD51 
factor from DNA lesions. On the other hand, caffeine could improve the 
effects of the traditional drug for colorectal cancer therapy, irinotecan. 
Therefore, the results of our in vitro analyses using two types of colo-
rectal cancer cells (HCT116 and HT29) highlight the potential applica-
bility of caffeine as a potentiator of cancer therapy. However, in vivo 
experiments using mouse cancer models must still be conducted to 
optimize drug concentrations and assess their applicability to cancer 
patients. 

Conclusion 

Targeting RAD51 with specific inhibitors or other therapeutic stra-
tegies could potentially reduce the ability of CRC cells to repair DNA 
damage, leading to cell death and inhibition of cell proliferation (Fig. 8). 
However, any RAD51-targeted therapy would need to be carefully 
designed to minimize toxicity to normal cells while effectively inhibiting 
the proliferation of CRC cells. Furthermore, our findings demonstrated 
that caffeine suppresses the growth of CRC cells by targeting RAD51 
during DNA repair and HR, and therefore additional research is needed 
to identify the optimal methods to utilize and administer caffeine to 
cancer patients, as well as to determine the safety and potential side 
effects of caffeine as a cancer therapy. 
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