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A B S T R A C T

The loss-of-function mutation of AT-rich interactive domain 1A (ARID1A) frequently occurs in various types of 
cancer, making it a promising therapeutic target. In the present study, we performed a screening of an FDA- 
approved drug library in ARID1A isogenic colorectal cancer (CRC) cells and discovered that ARID1A loss sen
sitizes CRC cells to floxuridine (FUDR), an antineoplastic agent used for treating hepatic metastases from CRC, 
both in vivo and in vitro. As a pyrimidine analogue, FUDR induces DNA damage by inhibiting thymidylate 
synthase (TS) activity. ARID1A, as a regulator of DNA damage repair, when lost, exacerbates FUDR-induced DNA 
damage, leading to increased cell apoptosis. Specifically, ARID1A deficiency impairs DNA damage repair by 
downregulating Chk2 phosphorylation, thereby sensitizing cancer cells to FUDR. Notably, we found that FUDR 
exhibited increased sensitivity in ARID1A-deficient cells compared to 5-fluorouracil (5-FU), a commonly used 
anticancer drug for CRC. This suggests that FUDR is superior to 5-FU in treating ARID1A-deficient CRC. In 
conclusion, ARID1A loss significantly heightens sensitivity to FUDR by promoting FUDR-induced DNA damage in 
CRC. These findings offer a novel therapeutic approach for the treatment of CRC characterized by ARID1A loss- 
of-function mutations.

Introduction

Colorectal cancer (CRC) is one of the most frequently observed ma
lignancies and the second leading cause of cancer-related deaths 
worldwide [1-3]. Metastasis is the major cause of death in patients with 
CRC and the most common site of metastasis is the liver [4-6]. It is 
estimated that up to 60 % of CRC patients develop distant metastasis 
within five years of diagnosis [7]. Despite advancements in treatment, 
including cytotoxic chemotherapy, targeted agents, and immune 
checkpoint inhibitors, the five-year survival rate for metastatic CRC 
remains dismally low at around 20 % [8,9]. Thus, novel targeted ther
apies are urgently needed for CRC, particularly for late-stage CRC.

ARID1A (AT-rich interactive domain 1A) encodes a crucial subunit of 
the SWI/SNF chromatin remodeling complex and has been identified as 
one of the most frequently mutated tumor suppressor genes across 
various cancer types [10-12]. In CRC, approximately 10 % of patients 
harbor mutations in ARID1A [13]. Moreover, ARID1A expression is 

strongly associated with distant metastasis, and the frequency of 
ARID1A loss increases with advancing tumor-node-metastasis (TNM) 
stages [14]. Specifically, ARID1A loss has been observed in 7.4 % of 
stage I samples, 24.1 % of stage II samples, 22.2 % of stage III samples, 
and a significant 46.3 % of stage IV samples [14]. These data suggest 
that ARID1A has a higher rate of loss-of-function mutations in metastasis 
CRC patients, making it a potential therapeutic target for anticancer 
drug development.

Synthetic lethality, a genetic interaction where the deficiency of a 
single gene does not affect cell viability but the combination of de
ficiencies in two genes leads to cell death, has been widely exploited in 
cancer therapy [15,16]. This concept is particularly relevant because 
many cancers harbor loss-of-function mutations in tumor suppressor 
genes that are challenging to target directly. By identifying synthetic 
lethal partners of these mutated genes, it is possible to develop targeted 
therapies that selectively kill cancer cells while sparing normal cells [17,
18]. Based on the concept of synthetic lethality, we initiated a 
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systematic screening using an isogenic CRC cell pair with and without 
ARID1A expression, along with an FDA-approved drug library. Our 
screening identified floxuridine (FUDR) as a drug that exhibits increased 
antitumor activity in ARID1A-deficient CRC cells.

FUDR, a pyrimidine analogue, is used as an antineoplastic agent for 
treating hepatic metastases from colon cancer [19-21]. It exerts its 
cytotoxic effects by inhibiting thymidylate synthase (TS), an enzyme 
necessary for DNA synthesis, thereby inducing DNA damage and 
inhibiting cell proliferation [22]. ARID1A plays a crucial role in facili
tating DNA damage repair. Loss of ARID1A results in DNA repair defects, 
making cells more susceptible to DNA-damaging agents [23-25]. 
Therefore, ARID1A loss exacerbates FUDR-induced DNA damage, lead
ing to increased cell apoptosis. Interestingly, our study revealed that 
ARID1A-deficient CRC cells are more sensitive to FUDR compared to 
5-fluorouracil (5-FU), a commonly used chemotherapeutic agent in CRC 
[26]. This finding suggests that FUDR could be a superior therapeutic 
option for treating ARID1A-deficient CRC.

Materials and methods

Cell culture and reagents

CRC cell lines, HCT116 and RKO were obtained from American Type 
Culture Collection (ATCC, Manassas, VA), which have been authenti
cated by the provider. HCT116 was cultured in RPMI-1640 media sup
plemented with 10 % fetal bovine serum (FBS) and 1 % penicillin/ 
streptomycin. RKO was cultured in Dulbecco’s modified Eagle’s medium 
supplemented with 10 % FBS and 1 % penicillin/streptomycin. Cells 
were maintained in a humidified incubator adjusted with 5 % CO2 at 37 
◦C.

FDA-approved drug library screening and cell viability measurement

FDA-approved drug library containing 425 drugs was purchased 
from TargetMol (Shanghai, China). Each compound was arrayed in 384- 
well plates at the same 20µM-dose. HCT116 ARID1A WT or ARID1A KO 
cells were seeded at 2000 cells per well in the 384-well plates containing 
working dilution of the compound library and incubated for 72 h at 
37 ◦C CO2 incubator. All the liquid handling was done with Liquidator- 
12 multi-well pipettor (Gilson PIPETMAN® L, France). For cell viability 
measurement, cells were incubated with Alamar Blue solution (Sigma- 
Aldrich, St. Louis, MO) at 10 % for 2 h and the fluorescence signal 
(ex560/em590) at the bottom of the plate was measured with 
SpectraMax-M4 (Molecular Devices, Sunnyvale, CA). The screening was 
done in duplicated and the average fluorescence intensity from the two 
screenings were used to identify synthetic lethality hits. Z score was 
calculated according to the following equation: Z score = (Log (2, KO/ 
WT)-Mean)/STDEV. Compounds with Z score < -2 were selected as 
candidates.

Immunoblot and antibodies

Whole-cell protein extracts were prepared with ice-cold RIPA buffer 
(25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1 % NP-40, 1 % sodium 
deoxycholate, 0.1 % sodium dodecyl sulfate (SDS)) with Complete 
Protease Inhibitor Cocktail (Roche Life Sciences, Indianapolis, IN). Each 
aliquot of protein sample was run on a SDS-polyacrylamide gel elec
trophoresis and transferred onto a PVDF membrane for immunoblotting 
with primary antibodies, including ARID1A (Cell Signaling Technology, 
#12354s, 1:1000 dilution), β-actin (Cell Signaling Technology, #3700s, 
1:2000 dilution), cleaved PARP (Cell Signaling Technology, #5625s, 
1:1000 dilution), cleaved caspase 3 (Cell Signaling Technology, #9661s, 
1:1000 dilution), GAPDH (Fdbio Technology, FD0063, 1:1000 dilution), 
p-H2A.X (Cell Signaling Technology, #9718T, 1:1000 dilution), p-Chk1 
(Cell Signaling Technology, #2348T, 1:1000 dilution), p-Chk2 (Cell 
Signaling Technology, #2197T, 1:1000 dilution), p-ATR (Cell Signaling 

Technology, #2853T, 1:1000 dilution) and p-ATM (Cell Signaling 
Technology, #5883T, 1:1000 dilution) antibodies, followed by horse
radish peroxidase-conjugated secondary antibodies.

Organoid culture

Crypts were isolated as described previously [27,28]. Briefly, human 
normal intestinal fragments were washed with cold DPBS, then incu
bated in 5 mM EDTA with gentle shaking at 4 ◦C for 30–40 min. The 
isolated healthy crypts were counted and embedded in Matrigel (Corn
ing, #356237) and cultured in IntestiCultTM Organoid Growth Medium 
(StemCell Technology, #06010) or Human Intestinal Stem Cell medium 
(HISC, comprised with advanced DMEM/F12 medium, GlutaMAX, 
HEPES, penicillin, streptomycin, N2, B27, N-acetylcysteine, noggin, 
R-spondin 1, EGF, WNT3a, A83–01, SB202190, FGF10, nicotinamide, 
gastrin, Prostaglandin E2, and Y27632). The medium was changed every 
2 or 3 days.

Cell apoptosis assays

For apoptosis analysis, FITC–Annexin V Apoptosis Detection Kit with 
PI (MULTISCIENCES, Hangzhou, China) was used. Briefly, cells were 
washed with ice-cold PBS and re-suspended with Annexin V staining 
buffer. The cells were then stained with fluorescein isothiocyanate 
(FITC)–Annxin V and PI at room temperature for 15 min and then 
analyzed immediately with a CytoFLEX Flow Cytometer (Beckman 
Coulter Life Sciences, CA).

Comet assay

DNA damage was determined by an alkaline Comet assay. Briefly, 
alkaline comet assay was detected by the manufacturer’s protocol of the 
Reagent Kit for Single Cell Gel Electrophoresis Assay (KeyGEN BioTECH, 
Nanjing, China). First of all, lysis cells with pre-chilled lysis buffer. After 
lysis, gels were transferred to an electrophoresis chamber filled with 
alkaline unwinding buffer (1 mmol/L EDTA, 300 mmol/L NaOH) 
for 20–60 min at room temperature. Electrophoresis was conducted 
with the same buffer in 25 V for 30 min. After adding buffer solution 
(0.4 mmol/L Tris-HCl) for neutralization, add PI dye solution to stain 
for 10 min in the dark. The experimental results were collected using a 
fluorescence inverted microscope (Olympus IX73). The results of the 
comet assay were analyzed using Comet Assay Software Project. Briefly, 
50 cells were randomly selected in each sample for measurement, and 
the percentage of tail DNA content to head DNA content (Tail DNA%) 
was calculated.

TUNEL staining

The TUNEL assay was carried out using a One-Step TUNEL Apoptosis 
Assay Kit (Beyotime, Shanghai, China). Briefly, cells were seeded on 
confocal laser culture dishes. All dishes were washed by PBS, and fixed 
with 4 % paraformaldehyde solution for 20 min. Then washed by PBS 
and added PBS containing 0.25 %Triton X-100 for 15 min in the ice bath. 
And the labelling reaction was performed using a labelling solution 
containing terminal deoxynucleotidyl transferase, its buffer, and fluo
rescein dUTP at 37 ◦C for 60 min in a humidity chamber. Following 
incubation, excess labelling solution is washed off with PBS and the cell 
smears are mounted on coverslips with Anti-fade Fluorescence 
Mounting Medium, and the nuclei were stained with DAPI. Images were 
captured using a Laser Scanning Microscope (Olympus FV1200, Tokyo, 
Japan).

Tumor xenograft mouse model

All animal procedures were approved by the Animal Research Ethics 
Committee of Nanfang Hospital and were carried out according to 
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ARRIVE guidelines. Eight-week-old, female BALB/c nude mice were 
implanted with ARID1A-WT (left flank) and ARID1A-KO (right flank) 
HCT116 cells suspended in Matrigel. When both tumors were palpable, 
mice were randomized into 3 groups (n = 5 mice per group) of equal 
tumor volume for treatment with vehicle and FUDR, but the researchers 
were not blinded to the groups when performing the experiments. Mice 
were intravenously injected with vehicle (sterile saline containing 5 % 
dimethyl sulfoxide, 5 % tween-80, and 5 % polyethylene glycol-400) or 
FUDR (5 and 10 mg/kg, 100 μL) via tail vein every three days for 18 
days. The tumor size was periodically measured with a Vernier caliper 
and the tumor volume was calculated based on the modified ellipsoid 
formula (long axis × short axis2 × π/6). At the end of exper
iments, mice were sacrificed and the tumors were harvested for 
weighing and further analyses. Mice body weights were measured 
regularly during the drug injection period to assess potential drug 
toxicity.

Statistical analysis

All data were expressed as the mean ± standard deviation (s.d.). 
Statistical significance of differences between control and test groups 
was determined by Student’s t test or one-sample t test using Graphpad 
Prism 8 (GraphPad Software, La Jolla, CA). Statistical analysis of dif
ferences between two dose–response curves was determined by analysis 
of variance using Graphpad Prism 8. All statistical tests were two tailed. 
P values < 0.05 were considered significant.

Results

FDA approved drug library screening identifies FUDR as a synthetic lethal 
partner of ARID1A

As a tumor suppressor gene, ARID1A is mutated in approximately 10 
% of CRC patients. To verify this result, we analyzed ARID1A mutation 
status of 753 colorectal cancer samples using the cBioPortal platform 

(Supplementary Fig. 1). Our analysis revealed an overall ARID1A mu
tation rate of approximately 12 % (86 out of 753 samples). Among these 
mutations, truncating mutations were the most frequent (65 out of 86), 
followed by missense mutations (19 out of 86), with deep mutations and 
splice mutations each occurring once (1 out of 86). In summary, 78 % of 
the mutations were inactivating, while 22 % were of unknown signifi
cance. This result indicated that ARID1A could be a therapeutic target 
for cancer treatment.

To identify potential ARID1A synthetic lethal drugs, we used 
ARID1A-isogenic HCT116 CRC pairs generated by CRISPR / Cas9 system 
[29]. The ARID1A status was confirmed by western blot (Fig. 1A). Then 
we performed a screening of a drug library which contains 422 FDA 
approved drugs. The screening was conducted at a dose of 20 µM in 
384-well plates, and cell viabilities were measured using Alamar blue 
assay (Fig. 1B). After two rounds of screening, we identified three 
candidate drugs with Z scores less than -2: floxuridine (an inhibitor of 
DNA synthesis), Nilutamide (a nonsteroidal anti-androgen), and 
LDK378 (an ALK inhibitor) (Fig. 1C). To further validate our screening 
results, we conducted killing curves in two ARID1A knockout (ARI
D1A-KO) clones with the candidate compounds. It was evident that only 
floxuridine (FUDR) exhibited a higher inhibition efficiency in the two 
ARID1A-KO clones compared to ARID1A-WT cells (Fig. 1D-F). There
fore, these results suggest that FUDR has a significant synthetic lethal 
effect with ARID1A loss in CRC cells.

FUDR represses the growth of ARID1A-deficient CRC cells

To further investigate the synthetic lethal effect of FUDR and 
ARID1A, cell morphology experiments were conducted in two ARID1A 
knockout clones. The results showed that FUDR significantly repressed 
cell viability of ARID1A-KO cells compared with ARID1A-WT HCT116 
cells (Fig. 2A-B). To further validate synthetic lethal effect of FUDR, we 
established another isogenic cell pair derived from RKO CRC cell line, 
which has a frameshift mutation in ARID1A [25,29], via lentivirus 
transfection. The ARID1A expression level was detected with western 

Fig. 1. Screening of FDA approved drug library for synthetic lethality in HCT116 isogenic cells. (A) Western blotting analysis status was confirmed in two HCT116 
ARID1A-KO cells. (B) Schematic diagram of the FDA-approved drug library screening. (C) The Z-score of screening. (D-E) Dose–response curves of HCT116 ARID1A- 
WT and two ARID1A-KO cells treated with FUDR,Nilutamide and LDK378 for 72 h are shown.
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Fig. 2. FUDR represses growth of ARID1A-deficient CRC cells in vitro and in vivo. (A) Cell morphology of synthetic lethal in HCT116 ARID1A-KO cells by FUDR. 
Images were taken with Olympus IX73. Scale bars, 300 µm. (B) Cell density was measured with Image J software as a surrogate for cell viabilities. Error bars represent 
s.d. **P < 0.01, Student’s t test. (C) Immunoblot analysis showing overexpression of ARID1A. (D) Dose–response curves of parental RKO and ARID1A overexpressing 
(ARID1AOE) RKO clones with FUDR. Error bars represent s.d. (E) Cell morphology of synthetic lethal in HCT116 ARID1A-KO cells by FUDR. Images were taken with 
Olympus IX73. Scale bars, 300 µm. (F) Cell density was measured with Image J software as a surrogate for cell viabilities. Error bars represent s.d. **P < 0.01, 
Student’s t test. (G) Western Blot analysis of ARID1A expression in two CRC organoids. (H) Micrographs of organoids treated with or without 100 μM FUDR for 3 
days. Representative organoids were marked with red arrow. Scale bar, 500 μm. (I) Schematic diagram shows tumor xenograft experiments with HCT116 ARID1A 
isogenic cell pair. (J-K) The size of tumor xenografts was measured every 3 days and tumor growth curve was displayed. Data are presented as the mean ± SEM. (L) 
Wet weight of the dissected tumor samples was measured.
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blot (Fig. 2C). Killing curve and cell morphology experiments were 
produced with two RKO ARID1A overexpression (ARID1AOE) clones. 
Consistent with the HCT116 isogenic cell pair, FUDR treatment results in 
synthetic lethality with ARID1A deficiency was observed (Fig. 2D-F). 
These results suggest that FUDR treatment results in synthetic lethality 
with ARID1A loss in vitro. This result was further validated in HCT116 
and RKO cell lines. RKO cells, which lack ARID1A expression, were 
significantly more sensitive compared to HCT116 cells that express 
ARID1A (Supplementary Fig. 2). These findings strengthen the reli
ability of our conclusions.

To further investigate the role of ARID1A in determining FUDR 
sensitivity in preclinical models, we established two patient-derived 
CRC organoids—one with ARID1A expression (ARID1A-WT) and one 
without (ARID1A-MT). Western blot analysis confirmed that the 
ARID1A-WT organoid exhibited significantly higher ARID1A expression 
compared to the ARID1A-MT organoid (Fig. 2G). To assess the response 
to FUDR treatment, we exposed both organoids to FUDR. Interestingly, 
the ARID1A-MT organoid demonstrated a greater reduction in both 
organoid number and size compared to the ARID1A-WT organoid, 
indicating a higher sensitivity to FUDR (Fig. 2H). These findings suggest 
that ARID1A expression levels play a crucial role in determining the 
FUDR sensitivity of patient-derived CRC organoids.

Furthermore, we evaluated the antigrowth effect of FUDR in a tumor 
xenograft mouse model. Mice bearing ARID1A isogenic tumors in flanks 
were given FUDR or Vehicle via intravenous injection every three days, 
body weights and tumor volumes were measured periodically (Fig. 2I). 
We found FUDR treatment inhibited tumor growth without ARID1A 
expression especially at the concentration of 10 mpk, which was in line 
with our in vitro fundings (Fig. 2J-L). FUDR injection every three days 
did not appear to cause toxicity in mice as assessed by body weight 
changes (Supplementary Fig. 3). In summary, these results demonstrate 
that FUDR treatment induces synthetic lethality in ARID1A-deficient 
CRC cells, both in vitro and in vivo.

FUDR induces apoptosis in ARID1A-deficient CRC cells

As an antineoplastic agent, FUDR generates F-dUMP and FUMP, 
which covalently bind to the active center of thymidylate synthase. This 
binding inhibits the enzyme’s activity, leading to a deficiency in deox
ynucleotides and obstruction of DNA synthesis, ultimately inducing cell 
apoptosis. Therefore, we analyzed the phenotype of CRC cells following 
FUDR treatment. After treatment with 10 μM FUDR for 48 hours, 
HCT116 ARID1A-WT and ARID1A-KO cells were collected and subjected 
to cell apoptosis analysis using flow cytometry. The results showed a 
significantly increase of cell apoptosis in ARID1A-KO cells than ARID1A- 
WT cells (Fig. 3A-B). Consistent with the results in HCT116 cells, FUDR 
treatment in RKO isogenic cells selectively increased apoptosis in 
ARID1A-deficient cells (Fig. 3C-D). Furthermore, immunoblot analysis 
of cleaved PARP and cleaved caspase-3, indicators of cell apoptosis, 
revealed significantly higher levels of apoptosis in ARID1A-KO cells 
following FUDR treatment (Fig. 3E-F). These results suggest that 
ARID1A loss sensitizes CRC cells to FUDR-induced cell apoptosis.

ARID1A-deficient CRC cells are more sensitive to FUDR than to 5-FU

Fluorouracil (5-FU) is an important anticancer drug and has been 
used for more than 60 years in the treatment of CRC. Both FUDR and 5- 
FU are pyrimidine analogues which can inhibit the proliferation of 
cancer cells by interfering with DNA synthesis and RNA function. In 
addition to inhibiting thymidylate synthase activity, FUDR can convert 
to 5-FU to play anticancer function. Therefore, in order to clarify the 
difference between FUDR and 5-FU in the treatment of ARID1A- 
deficient cells, we compared their antitumor effect in HCT116 and 
RKO ARID1A-isogenic cells. Interestingly, the results showed that both 
FUDR and 5-FU sensitivity increased in ARID1A knockout HCT116 cells, 
with FUDR demonstrating higher sensitivity than 5-FU in ARID1A- 

deficient cells at the same concentration (Fig. 4A). These results were 
further confirmed with two HCT116 ARID1A-KO clones and RKO 
ARID1A-isogenic cells (Fig. 4B-C). Following FUDR and 5-FU treatment, 
the percentage of cell apoptosis cells showed a significant increase, 
especially with FUDR treatment (Fig. 4D-E). These results are consistent 
with those of the immunoblot analysis. Cell apoptosis markers (Cleaved 
PARP and Cleaved caspase 3) were specifically increased in ARID1A- 
deficient cells and FUDR has a higher sensitivity compared with 5-FU 
(Fig. 4F). Similar results were observed in RKO isogenic cells (Fig. 4G- 
I). Taken together, these results indicate that ARID1A deficiency sensi
tizes CRC cells to FUDR and 5-FU, and compared with 5-FU, ARID1A 
deficient cells is more vulnerable to FUDR.

ARID1A loss exacerbates FUDR-induced DNA damage

FUDR functions as a thymidylate synthase (TS) inhibitor, but the 
exact molecular mechanisms that mediate events downstream of TS 
inhibition have not been fully elucidated. TS catalyses the reductive 
methylation of deoxyuridine monophosphate (dUMP) to deoxy
thymidine monophosphate (dTMP). Therefore, TS inhibition leads to 
dTMP depletion and dUMP accumulation, both of which will lead to 
lethal DNA damage (Fig. 5A). Considering that ARID1A is involved in 
DNA damage repair, we hypothesized that ARID1A loss might enhance 
FUDR-induced DNA damage. To test this hypothesis, we first investi
gated the DNA damage with FUDR treatment in HCT116 and RKO 
ARID1A isogenic cells. Our results showed that FUDR treatment in
creases DNA damage as indicated by the comet and TUNEL assay in 
ARID1A deficient cells compared with ARID1A-WT cells (Fig. 5B-G). 
Meanwhile, similar as cell phenotype results, FUDR treatment induced 
more sever DNA damage accumulation than 5-FU treatment which give 
it a potential explanation why FUDR is more sensitive than 5-FU 
(Fig. 5D-G). To further investigated the importance of DNA damage in 
the synthetic lethality between ARID1A and FUDR, we checked DNA 
damage associated proteins with western blot, including p-ATM, p-ATR, 
p-Chk1, p-Chk2, and p-H2AX. According to the results, HCT116 
ARID1A-KO cells treated with FUDR displayed elevated levels of p-Chk1 
and p-H2A.X, indicating increased DNA damage response (Fig. 5H). 
Conversely, RKO ARID1AOE cells showed reduced levels of these pro
teins, suggesting a stronger resistance to DNA damage (Fig. 5I). Finally, 
we compared the effects of 5-FU and FUDR on the expression level of 
DNA damage-related proteins in ARID1A-KO (Fig. 5J) and ARID1AOE 

cells (Fig. 5K). FUDR induced higher level of DNA damage repair protein 
level in ARID1A deficient cells compared with 5-FU. These results 
showed that ARID1A loss enhanced FUDR induced DNA damage accu
mulation and contributed the observed the synthetic lethality. These 
results suggest that FUDR induces DNA damage by inhibiting DNA 
synthesis. In ARID1A-WT cells, this DNA damage can be repaired 
through the activation of the ATM checkpoint signaling pathway, which 
involves ARID1A. Therefore, in ARID1A-KO cells, the lack of functional 
ARID1A impairs the DNA damage repair mechanism, leading to the 
accumulation of DNA damage and eventually causing cell apoptosis 
(Fig. 5L).

Discussion

In this study, we found that ARID1A loss sensitizes CRC cells to the 
antineoplastic drug FUDR. The observed synthetic lethality arises from 
the coregulation of DNA damage accumulation. FUDR induces DNA 
damage by inhibiting thymidylate synthase (TS), while ARID1A plays a 
crucial role in DNA damage repair. The loss of ARID1A impairs the DNA 
damage repair capability, thereby enhancing FUDR-induced DNA 
damage and promoting cell apoptosis. Notably, we discovered that 
FUDR exhibits higher sensitivity than 5-FU in ARID1A-deficient cells. 
Consequently, we propose that FUDR is a promising therapeutic drug for 
ARID1A-deficient CRC, with superior efficacy compared to 5-FU.

ARID1A is a tumor suppressor gene whose expression loss becomes 
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Fig. 3. ARID1A loss sensitizes cells to FUDR-induced cell apoptosis. (A) Preferential induction of apoptosis in ARID1AOE cells by FUDR. (B) The percentage of 
apoptotic cells was quantitated Error bars represent s.d. *P < 0.05; **P < 0.01, Student’s t test. (C) Preferential induction of apoptosis in ARID1AOE cells by FUDR. 
(D) The percentage of apoptotic cells was quantitated Error bars represent s.d. *P < 0.05; **P < 0.01, Student’s t test. (E-F) FUDR treatment induced Cleaved PARP 
and cleaved caspase-3 detection.
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Fig. 4. ARID1A-deficient CRC cells are more sensitive to FUDR than to 5-FU. (A) Dose–response curves of parental HCT116 and ARID1A-KO HCT116 clones treated 
with 5-FU and FUDR. Error bars represent s.d. (n = 3) (B) The comparison of 5-FU and FUDR treatment of synthetic lethality in ARID1A-KO HCT116 cells. The cell 
images were taken with Olympus IX73. Scale bars, 300 µm. Cell density was measured with Image J software as a surrogate for cell viabilities. Error bars represent s. 
d. **P < 0.01, Student’s t test. (C) The comparison of 5-FU and FUDR treatment of synthetic lethality in RKO ARID1A isogenic cells. The cell images were taken with 
Olympus IX73. Scale bars, 300 µm. Cell density was measured with Image J software as a surrogate for cell viability. Error bars represent s.d. **P < 0.01, Student’s t 
test. (D) The comparison of 5-FU and FUDR treatment of preferential induction of apoptosis in ARID1A-KO cells. The percentage of apoptotic cells were quantitated 
(E). Cleaved PARP and cleaved caspase-3 level were detected in HCT116 isogenic cells (F). The comparison of 5-FU and FUDR treatment of preferential induction of 
apoptosis in ARID1AOE cells (G). The percentage of apoptotic cells were quantitated (H). The comparison of 5-FU and FUDR treatment of preferential induction of 
Cleaved PARP and cleaved caspase-3 in RKO isogeinc cells (I).
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more pronounced as the TNM stage of CRC advances [30]. Given that 
ARID1A plays a crucial role in DNA damage repair, its deficiency in 
advanced stages of CRC makes the cancer cells more vulnerable to 
DNA-damaging agents [31,32]. Our results demonstrated that FUDR, an 
anticancer drug, has shown promise in targeting ARID1A-deficient cells 
by inducing significant DNA damage, leading to increased apoptosis. 
Meanwhile, FUDR is more effective than 5-FU in ARID1A-deficient CRC 
cells, suggesting its potential as a superior therapeutic option especially 
for treating advanced CRC, where ARID1A loss is prevalent. By 
leveraging the synthetic lethality between ARID1A loss and 
FUDR-induced DNA damage, FUDR could offer a more targeted and 
effective treatment strategy for this challenging form of cancer.

Both FUDR and 5-FU are pyrimidine analogues which are used as 
chemotherapy drugs [22]. In cells, 5-FU is converted to three main 
active metabolites: fluorodeoxyuridine monophosphate (FdUMP), fluo
rodeoxyuridine triphosphate (FdUTP) and fluorouridine triphosphate 
(FUTP). The main mechanism of 5-FU activation is conversion to fluo
rouridine monophosphate (FUMP). FUMP is then phosphorylated to 
fluorouridine diphosphate (FUDP), which can be either further phos
phorylated to the active metabolite fluorouridine triphosphate (FUTP), 
or converted to fluorodeoxyuridine diphosphate (FdUDP) by ribonu
cleotide reductase (RR). In turn, FdUDP can either be phosphorylated or 
dephosphorylated to generate the active metabolites FdUTP and 
FdUMP, respectively. An alternative activation pathway involves the 
thymidine phosphorylase catalysed conversion of 5-FU to fluorodeox
yuridine (FUDR), which is then phosphorylated by thymidine kinase 
(TK) to FdUMP [33]. According to our results, FUDR induces more sever 
DNA damage than 5-FU in ARID1A-deficient cells, which indicated that 
compared to metabolized to FUMP, FUDR is more toxicity to cancer 
cells. These findings suggest that FUDR is a more effective chemother
apeutic drug than 5-FU in ARID1A-deficient CRC cells.

In summary, our findings indicated that anticancer drug FUDR ex
hibits a synthetic lethal effect with ARID1A loss. ARID1A loss promotes 
FUDR induced DNA damages and results in cell apoptosis. ARID1A- 
deficient CRC cells are more sensitive to FUDR compared to 5-FU. The 
synthetic lethality between ARID1A and FUDR presents a novel and 
promising therapeutic strategy for patients with ARID1A-deficient CRC.
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