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SUMMARY

There is an urgent need for markers to predict the efficacy of different chemo-
therapy drugs. Herein, we examined whether microsatellite instability (MSI) sta-
tus can predict tumor multidrug sensitivity and explored the underlying mecha-
nisms. We downloaded data from several public databases. Drug sensitivity
was compared between the high microsatellite instability (MSI-H) and microsatel-
lite-stable/low microsatellite instability (MSS/MSI-L) groups. In addition, we per-
formed pathway enrichment analysis and cellular chemosensitivity assays to
explore the mechanisms by which MSI status may affect drug sensitivity and as-
sessed the differences between drug-treated and control cell lines. We found
that multiple MSI-H tumors were more sensitive to a variety of chemotherapy
drugs than MSS/MSI-L tumors, and especially for CRC, chemosensitivity is
enhanced through the downregulation of DDR pathways such as NHEJ. Addi-
tional DNA damage caused by chemotherapeutic drugs results in further downre-
gulation of DDR pathways and enhances drug sensitivity, forming a cycle of
increasing drug sensitivity.

INTRODUCTION

Cancer became the second leading cause of death in the world in 2018, accounting for an estimated 9.6
million deaths, or one in six deaths.’ Almost all proliferating cells have the potential to become malignant,2
which can lead to the development of hundreds of tumor types, and even more subtypes may be identified
as more detailed, novel, and even molecular-level classification methods are developed. Due to the
random nature of tumorigenesis at the genomic level and the variability among different tumors, for the
vast majority of tumors, complete prevention is almost impossible, and it is difficult to design specific
and effective therapeutic agents for each tumor subtype. Even though new therapeutic approaches,
such as targeted therapy® and immunotherapy” are emerging, they are ineffective for the vast majority
of tumors, especially for tumors that tend to undergo systemic dissemination and tumors that are in an in-
termediate to advanced stage, which are thus unresectable; chemotherapy, which has a nonselective killing
effect and strong cytotoxicity, remains the most important treatment to improve patient prognosis and
even save patients’ lives.”

However, drug resistance is a key challenge in cancer chemotherapy.® The causes of the resistance are
diverse. (1) Cancer cells can reduce the damage caused by chemotherapy by controlling the process of
drug entry and exit from the cell membrane to reduce the concentration of drug in the cell. For example,
some cancers can encode ATP binding cassette transporter (ABC) proteins to regulate drug transport
across the membrane, leading to increased drug excretion and drug resistance.” (2) When cancer cells
receive DNA damage caused by chemotherapeutic agents, they can activate the DDR network to prolong
damage repair by blocking the cell cycle,® repair DNA damage sites by activating the DDR pathway, and
mediate apoptosis when damage cannot be repaired to prevent the transmission of the wrong genome to
offspring cells.” (3) Chemotherapeutic agents can lead to the acute activation of certain prosurvival signals,
such as the PI3K/PTEN/Akt pathway, in cancer cells, which can promote cancer cell survival and regulate
growth, proliferation and other cellular processes.'” (4) Cancer cells can also regulate their own genomic
expression by regulating the transcription of certain noncoding RNAs to mediate drug resistance.'"'”
These aforementioned mechanisms vary among individuals. Cancer heterogeneity often affects the
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effectiveness of chemotherapy, ' so it is important to achieve precision chemotherapy.'® As new chemo-
therapeutic drugs and treatment methods become increasingly available,'® there is greater demand for
predictive markers that are universally applicable to multiple drugs.'®"’ Predicting the chemosensitivity
of cancer patients before treatment can improve their prognoses.'®

There are also many studies on the development of markers to predict chemotherapy response based on
these mechanisms, and these markers include the homologous recombination deficiency (HRD) score, '’
heat shock protein 90a (HSP90a),”° and Kirsten rat sarcoma virus (KRAS) geneA21 However, the most widely
used biomarker in clinical practice is MSI status.”?

A microsatellite is a short tandem repeat DNA sequence of one to four base pairs distributed in the human
genome. Due to their repetitive structure, microsatellites are particularly prone to replication errors. These
errors are usually repaired by the DNA mismatch repair (MMR) pathway.?® If any MMR protein is not ex-
pressed properly, the MMR pathway does not function properly and incorrect base pairings accumulate,
resulting in MSI.** MSl is a strongly mutated-associated phenotype.”” Features associated with MSI can
lead to the formation of a variety of tumors, including CRC (15% with MSI), stomach adenocarcinoma
(STAD, 15% with MSI), uterine corpus endometrial carcinoma (UCEC, 20-30% with MSI) and ovarian serous
cystadenocarcinoma (OV, 12% with MSI).?® MSI status has multiple applications: it can be used in multio-
mics studies”’ and for the prediction of prognosis,”®?” immunotherapy efficacy prediction,* radiotherapy
efficacy,® and chemotherapy efficacy.®” However, most research on MSI and chemotherapy sensitivity has
focused only on the sensitivity to a single drug. At present, there is a lack of systematic studies mechanis-
tically analyzing the effect of MSI status on the sensitivity to multiple drugs, including drugs used for the
treatment of multiple cancer types. Therefore, exploring the relationship between MSI status and pan-
cancer drug sensitivity may provide new insight, which may improve treatment strategies for cancer
patients.

In the present study, we used multiple approaches and multiple databases, such as The Cancer
Genome Atlas (TCGA) and Geonomics of Drug Sensitivity in Cancer®(GDSC), and found that for multiple
cancers, including CRC, STAD, and UCEC, MSI-H tumors had significantly higher drug sensitivity than
MSS/MSI-L tumors. We also confirmed the value of MSI status in predicting the CRC response to chemo-
therapy by meta-analysis. Further study revealed that MSI status was closely associated with DDR path-
ways. In MSI-H CRC, we found that sensitivity to multiple chemotherapeutic agents, especially DNA dam-
age-related chemotherapeutic drugs, was likely mediated by downregulation of the NHEJ pathway. We
also elucidated a new mechanism of secondary tumor changes after chemotherapy. DDR pathway
changes in tumor cell lines after chemotherapy depend largely on the chemotherapeutic drugs used.
We note that there may be a cycle of increasing drug sensitivity in CRC; that is, downregulation of
the NHEJ pathway in MSI-H CRC leads to increased chemosensitivity, and the DNA damage
induced by chemotherapeutic drugs leads to further downregulation of the NHEJ pathway, thus
creating a positive cycle of increasing chemosensitivity in CRC. In conclusion, our study provides guid-
ance for the selection of chemotherapy drugs for cancer patients and provides a new theoretical basis
for related research on secondary drug resistance, which could be used to potential cancer treatment
strategies.

RESULTS

Relationship between MSI status and chemosensitivity across cancers

Tumor cell lines from the GDSC database were divided into the MSI-H group and the MSS/MSI-L group.
The Mann-Whitney U test showed a significant correlation between MSI status and chemotherapeutic
drug IC50 for CRC, STAD, OV, and UCEC. The IC50 values for cytarabine, mitoxantrone, topotecan, and
gemcitabine in STAD; oxaliplatin and 5-FU in OV; and nelarabine, oxaliplatin, mitoxantrone, cisplatin,
and vinblastine in UCEC were significantly lower in the MSI-H groups than in the MSS/MSI-L groups (Fig-
ure 1A, Table S3, p < 0.05). All MSI-H CRC cell lines had significantly lower IC50 values than MSS/MSI-L cell
lines for all chemotherapy drugs except paclitaxel. This indicates that MSI-H CRC cell lines are more sen-
sitive than MSS/MSI-L cell lines to a variety of chemotherapeutic drugs, including 5-FU, oxaliplatin, and iri-
notecan, which are included in standard CRC chemotherapy regimens (Figure 1B). Moreover, the IC50
values for chemotherapy drugs related to DNA damage, such as oxaliplatin, mitoxantrone, 5-FU, cisplatin,
and gemcitabine, were more significantly different between the MSI-H and MSS/MSI-L groups than those
for other classes of chemotherapy drugs (p < 0.01). We then predicted the response of patients in the TCGA
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Figure 1. Analysis of differences in chemotherapeutic response between tumors grouped by MSI status

(A) Heatmap of the differences in IC50 values between the MSI-H and MSS/MSI-L groups of pancancer cell lines treated with 23 chemotherapeutic agents.
(B) Boxplots with individual data points from for the analysis of differences in IC50 values between the MSI-H and MSS/MSI-L groups of CRC cell lines treated
with chemotherapeutic drugs; only drugs with significant differences are shown.

(C) Heatmap of the differences in the predicted response to 12 chemotherapeutic agents for the MSI-H and MSS/MSI-L groups of TCGA cancer types.
(D) Boxplots with individual data points from differential analysis of predicted drug responsiveness between the MSI-H and MSS/MSI-L groups of CRC cell
lines. Only drugs with significant differences are shown.

(E) Heatmap of the differences in IC50 values between the MSI-H and MSS/MSI-L groups of NCI-60 cell lines treated with 28 anticancer drugs. Targets in the
heatmap annotations were obtained from drug information in the GDSC database, and the horizontal and vertical coordinates of heatmaps are clustered
according to the results of log2 (FC) and targets, respectively.

(F) Forest plot of meta-analysis of the difference in the predictive values of chemotherapeutic drug response between the MSI-H and MSS/MSI-L groups of
CRC cell lines. (*p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001; log2(Fold changes); Wilcoxon Rank-Sum test).

database to chemotherapy based on their MSI status. There were significant differences in the predicted
sensitivity to some chemotherapeutic drugs between the MSI-H and MSS/MSI-L groups for the following
cancers: CRC, STAD, UCEC, uterine carcinosarcoma (UCS), prostate adenocarcinoma (PRAD), breast inva-
sive carcinoma (BRCA), head and neck squamous cell carcinoma (HNSC), kidney renal clear cell carcinoma
(KIRC), lung squamous cell carcinoma (LUSC), liver hepatocellular carcinoma (LIHC), esophageal carcinoma
(ESCA), skin cutaneous melanoma (SKCM), and sarcoma (SARC) (Figure 1C, Table S4, p < 0.05). The pre-
dicted drug sensitivity results were in agreement with our IC50 results based on analysis of the GDSC
CRC dataset; both analyses indicated that MSI-H tumors were more sensitive to the chemotherapeutic
drugs analyzed (Figure 1D). For additional verification, we analyzed differences in IC50 values between
MSI-H and MSS/MSI-L cell lines in the NCI-60 panel. The differences in IC50 for cytarabine, 5-FU, bleomy-
cin, and gemcitabine in COAD samples grouped based on MS| status were in agreement with those in CRC,
although the differences in IC50 for cytarabine, cisplatin, and gemcitabine in SKCM and those for 5-FU in
OV showed the opposite trends (Figure 1E, Table S5, p < 0.05). We therefore focused on CRC for our further
studies. To further demonstrate the practical significance of MSI as a biomarker for stratification based on
chemotherapy sensitivity, we performed a meta-analysis of 25 CRC expression profiles from the GEO data-
base for the prediction of chemotherapy sensitivity in cell lines with different MS| statuses. As with the pre-
vious GDSC database analysis, the results showed that cell lines in the MSI-H CRC group had significantly
lower IC50 values (logFC <0, 95% Cl <0, Figure 1F, Table S8) than cell lines in the MSS/MSI-L CRC group for
almost all chemotherapeutic agents except paclitaxel, doxorubicin, and etoposide, which means that CRC
cell lines with MSI-H status are more sensitive to a variety of chemotherapeutic agents, including 5-FU and
oxaliplatin, which are part of the standard CRC chemotherapy regimen, and are also more sensitive to other
DNA damage-related chemotherapeutic agents, such as temozolomide, methotrexate, camptothecin, and
bleomycin. Taken together, these results demonstrate that MSl status is a predictive marker of chemother-
apeutic drug sensitivity for multiple cancers, including CRC, STAD, LIHC, ESCA, OV, UCEC, UCS, PRAD,
BRCA, DLBC, HNSC, KIRC, LUSC, LIHC, ESCA, SKCM, and SARC, and in most cases, MSI-H indicates
greater chemosensitivity.

Experimental analysis of chemotherapeutic drug IC50 in COAD cells based on MSI status

To further examine the sensitivity of COAD cells with different MSI statuses to a variety of chemothera-
peutic drugs, we determined the IC50 values for five chemotherapeutic drugs in two MSI-H COAD cell lines
(RKO and HCT116) and two MSS/MSI-L COAD cell lines (HT29 and SW620). For irinotecan and oxaliplatin,
the IC50 values were lower in MSI-H COAD cells than in MSS/MSI-L COAD cells (Figures 2A and 2B,
p < 0.05). For cisplatin and doxorubicin, RKO and HCT116 cells were more chemosensitive than HT29 cells
but less chemosensitive than SW620 cells (Figures 2C and 2D, p < 0.05). There were no significant differ-
ences in 5-FU IC50 values between MSI-H and MSS/MSI-L COAD cell lines (Figure 2E).

Relationship between MSI status and DDR pathway and its prognostic significance in
pancancer patients

Due to the relationship between MSI status and DNA damage-related chemotherapeutic drug sensitivity
and the correlation between DDR pathways and chemosensitivity,>* we further explored the role of DDR
pathways in the chemotherapy response of MSI-H and MSS/MSI-L tumors. The CRC cohort of TCGA was
first analyzed by GSEA. The base excision repair (BER), Fanconi anemia (FA), nucleotide excision repair
(NER), NHEJ, and single-strand break (SSB) pathways, which are DDR pathways, were significantly down-
regulated in MSI-H CRC and significantly upregulated in MSS/MSI-L CRC (Figure 3A, p value < 0.05,
ES < 0). OV cell line data from NCI-60 were also divided into MSI-H and MSS/MSI-L groups for GSEA.
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Figure 2. Sensitivity of COAD cells with different MSI statuses to various chemotherapeutic drugs
(A-E) show the results for irinotecan, oxaliplatin, cisplatin, doxorubicin, and 5-FU (ns > 0.05; *p < 0.05; **p < 0.01;
***p < 0.001; and ****p < 0.0001).

The BER and NHEJ pathways were significantly downregulated in the MSI-H group and significantly en-
riched in the MSS/MSI-L group (Figure S1A, p value < 0.05, ES < 0). We also divided pancancer samples
into MSI-H and MSS/MSI-L groups with a MANTIS score cut-off value of 0.4 for GSEA. We observed signif-
icant but opposite correlations between MSI status and multiple DDR pathways for PRAD and UCEC, and in
many tumors, especially CRC and OV, the NHEJ and BER pathways were significantly associated with MSI
status. We next further explored the role of these DDR pathways in patient prognosis. In the univariate Cox
regression analysis of ssGSEA scores obtained from TCGA pancancer cohort expression data, we found
that the association between DDR pathways and patient prognosis was closely related to tumor type
(Figures 3B and 3C). For example, in tumors such as UCEC, DDR pathway enrichment was often a risk factor,
whereas in other tumors such as STAD, multiple DDR pathways were significantly protective factors. Gener-
ally, downregulation of the NHEJ pathway may be an important mechanism of chemosensitivity in MSI-H
CRC, and upregulation of NHEJ may play a positive role in patient prognosis by inhibiting tumor
development.
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Figure 3. Pathways differentially enriched in MSI-H and MSI-L and its impact on the prognosis of patients with tumors
(A) GSEA map for MSI-H and MSS/MSI-L groups in the TCGA-CRC cohort; only gene sets related to DDR pathways and with significant differences between

the MSI-H and MSS/MSI-L groups are displayed.

(B) Annotated plot of the univariate Cox regression analysis of DDR pathways as a covariate with patient survival data from TCGA pancancer datasets, with

hazard ratio (HR) and p value-related information (protective: logHR < 0; risk: logHR > O; nonsignificant: p value > 0.05).

(C) Forest plots drawn from the results of univariate Cox regression analysis of DDR pathways as a covariate with s patient survival data from TCGA pancancer

datasets.
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Figure 4. Correlation between DDR pathway ssGSEA scores and In(IC50) of DNA damage response-related
chemotherapeutic agents

(A-C) Heatmap of the correlation between DDR pathway ssGSEA scores and In(IC50) of DNA damage response-related
chemotherapeutic agents in the CRC cohort of TCGA, clustered by R values on the horizontal and vertical axes. A-C
depict the results of the overall group, MSS/MSI-L group, and MSI-H group. (*p < 0.05; **p < 0.01; ***p < 0.001; and
*ekp < 0.0001).

The role of MSI status in CRC in the relationship between DDR and chemosensitivity

We analyzed the correlation between DDR pathway ssGSEA scores and the In(IC50) values of drugs related
to the DDR in the CRC cohort of GDSC (overall group). DDR pathway ssGSEA score was significantly posi-
tively correlated with In(IC50) for chemotherapeutic drugs (Figure 4A, Table S6, R > 0, p value < 0.05). The
NHEJ pathway especially showed a strong and significant correlation with the In(IC50) values for all DNA
damage-responsive chemotherapeutic agents except teniposide and mitoxantrone (R > 0.3, p value < 0.05).
This indicates that upregulation of DDR pathways is associated with chemotherapy resistance, whereas
downregulation of DDR pathways is associated with chemosensitivity. When we further divided the CRC
cohortinto MSI-H and MSS/MSI-L groups, we found thatin general, the relationship between DDR pathway
ssGSEA scores and In(IC50) values for cell lines in the MSS/MSI-L group was more consistent with that in the
overall group than that in the MSS/MSI-L group (Figure 4B, Table Sé). However, notably, the correlation
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between the NHEJ pathway ssGSEA score and In(IC50) for each drug in the MSS/MSI-L group was not sta-
tistically significant. The relationship between NHEJ pathway enrichment and drug sensitivity in the MSI-H
group was more similar to that in the overall group (Figure 4C, Table Sé), which further indicates the role of
the NHEJ pathway in the high drug sensitivity of MSI-H CRC. We also analyzed the correlation between
TCGA DNA damage-related drug sensitivity predictions and DDR pathway ssGSEA scores. We found sig-
nificant correlations between sensitivity and ssGSEA scores for PRAD and UCEC (Figures S2 and S3). In
PRAD, DDR pathway ssGSEA scores were negatively correlated with In(IC50); in particular, upregulation
of the FA and SSB pathways in the MSI-H group was negatively correlated with the In(IC50) of camptothe-
cin, which may explain the higher sensitivity to camptothecin in MSI-H PRAD compared to MSS/MSI-L
PRAD. Similarly, there was a negative correlation between NHEJ pathway GSEA scores and bleomycin
In(IC50) values in UCEC; the upregulation of NHEJ in the MSI-H group may explain why the sensitivity to
bleomycin is higher in MSI-H UCEC than in MSS/MSI-L UCEC. These findings suggest that DDR pathways
can explain to some extent the increased sensitivity of certain tumors, such as UCEC and PRAD, to some
DNA damage-related chemotherapeutic drugs. This is best exemplified by the role of the DDR pathways in
the drug sensitivity of MSI-H CRC. In CRC, MSI-H status may mediate enhanced sensitivity to various
chemotherapeutic drugs through downregulation of DDR pathways, particularly NHEJ.

Positive circulation of CRC with increasing sensitivity to chemotherapeutic drugs

After determining that MSI-H status in CRC may enhance sensitivity to DDR-related chemotherapeutic
drugs via downregulation of the NHEJ pathway, we further explored changes in the DDR pathway in
CRC and chemosensitivity following treatment with chemotherapeutic drugs. We first divided the pan-
cancer cell lines from the NCI-60 panel into treatment and control groups, calculated the DDR pathway
ssGSEA scores, and analyzed differences in DDR pathway ssGSEA scores of pancancer cell lines before
and after treatment with six different chemotherapeutic drugs. Cells were treated with the eight DDR-
related chemotherapeutic agents (cisplatin, topotecan, 5-azacytidine, doxorubicin, and gemcitabine) in
GEO: GSE116436, and in most cases all eight DDR pathways showed significantly greater enrichment in
the treatment group vs. the control group (Figure 5A, Table S7, p value < 0.05, fold change < 1). In
COAD, almost all DDR pathways were significantly downregulated following treatment with all drugs (Fig-
ure 5B, p value < 0.05); this trend was not significantly different among the overall, MSI-H, and MSS/MSI-L
groups (Figures 5C and 5D), suggesting that this effect might not be related to MSI status. However, it is
noteworthy that the NHEJ pathway in COAD was significantly downregulated following treatment with
paclitaxel, cisplatin, topotecan, doxorubicin, and gemcitabine.

DDR inhibitors affect the IC50 values of chemotherapeutic drugs in MSI-H COAD cells

We found that RKO and HCT116 cells were more sensitive to irinotecan and oxaliplatin than HT29 and
SW620 cells. Therefore, we chose to study the effect of DDR pathway inhibitors on the IC50 values for irino-
tecan and oxaliplatin in COAD cells. First, we measured the IC50 values for UNC-2170, a DDR inhibitor, in
four COAD strains treated for 24 h by CCK-8 assay. UNC-2170 alone did not significantly inhibit the growth
of COAD cells. Therefore, to study the combined effect of DDR inhibitors and chemotherapy drugs in COAD
cells, we selected two fixed concentrations of UNC-2170 (2 pg/mL and 20 pg/mL). In RKO cells, the addition
of low (2 pg/mL) or high (20 pg/mL) doses of UNC-2170 increased sensitivity to irinotecan. The IC50 value of
oxaliplatin when combined with the DDR inhibitor (20 pg/mL) was significantly lower than that in the other
two treatment groups (oxaliplatin alone and oxaliplatin combined with the DDR inhibitor (2 ng/mL)) (Fig-
ure 6A, p value < 0.05). In HCT116 cells, a high dose of DDR inhibitor (20 pg/mL) increased sensitivity to ox-
aliplatin. We also found that with increasing concentrations of DDR inhibitor, the sensitivity of HCT116 cells
toirinotecan increased gradually, and the IC50 values between groups were significantly different (Figure 6B,
p value < 0.05). DDR inhibitors did not affect the sensitivity of HT29 cells to oxaliplatin. In contrast, when the
DDR inhibitor was combined with irinotecan, the irinotecan IC50 was significantly lower than that in the iri-
notecan alone group, but there were no significant differences in the IC50 between the groups with different
concentrations of DDR inhibitor (Figure 6C). For SWé20 cells, DDR inhibitors did not affect sensitivity to
chemotherapeutic drugs, and there was no significant difference in the IC50 between the treatment groups
for oxaliplatin and irinotecan (Figure 6D).

DISCUSSION

Although targeted therapies and immunotherapies for tumors are widely used,”” they are typically used
as adjuvant treatments since they are expensive, there are limitations regarding their use, and their
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Figure 5. Enrichment of tumors in the DDR pathway before and after drugs treatment

(A) Heatmap of differential analysis of DDR pathway ssGSEA scores for NCI-60 pancancer cell lines before and after drug treatment, clustered by drug on the
horizontal axis and FC results on the vertical axis.

(B-D) Violin plots of the differential analysis of DDR pathway ssGSEA scores in NCI-60 COAD cell lines before and after drug treatment. Three plots represent
the results of the overall, MSS/MSI-L, and MSI-H groups (*p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001; fold changes; Wilcoxon rank-sum test).
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Figure 6. Oxaliplatin and irinotecan IC50 curves for different COAD cell lines in combination with DDR inhibitors
(A-D) show the results for RKO, HCT116, HT29, and SWé620 cells, respectively (ns > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001).

efficacy is unclear. Therefore, chemotherapy remains the primary treatment modality for most intermedi-
ate to advanced tumors. However, the heterogeneity of the tumor genome often affects the response to
chemotherapy. Thus, it is important to comprehensively understand the responses of various tumors to
different chemotherapy drugs and to identify drug sensitivity prediction markers with real clinical applica-
tion value in order to select appropriate drugs for patients and improve their prognoses. MSI, a biomarker
with various functions, has been mostly used in studies of the response of a specific tumor type to
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individual chemotherapeutic drugs, while research on MSI as a biomarker for pancancer chemothera-
peutic responses is lacking. Therefore, we analyzed the differences in the sensitivity to numerous chemo-
therapy drugs for various MSI-H and MSS/MSI-L tumors. We found that most MSI-H tumors were signif-
icantly more sensitive to chemotherapeutic agents than MSS/MSI-L tumors in most of the significant
results, including drug response prediction analysis. We also confirmed the value of MSI status in predict-
ing the CRC response to chemotherapy by meta-analysis. When we further studied the mechanism by
which MSI status may affect chemosensitivity, we identified a close relationship between MSI status
and the DDR pathway. In particular, MSI-H status in CRC may mediate enhanced sensitivity to multiple
chemotherapeutic agents, including 5-FU, oxaliplatin, and irinotecan, through downregulation of the
NHEJ pathway. Additionally, the DDR pathway differentially affected the prognosis of different tumors,
and in CRC, the NHEJ pathway was a protective factor. We also observed that many cancer cell lines,
including CRC cell lines, showed significant downregulation of DDR pathways following treatment with
chemotherapeutic agents, and in COAD, this downregulation was directly proven to contribute to
increased chemosensitivity.

DNA damage occurs due to endogenous factors such as replication errors and exogenous factors such as
chemotherapy.®” The main types of damage are base or pentose damage, base mismatches, single- and
double-strand DNA breaks (SSB and DSB), and covalent cross-linking of DNA.* Different chemothera-
peutic agents can cause different types of damage, e.g., cisplatin or alkylating agents such as cyclophos-

36,37 . . . ..
>°" and topoisomerase inhibitors such as irinotecan

phamide can cause cross-linking of DNA and proteins,
can cause DNA strand breaks.*® However, multiple types of damage often coexist. For instance, DNA
cross-linking due to platinum-based chemotherapy can lead to base mismatches and DNA breaks.*’
This DNA damage can lead to genomic instability, which may lead to cellular carcinogenesis’ or, in severe
cases, cell death; DSBs are the most lethal type of damage.”’ However, the DDR network can repair this
DNA damage, and even if it cannot be repaired, it can avoid the transmission of this error to the offspring

cells by blocking the cell cycle and initiating the apoptosis system.*?

There are six DDR pathways at the molecular level, HR, NHEJ, MMR, BER, NER, and FA, which repair
different types of DNA damage and maintain genomic stability under physiological conditions.** Alter-
ations in these pathways often accompany cell carcinogenesis,** but the pathways that are aberrantly
regulated differ among tumor types, which is consistent with the results we obtained (Figures 3A and
S1). For example, Aurora A Kinase (AURKA) is upregulated in CRC dependent on TP53 downregulation,
which leads to downregulation of many DDR genes, such as Rad3-related protein (ATR), replication pro-
tein A1 (RPAT), X-ray repair cross complementing 1 (XRCCT), and NHEJ1, thereby mediating downregu-
lation of pathways, such as NER, FA, and NHEJ and enhancing the chemosensitivity of CRC.*® In contrast,
mutation of the speckle-type POZ (pox virus and zinc finger protein) protein (SPOP) in PRAD leads to
functional upregulation of the HR pathway through upregulation of key factors of the HR pathway,
such as RAD51 recombinase (RAD51) and checkpoint kinase 1 (CHK1), mediating chemoresistance in
PRAD.*®

The HR pathway mainly repairs DSBs. It uses homologous sister chromatids as templates for error-free
repair with high fidelity.*” Among all DDR pathways, the relationship between the HR pathway and chemo-
therapy has been studied the most. (1) In terms of chemotherapy prediction, various methods for predict-
ing tumor chemotherapy sensitivity, such as the HRD score,”® HRD elect,”” and HR score,”” have been
developed thus far for a variety of tumors, such as OV and triple-negative breast cancer (TN BC).”" However,
few previous studies have found a significant relationship between HR and chemotherapy sensitivity in
colorectal cancer, which is consistent with the results we obtained (Figure 4). (2) In terms of overcoming che-
moresistance, HR-targeted poly (ADP-ribose) polymerase inhibitors (PARPis) have been clinically success-
ful in increasing chemosensitivity in a variety of tumors.>>*” PARPis are usually used after chemotherapy
because the HR pathway is usually activated by chemotherapy-mediated DNA damage.”® Inhibiting the
function of HR after its activation can greatly reduce the ability of cancer cells to repair DNA damage,
thus causing a greater killing effect on cancer cells. This is why our experiments on COAD cells with
DDR inhibitors alone did not show a significant effect on tumor growth inhibition (Figure 6). However,
chemotherapeutic agents in turn can promote the sensitivity of cancer cells to PARPis. For example, pacli-
taxel can reduce the activity of the HR pathway by inhibiting CDK1 expression, similar to our findings on the
NHEJ pathway (Figure 5). Inhibition of HR pathway activity in turn blocks BRCA1 phosphorylation in OV,
thereby enhancing PARPi sensitivity.”" In addition to PARPis, previous studies have developed a number
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of new promising radiotherapy sensitizers targeting the HR pathway. For example, ATMis enhance the
sensitivity of OV to platinum-based chemotherapy.”” Hydroxygenkwanin (HGK) increases the sensitivity
of hepatocellular carcinoma to doxorubicin by downregulating RAD51.>° Interferon-regulatory factor-1
can bind to the promoter of RAD51 to inhibit its expression in gastric cancer cells to reverse chemoresist-
ance.”® (3) In terms of chemotherapy combination with immunotherapy, it has been shown that TNBC with
HRD has higher levels of lymphocytic infiltration and that immune checkpoint blockade therapy is an option
for this subtype despite the presence of chemoresistance (a more specific analysis of immune infiltration is
presented later).”’

The NHEJ pathway also primarily repairs DSBs, and this process is error-prone due to the need to trim
DNA ends before ligation and the fact that it does not rely on homologous DNA as a template.”® How-
ever, the NHEJ pathway can ligate almost any type of DSB end.”” Downregulation of the NHEJ pathway
was found to be generally associated with increased chemotherapy sensitivity in CRC,*® OV,°" and
BRCA.®> MSI-H status in CRC may mediate hypersensitivity to multiple chemotherapeutic agents via
downregulation of the NHEJ pathway. Because we observed downregulation of the NHEJ pathway
in the MSI-H group of CRC, which is consistent with some previous studies,®>** this process may be
related to ultraviolet irradiation resistance-associated gene (UVRAG)-shifting mutations caused by
MSI-H status, and these mutations mediate downregulation of NHEJ.*® The drugs used in these pre-
vious studies (5-FU, oxaliplatin, and platinum analogs such as cisplatin and irinotecan), are associated
with DNA damage response pathways and could thus improve sensitivity to chemotherapeutic
drugs.33'6/ In other studies, the highly conserved protein heat shock protein 110 (HSP110), which is
only expressed under physical and environmental stress, was shown to be mutated in MSI-H CRC,?>¢®
and this mutation directly prevents its migration to the nucleus to interact with Ku70/80 and other
DNA repair proteins involved in the NHEJ pathway®”’%(p11). Either way, MSI-H CRC may have height-
ened sensitivity to multiple chemotherapeutic drugs related to DNA damage responses due to downre-
gulation of the NHEJ pathway. Likewise, in our findings, the NHEJ pathway in MSI-H OV was downregu-
lated and chemosensitivity was increased compared to that in MSS/MSI-L OV. Previous work suggests
that this is due to downregulation of Ku70, which prevents OV cells from recognizing damaged DNA
ends via the NHEJ pathway and thus mediates increased chemosensitivity.”! This mechanism may
explain the high sensitivity of MSI-H OV to 5-FU and oxaliplatin. In addition, the downregulation of
Ku70 may also promote MSI through Ku70 binding protein 5 (Kub5)-Hera (K-H)/RPRD1B.”?

The MMR pathway, which repairs mismatched base pairs,”” is a post-replication repair pathway and is seen
as a special form of base excision repair.”* MMR distinguishes between parent and offspring strands so that
only the wrong nucleotides in the daughter strand are excised, while the otherwise normal nucleotides in
the parent strand are retained.”> MMR deficiency (dAMMR) is strongly associated with increased chemosen-
sitivity in tumors, such as bladder’® and lung cancer.”” Most studies on dMMR and cancer focus on its as-
sociation with CRC. However, the relationship between MMR and chemotherapy sensitivity in CRC is highly
controversial. As mentioned previously, MSI-H status and dMMR are related. Many previous studies
have suggested that MSI-H status and dMMR make CRC more sensitive to chemotherapy.” ' However,
a number of studies have also found that IMMR has little impact on the prognosis of CRC patients after
chtz.'mothtz.'rapy,M'é’z'63
encountered when studying the association of MS| status and MMR with chemotherapy sensitivity (Figures 1
and 4). Sensitivity may be determined by the combined effect of factors, such as intestinal flora’® and tumor
immune infiltration.”® More specific mechanisms need to be further investigated.

or is even associated with chemoresistance.**”? This is similar to the paradox we

The BER pathway corrects small-scale base damage that does not significantly distort the helix structure of
DNA.”” BER can be activated by various changes in base deamination, oxidation, methylation, deletion
(deacylation), etc.?” BER has been less studied in relation to tumor chemotherapy sensitivity. The main
studies on BER in this context show that it is induced by some herbal medicines to increase the sensitivity
to chemotherapy or PARPis. For example, berberine can inhibit BER by downregulating XRCC1, thus
increasing the sensitivity of BRCA to cisplatin, camptothecin and methyl methanesulfonate.®’ Curcumin
can downregulate both short patch (SP) and long patch (LP) BER components in cancer cells to increase
the cytotoxicity of PARPi.®

The NER pathway differs from the BER pathway in that it does not recognize specific damage but rather the
distortion of the DNA double helix structure caused by the damage.®® NER primarily repairs DNA damage
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that is regional to the chromosomal structure. Similar to observations for MMR, the relationship between
NER and chemotherapy sensitivity in various tumors is also controversial. For example, in CRC, upregula-
tion of ERCC1 mediates resistance to oxaliplatin by enhancing NER,** but high expression of XPF mediates
sensitivity to cisplatin by upregulating NER.®” In non-small cell lung cancer (NSCLC), high expression of XPF
mediates resistance to cisplatin by upregulating NER,%® but upregulation of hsa_circ_0001946 increases
the sensitivity to cisplatin by enhancing NER.?” This may be because the related genes are important reg-
ulators of both DDR and oxidative stress, and their downregulation would lead to both failure to repair the
damage caused by chemotherapy due to DDR deficiency and suppression of the hypoxic damage caused
by chemotherapy.®

The FA pathway mainly repairs DNA crosslinks®” and involves NER, MMR, and HR proteins; the leading and
lagging strands of DNA are processed sequentially in different ways during the repair process.” Thus, the
FA pathway is usually activated together with other DDR pathways to reduce the sensitivity to chemo-
therapy. For example, aberrant activation of glioma-associated oncogene 1 (GLI1) in breast cancer medi-
ates HR through transcriptional upregulation of FANCD2 expression and its focal formation and thus me-
diates drug resistance together.”’ Downregulation of the FA pathway is also closely related to increased
chemosensitivity in head and neck squamous cell carcinoma (HNSCQ),”? bladder cancer,” and lung can-
cer,”* and is an emerging and popular target for chemosensitizer development. For example, planispine
A”® and Centipeda minima’ can enhance cisplatin sensitivity by inhibiting FA through downregulation
of FANCD2.

Considering the DDR pathway as a whole, although defects in each DDR pathway are associated
with enhanced chemotherapy sensitivity, the most prominent DDR pathways mediating the sensitivity
to various DNA-damaging chemotherapeutic agents in different cancers differ somewhat due to their
specific targets, similar to the general summary of our results (Figure 4). For example, the sensitivity
of CRC to the topoisomerase inhibitors camptothecin,®® topotecan,” and irinotecan,”” which
cause DNA strand breaks, correlates with the NHEJ pathway. These chemotherapeutic agents, who
cause DNA damage to induce cell death, may also act as chemosensitizers themselves. For example,
gemcitabine may inhibit HR by inhibiting Rad51 to increase the sensitivity of the DNA cross-linking
agents’ actinomycin C and epirubicin.”® Our studies also showed that DDR pathways, especially the
NHEJ pathway, were significantly downregulated in CRC following treatment with chemotherapeutic
drugs, which was consistent with previous studies.®” Moreover, this finding suggested that in CRC, there
might be a positive cycle of increasing sensitivity to chemotherapeutic drugs related to the DNA damage
response; that is, MSI-H CRC is associated with downregulation of the NHEJ pathway, which leads to
increased sensitivity to chemotherapeutic agents, and the damage caused by chemotherapy in turn
leads to further downregulation of the NHEJ pathway, resulting in a cycle of increasing chemosensitivity.
This may be due to upregulation of the miR-191 and its inhibition of RCC2 expression,””'° which inter-
fere with its interaction with Ku86, which combines with Ku70, thus inhibiting the repair of chemotherapy-
induced DNA damage by NHEJ and mediating CRC's high sensitivity to chemotherapy.'®"'%? This
finding provides new insight into the role of MSI status and DDR pathways in drug-treated CRC and
may provide new targets for combating secondary drug resistance in tumors; these findings could be
used to improve the effectiveness of chemotherapy in cancer patients.'”> DDR pathways such as
NHEJ are potential new targets for combating chemoresistance.'*

Moreover, these DDR pathways are not necessarily uniformly up- or downregulated in a sample, which is
influenced by many factors overall, and the differences in the alterations of each pathway in different tu-
mors we obtained in our study reflect this phenomenon (Figure 5). For instance, high expression of integ-
rins in TNBC upregulates HR and downregulates NHEJ because NHEJ is more error-prone than HR, so
overall, the genome becomes relatively more stable and more resistant to chemotherapy.'® In addition,
GSEA DDR pathway enrichment in the two groups of PRAD may be due to DDR pathway mutations.'®
Although this mechanism is different from that in OV and CRC, it nonetheless leads to high sensitivity
to various chemotherapeutic drugs in PRAD.'”"1% For UCEC, the relationship between MSI-H status
and enhanced drug sensitivity may be due to upregulation of the HR pathway, which is consistent with
our GSEA results. Therefore, MSI-H status may affect the DDR pathways differently in different tumor
types, and DDR pathways may have different effects on chemosensitivity. However, the relationship be-
tween chemotherapy sensitivity and prognosis is not always consistent. In our Cox regression analysis,
for some tumors, all DDR pathways were significant protective factors, but for other tumors, the DDR
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pathways were risk factorsmg'mo(Figure 3C). There are two main reasons for this. (1) In the Cox
regression analysis of CRC, the protective effect of the NHEJ pathway on patient prognosis does not con-
flict with the decreased chemotherapy sensitivity associated with NHEJ enrichment. Similar to other
DDR pathways, the NHEJ pathway can inhibit tumor progression''"; this reflects the dual nature of
DDR pathways in cancer, which can both inhibit tumor development and promote chemotherapy resis-
tance. (2) If the specific gene downregulated is the one that governs cell-cycle arrest and apoptosis in
the DDR network, then downregulation of that gene would, on one hand, allow cells to escape the
cell cycle checkpoint and continue to proliferate without undergoing apoptosis, and, on the other
hand, decrease the ability of cells to repair chemotherapy-mediated DNA damage. As PTEN mediates
DSB repair through the HR pathway, its downregulation enhances mitomycin C sensitivity. Moreover,
PTEN downregulation and persistent activation of AKT keep CHKT in the cytoplasm, which impairs the
G2/M phase checkpoint after radiotherapy, resulting in the inability to block the cell cycle in G2/M phase
and thus initiate HR for DSB repair. Therefore, PTEN downregulation is associated with a poorer

prognosis.’ '

However, in the era of comprehensive personalized therapy, we have also examined the relationship
between MSI status and immunotherapy to leverage this biomarker to improve patient prognosis.'"”
We found that patients with MSI-H CRC had higher levels of tumor immune infiltration and
better response to immune checkpoint inhibitors (ICls) than those with MSS CRC. Previous studies
also revealed that JMMR, which can also be interpreted as MSI-H status, affects the repair of DNA
damage caused by chemotherapy, resulting in increased sensitivity to chemotherapy. On the
other hand, it also upregulates CXCL10-mediated cGAS/STING and type 1 IFN signaling pathways,
thereby recruiting and activating a large number of CD8" tumor-infiltrating lymphocytes, making
MSI-H CRCs more sensitive to ICls.”” Thus, patients with CRC of MSI-H have high sensitivity to both
ICls and chemotherapy. Moreover, clinical studies found no significant difference in the effect of the
two treatment types on the survival of CRC patients,"’* while ICls resulted in fewer post-treatment
adverse effects than chemotherapy.''® Further studies found that combining ICls and chemotherapy is
a better option than monotherapy because conventional chemotherapeutic agents can upregulate
CCL5 and CXCL10 in all CRC types, which can enhance immune infiltration and enhance the response
to ICI treatment.”

Limitations of the study

The present study nonetheless has limitations. First, due to a limited sample size, we were not able
to study the correlation between DDR pathways and DNA damage-related chemosensitivity in OV,
and PRAD and UCEC as the samples were not divided into MSI-H and MSS/MSI-L groups. In addition,
the relationship between MSI status, DDR pathway enrichment, and drug resistance in tumors
other than CRC was not analyzed in detail, and there was no in vitro verification of our findings. Second,
the positive cycle of increasing chemosensitivity in MSI-H CRC after drug treatment was not
directly verified in molecular mechanism studies and related animal experiments in vivo. Third, we
did not explore cases of decreased drug sensitivity associated with MSI-H status and subsequent drug
treatment, and future research in this area will help us to understand the role of MSI status in drug
responses.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
® RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
O Cell line
o METHOD DETAILS
O Data sources
O Prediction of clinical chemotherapeutic response
O GSEA and ssGSEA

14 iScience 26, 107045, July 21, 2023

iScience



iScience

O Survival analysis
O Cell culture and reagents

O Cell counting Kit-8 (CCK-8) assay and IC50 determination
o QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2023.107045.

ACKNOWLEDGMENTS

¢? CellPress

OPEN ACCESS

This work was supported by the Natural Science Foundation of Guangdong Province (2018A030313846
and 2021A1515012593), the Science and Technology Planning Project of Guangdong Province
(2019A030317020), the National Natural Science Foundation of China (81802257, 81871859, 81772457,
82172750 and 82172811). Guangdong Basic and Applied Basic Research Foundation (Guangdong -
Guangzhou Joint Fouds) (2022A1515111212), the National Natural Science Foundation of China
(82260546), the Natural Science Foundation of Jiangxi Province (20224BAB206062), the CSCO-Haosen
Oncology Research Fund (Y-HS2019/2-015) and the Research subject of Gannan Medical College

(YB201909).

AUTHOR CONTRIBUTIONS

Conceptualization: P.L., J.Z., and Q.C.; Formal analysis: T.Y., A.L., Z.Q.. Experiment: S.H.. Resources: T.Y.,
J.Z.,and P.L. Software: T.Y., C.Z., and A.L. Supervision: P.L., J.Z., and Q.C. Visualization: T.Y., C.Z.,A.L., and
S.H. Writing — Original Draft: T.Y., C.Z., and A.L.. Writing — Review & Editing: All authors. All authors contrib-
uted to the article and approved the submitted version.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: September 24, 2022
Revised: March 17, 2023
Accepted: June 1, 2023
Published: June 7, 2023

REFERENCES

1. Kristina, S.A., Endarti, D., and Aditama, H.
(2022). Prediction of productivity costs
related to cervical cancer mortality in
Indonesia 2018. Malays. J. Med. Sci. 29,
138-144. https://doi.org/10.21315/
mjms2022.29.1.13.

2. Feitelson, M.A., Arzumanyan, A., Kulathinal,
R.J., Blain, SW., Holcombe, R.F., Mahajna,
J., Marino, M., Martinez-Chantar, M.L.,
Nawroth, R., Sanchez-Garcia, |., et al. (2015).
Sustained proliferation in cancer:
mechanisms and novel therapeutic targets.
Semin. Cancer Biol. 35, S25-S54. https://
doi.org/10.1016/j.semcancer.2015.02.006.

3. Bedard, P.L., Hyman, D.M., Davids, M.S.,
and Siu, L.L. (2020). Small molecules, big
impact: 20 years of targeted therapy in
oncology. Lancet 395, 1078-1088. https://
doi.org/10.1016/S0140-6736(20)30164-1.

4. Ribas, A., and Wolchok, J.D. (2018). Cancer
immunotherapy using checkpoint blockade.
Science 359, 1350-1355. https://doi.org/10.
1126/science.aard060.

5. Biswas, T., Dowlati, A., Kunos, C.A., Pink,
J.J., Oleinick, N.L., Malik, S., Fu, P, Cao, S.,
Bruno, D.S., Bajor, D.L., et al. (2022). Adding

base-excision repair inhibitor TRC102 to
standard pemetrexed-platinum-radiation in
patients with advanced nonsquamous non-
small cell lung cancer: results of a phase |
trial. Clin. Cancer Res. 28, 646-652. https://
doi.org/10.1158/1078-0432.CCR-21-2025.

. Norouzi-Barough, L., Sarookhani, M.R.,

Sharifi, M., Moghbelinejad, S., Jangjoo, S.,
and Salehi, R. (2018). Molecular mechanisms
of drug resistance in ovarian cancer. J. Cell.
Physiol. 233, 4546-4562. https://doi.org/10.
1002/jcp.26289.

. Robey, RW., Pluchino, K.M., Hall, M.D.,

Fojo, A.T., Bates, S.E., and Gottesman,
M.M. (2018). Revisiting the role of ABC
transporters in multidrug-resistant cancer.
Nat. Rev. Cancer 18, 452-464. https://doi.
org/10.1038/s41568-018-0005-8.

. Zhang, K., Zhang, B., Bai, Y., and Dai, L.

(2020). E2F1 promotes cancer cell sensitivity
to cisplatin by regulating the cellular DNA
damage response through miR-26b in
esophageal squamous cell carcinoma.

J. Cancer 11, 301-310. https://doi.org/10.
7150/jca.33983.

. Qiu, Y., Hu, X,, Zeng, X., and Wang, H.

(2022). Triple kill: DDR inhibitors,
radiotherapy and immunotherapy leave
cancer cells with no escape. Acta Biochim.
Biophys. Sin. 54, 1569-1576. https://doi.
0rg/10.3724/abbs.2022153.

. Paez, J., and Sellers, W.R. (2003). PI3K/

PTEN/Akt pathway. In Signal
Transduction in Cancer Cancer Treatment
and Research, D.A. Frank, ed. (Springer
US), pp. 145-167. https://doi.org/10.1007/
0-306-48158-8_6.

. Guo, Z.,, Wang, Y.-H., Xu, H., Yuan, C.-S,,

Zhou, H.-H., Huang, W.-H., Wang, H.,
and Zhang, W. (2021). LncRNA linc00312
suppresses radiotherapy resistance by
targeting DNA-PKcs and impairing DNA
damage repair in nasopharyngeal
carcinoma. Cell Death Dis. 12, 69.
https://doi.org/10.1038/s41419-020-
03302-2.

. Papadaki, C., Monastirioti, A., Rounis, K.,

Makrakis, D., Kalbakis, K., Nikolaou, C.,
Mavroudis, D., and Agelaki, S. (2020).
Circulating MicroRNAs regulating DNA
damage response and responsiveness to
cisplatin in the prognosis of patients with

iScience 26, 107045, July 21, 2023 15


https://doi.org/10.1016/j.isci.2023.107045
https://doi.org/10.21315/mjms2022.29.1.13
https://doi.org/10.21315/mjms2022.29.1.13
https://doi.org/10.1016/j.semcancer.2015.02.006
https://doi.org/10.1016/j.semcancer.2015.02.006
https://doi.org/10.1016/S0140-6736(20)30164-1
https://doi.org/10.1016/S0140-6736(20)30164-1
https://doi.org/10.1126/science.aar4060
https://doi.org/10.1126/science.aar4060
https://doi.org/10.1158/1078-0432.CCR-21-2025
https://doi.org/10.1158/1078-0432.CCR-21-2025
https://doi.org/10.1002/jcp.26289
https://doi.org/10.1002/jcp.26289
https://doi.org/10.1038/s41568-018-0005-8
https://doi.org/10.1038/s41568-018-0005-8
https://doi.org/10.7150/jca.33983
https://doi.org/10.7150/jca.33983
https://doi.org/10.3724/abbs.2022153
https://doi.org/10.3724/abbs.2022153
https://doi.org/10.1007/0-306-48158-8_6
https://doi.org/10.1007/0-306-48158-8_6
https://doi.org/10.1038/s41419-020-03302-2
https://doi.org/10.1038/s41419-020-03302-2

¢? CellPress

20.

16

OPEN ACCESS

non-small cell lung cancer treated with first-
line platinum chemotherapy. Cancers 12,
1282. https://doi.org/10.3390/
cancers12051282.

. Takaya, H., Nakai, H., Sakai, K., Nishio, K.,

Murakami, K., Mandai, M., and Matsumura,
N. (2020). Intratumor heterogeneity and
homologous recombination deficiency of
high-grade serous ovarian cancer are
associated with prognosis and molecular
subtype and change in treatment course.
Gynecol. Oncol. 156, 415-422. https://doi.
org/10.1016/j.ygyno.2019.11.013.

. Han, K, Tang, J.-H., Liao, L.-E., Jiang, W.,

Sui, Q.-Q,, Xiao, B.-Y., Li, W.-R., Hong, Z.-G.,
Li, Y., Kong, L.-H., et al. (2022). Neoadjuvant
immune checkpoint inhibition improves
organ preservation in T4bmO colorectal
cancer with mismatch repair deficiency: a
retrospective observational study. Dis.
Colon Rectum. https://doi.org/10.1097/
DCR.0000000000002466.

. Watanabe, T., Wu, T.-T., Catalano, P.J.,

Ueki, T., Satriano, R., Haller, D.G., Benson,
A.B., and Hamilton, S.R. (2001). Molecular
predictors of survival after adjuvant
chemotherapy for colon cancer. N. Engl. J.
Med. 344, 1196-1206. https://doi.org/10.
1056/NEJM200104193441603.

. Montero, J., Sarosiek, K.A., DeAngelo, J.D.,

Maertens, O., Ryan, J., Ercan, D., Piao, H.,
Horowitz, N.S., Berkowitz, R.S., Matulonis,
U., et al. (2015). Drug-induced death
signaling strategy rapidly predicts cancer
response to chemotherapy. Cell 160,
977-989. https://doi.org/10.1016/j.cell.
2015.01.042.

. Berry, D.A.,, Cirrincione, C., Henderson, I.C.,

Citron, M.L., Budman, D.R., Goldstein, L.J.,
Martino, S., Perez, E.A., Muss, H.B., Norton,
L., et al. (2006). Estrogen-receptor status
and outcomes of modern chemotherapy for
patients with node-positive breast cancer.
JAMA 295, 1658-1667. https://doi.org/10.
1001/jama.295.14.1658.

. Hatzis, C., Pusztai, L., Valero, V., Booser,

D.J., Esserman, L., Lluch, A., Vidaurre, T,
Holmes, F., Souchon, E., Wang, H., et al.
(2011). A genomic predictor of response and
survival following taxane-anthracycline
chemotherapy for invasive breast cancer.
JAMA 305, 1873-1881. https://doi.org/10.
1001/jama.2011.593.

. Dong, J., Wang, X,, Yu, Y., Yan, X., and Cui,

J.-W. (2018). Association of base excision
repair gene polymorphisms with the
response to chemotherapy in advanced
non-small cell lung cancer. Chin. Med. J.
131, 1904-1908. https://doi.org/10.4103/
0366-6999.238141.

Sottile, M.L., Cuello-Carrién, F.D., Gémez,
L.C., Semino, S., Ibarra, J., Garcia, M.B.,
Gonzalez, L., Vargas-Roig, L.M., and Nadin,
S.B. (2022). DNA damage repair proteins,
HSP27, and phosphorylated-HSP90a. as
predictive/prognostic biomarkers of
platinum-based cancer chemotherapy: an
exploratory study. Appl. Immunohistochem.
Mol. Morphol. 30, 425-434. https://doi.org/
10.1097/PAI.0000000000001037.

iScience 26, 107045, July 21, 2023

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Park, S.M., Choi, S.B., Lee, Y.S., and Lee, |.K.
(2021). Predictive value of KRAS mutation
and excision repair cross-complementing 1
(ERCC1) protein overexpression in patients
with colorectal cancer administered
FOLFOX regimen. Asian J. Surg. 44,
715-722. https://doi.org/10.1016/j.asjsur.
2020.12.028.

Boyiadzis, M.M., Kirkwood, J.M., Marshall,
J.L., Pritchard, C.C., Azad, N.S., and Gulley,
J.L. (2018). Significance and implications of
FDA approval of pembrolizumab for
biomarker-defined disease. J. Immunother.
Cancer 6, 35. https://doi.org/10.1186/
s40425-018-0342-x.

Angelis, G.L. de’, Bottarelli, L., Azzoni, C.,
Angelis, N. de’, Leandro, G., Di Mario, F.,
Gaiani, F., and Negri, F. (2018).
Microsatellite instability in colorectal cancer.
Acta Biomed. 89, 97-101. https://doi.org/
10.23750/abm.v89i9-S.7960.

Picard, E., Verschoor, C.P., Ma, G.W., and
Pawelec, G. (2020). Relationships between
immune landscapes, genetic subtypes and
responses to immunotherapy in colorectal
cancer. Front. Immunol. 11, 369.

Yamamoto, H., and Imai, K. (2015).
Microsatellite instability: an update. Arch.
Toxicol. 89, 899-921. https://doi.org/10.
1007/s00204-015-1474-0.

van Wietmarschen, N., Sridharan, S.,
Nathan, W.J., Tubbs, A., Chan, E.M., Callen,
E., Wu, W., Belinky, F., Tripathi, V., Wong,
N., et al. (2020). Repeat expansions confer
WRN dependence in microsatellite-
unstable cancers. Nature 586, 292-298.
https://doi.org/10.1038/s41586-020-2769-8.

Nusinow, D.P., Szpyt, J., Ghandi, M., Rose,
C.M., McDonald, E.R., Kalocsay, M.,
Jané-Valbuena, J., Gelfand, E., Schweppe,
D.K., Jedrychowski, M., et al. (2020).
Quantitative proteomics of the cancer cell
line encyclopedia. Cell 180, 387-402.e16.
https://doi.org/10.1016/j.cell.2019.12.023.

Liao, X., Lochhead, P., Nishihara, R.,
Morikawa, T., Kuchiba, A., Yamauchi, M.,
Imamura, Y., Qian, Z.R., Baba, Y., Shima, K.,
et al. (2012). Aspirin use, tumor PIK3CA
mutation, and colorectal-cancer survival.

N. Engl. J. Med. 367, 1596-1606. https://doi.
org/10.1056/NEJMoa1207756.

Biller, L.H., and Schrag, D. (2021). Diagnosis
and treatment of metastatic colorectal
cancer: a review. JAMA 325, 669-685.
https://doi.org/10.1001/jama.2021.0106.

André, T., Shiu, K.-K., Kim, T.W., Jensen,
B.V., Jensen, L.H., Punt, C., Smith, D.,
Garcia-Carbonero, R., Benavides, M.,
Gibbs, P., et al. (2020). Pembrolizumab in
microsatellite-instability-high advanced
colorectal cancer. N. Engl. J. Med. 383,
2207-2218. https://doi.org/10.1056/
NEJMo0a2017699.

Du, C., Zhao, J., Xue, W., Dou, F., and Gu, J.
(2013). Prognostic value of microsatellite
instability in sporadic locally advanced
rectal cancer following neoadjuvant
radiotherapy. Histopathology 62, 723-730.
https://doi.org/10.1111/his.12069.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

iScience

Yang, W., Soares, J., Greninger, P.,
Edelman, E.J., Lightfoot, H., Forbes, S.,
Bindal, N., Beare, D., Smith, J.A,,
Thompson, I.R., et al. (2013). Genomics of
Drug Sensitivity in Cancer (GDSC): a
resource for therapeutic biomarker
discovery in cancer cells. Nucleic Acids Res.
41, D955-D961. https://doi.org/10.1093/
nar/gks1111.

Sadoughi, F., Mirsafaei, L., Dana, P.M.,,
Hallajzadeh, J., Asemi, Z., Mansournia, M.A.,
Montazer, M., Hosseinpour, M., and Yousefi,
B. (2021). The role of DNA damage response
in chemo- and radio-resistance of cancer
cells: can DDR inhibitors sole the problem?
DNA Repair 101, 103074. https://doi.org/10.
1016/j.dnarep.2021.103074.

Arjumand, W., Asiaf, A, and Ahmad, S.T.
(2018). Noncoding RNAs in DNA damage
response: opportunities for cancer
therapeutics. Methods Mol. Biol. 1699, 3-21.
https://doi.org/10.1007/978-1-4939-
7435-1_1.

Curtin, N.J. (2023). Targeting the DNA
damage response for cancer therapy.
Biochem. Soc. Trans. 51, 207-221. https://
doi.org/10.1042/BST20220681.

Moretton, A., Slyskova, J., Simaan, M.E.,
Arasa-Verge, E.A., Meyenberg, M., Cerrén-
Infantes, D.A., Unterlass, M.M., and Loizou,
J.1. (2022). Clickable cisplatin derivatives as
versatile tools to probe the DNA damage
response to chemotherapy. Front. Oncol.
12, 874201.

Hashimoto, K., Takeda, S., Swenberg, J.A,,
and Nakamura, J. (2015). Incorporation of
metabolic activation potentiates
cyclophosphamide-induced DNA damage
response in isogenic DT40 mutant cells.
Mutagenesis 30, 821-828. https://doi.org/
10.1093/mutage/gev042.

Xu, Y., and Her, C. (2015). Inhibition of
topoisomerase (DNA) | (TOP1): DNA
damage repair and anticancer therapy.
Biomolecules 5, 1652-1670. https://doi.org/
10.3390/biom5031652.

Niedernhofer, L.J., Lalai, A.S., and
Hoeijmakers, J.H.J. (2005). Fanconi anemia
(Cross)linked to DNA repair. Cell 123, 1191-
1198. https://doi.org/10.1016/j.cell.2005.
12.009.

Bartek, J. (2011). DNA damage response,
genetic instability and cancer: from
mechanistic insights to personalized
treatment. Mol. Oncol. 5, 303-307. https://
doi.org/10.1016/j.molonc.2011.07.006.

Trenner, A., and Sartori, A.A. (2019).
Harnessing DNA double-strand break repair
for cancer treatment. Front. Oncol. 9, 1388.
https://doi.org/10.3389/fonc.2019.01388.

Groelly, F.J., Fawkes, M., Dagg, R.A.,
Blackford, A.N., and Tarsounas, M. (2023).
Targeting DNA damage response pathways
in cancer. Nat. Rev. Cancer 23, 78-94.
https://doi.org/10.1038/s41568-022-
00535-5.

Knijnenburg, T.A., Wang, L., Zimmermann,
M.T., Chambwe, N., Gao, G.F., Cherniack,


https://doi.org/10.3390/cancers12051282
https://doi.org/10.3390/cancers12051282
https://doi.org/10.1016/j.ygyno.2019.11.013
https://doi.org/10.1016/j.ygyno.2019.11.013
https://doi.org/10.1097/DCR.0000000000002466
https://doi.org/10.1097/DCR.0000000000002466
https://doi.org/10.1056/NEJM200104193441603
https://doi.org/10.1056/NEJM200104193441603
https://doi.org/10.1016/j.cell.2015.01.042
https://doi.org/10.1016/j.cell.2015.01.042
https://doi.org/10.1001/jama.295.14.1658
https://doi.org/10.1001/jama.295.14.1658
https://doi.org/10.1001/jama.2011.593
https://doi.org/10.1001/jama.2011.593
https://doi.org/10.4103/0366-6999.238141
https://doi.org/10.4103/0366-6999.238141
https://doi.org/10.1097/PAI.0000000000001037
https://doi.org/10.1097/PAI.0000000000001037
https://doi.org/10.1016/j.asjsur.2020.12.028
https://doi.org/10.1016/j.asjsur.2020.12.028
https://doi.org/10.1186/s40425-018-0342-x
https://doi.org/10.1186/s40425-018-0342-x
https://doi.org/10.23750/abm.v89i9-S.7960
https://doi.org/10.23750/abm.v89i9-S.7960
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref24
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref24
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref24
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref24
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref24
https://doi.org/10.1007/s00204-015-1474-0
https://doi.org/10.1007/s00204-015-1474-0
https://doi.org/10.1038/s41586-020-2769-8
https://doi.org/10.1016/j.cell.2019.12.023
https://doi.org/10.1056/NEJMoa1207756
https://doi.org/10.1056/NEJMoa1207756
https://doi.org/10.1001/jama.2021.0106
https://doi.org/10.1056/NEJMoa2017699
https://doi.org/10.1056/NEJMoa2017699
https://doi.org/10.1111/his.12069
https://doi.org/10.1093/nar/gks1111
https://doi.org/10.1093/nar/gks1111
https://doi.org/10.1016/j.dnarep.2021.103074
https://doi.org/10.1016/j.dnarep.2021.103074
https://doi.org/10.1007/978-1-4939-7435-1_1
https://doi.org/10.1007/978-1-4939-7435-1_1
https://doi.org/10.1042/BST20220681
https://doi.org/10.1042/BST20220681
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref36
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref36
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref36
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref36
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref36
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref36
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref36
https://doi.org/10.1093/mutage/gev042
https://doi.org/10.1093/mutage/gev042
https://doi.org/10.3390/biom5031652
https://doi.org/10.3390/biom5031652
https://doi.org/10.1016/j.cell.2005.12.009
https://doi.org/10.1016/j.cell.2005.12.009
https://doi.org/10.1016/j.molonc.2011.07.006
https://doi.org/10.1016/j.molonc.2011.07.006
https://doi.org/10.3389/fonc.2019.01388
https://doi.org/10.1038/s41568-022-00535-5
https://doi.org/10.1038/s41568-022-00535-5

iScience

44,

45.

46.

47.

48.

49.

50.

51.

52.

A.D., Fan, H., Shen, H., Way, G.P., Greene,
C.S., et al. (2018). Genomic and molecular
landscape of DNA damage repair deficiency
across the cancer genome Atlas. Cell Rep.
23, 239-254.e6. https://doi.org/10.1016/].
celrep.2018.03.076.

Jiang, M., Jia, K., Wang, L., Li, W., Chen, B.,
Liu, Y., Wang, H., Zhao, S., He, Y., and Zhou,
C. (2020). Alterations of DNA damage repair
in cancer: from mechanisms to applications.
Ann. Transl. Med. 8, 1685. https://doi.org/
10.21037/atm-20-2920.

Shan, B., Zhao, R., Zhou, J., Zhang, M., Qi, X.,
Wang, T., Gong, J., Wu, Y., Zhu, Y., Yang,
W., et al. (2020). AURKA increase the
chemosensitivity of colon cancer cells to
oxaliplatin by inhibiting the TP53-mediated
DNA damage response genes. BioMed Res.
Int. 2020, 8916729. https://doi.org/10.1155/
2020/8916729.

El Bezawy, R., Tripari, M., Percio, S.,
Cicchetti, A., Tortoreto, M., Stucchi, C.,
Tinelli, S., Zuco, V., Doldi, V., Gandellini, P.,
et al. (2020). SPOP deregulation improves
the radiation response of prostate cancer
models by impairing DNA damage repair.
Cancers 12, 1462. https://doi.org/10.3390/
cancers12061462.

Nicholson, H.A., Sawers, L., Clarke, R.G.,
Hiom, K.J., Ferguson, M.J., and Smith, G.
(2022). Fibroblast growth factor signalling
influences homologous recombination-
mediated DNA damage repair to promote
drug resistance in ovarian cancer. Br. J.
Cancer 127, 1340-1351. https://doi.org/10.
1038/s41416-022-01899-z.

Takaya, H., Nakai, H., Takamatsu, S.,
Mandai, M., and Matsumura, N. (2020).
Homologous recombination deficiency
status-based classification of high-grade
serous ovarian carcinoma. Sci. Rep. 10, 2757.
https://doi.org/10.1038/s41598-020-
59671-3.

Sztupinszki, Z., Diossy, M., Borcsok, J., Prosz,
A., Cornelius, N., Kjeldsen, M.K., Mirza,
M.R., and Szallasi, Z. (2021). Comparative
assessment of diagnostic homologous
recombination deficiency-associated
mutational Signatures in ovarian cancer.
Clin. Cancer Res. 27, 5681-5687. https://doi.
org/10.1158/1078-0432.CCR-21-0981.

Tumiati, M., Hietanen, S., Hynninen, J.,
Pietila, E., Farkkila, A., Kaipio, K., Roering, P.,
Huhtinen, K., Alkodsi, A., Li, Y., et al. (2018).
A functional homologous recombination
assay predicts primary chemotherapy
response and long-term survival in ovarian
cancer patients. Clin. Cancer Res. 24, 4482—
4493. https://doi.org/10.1158/1078-0432.
CCR-17-3770.

Liao, G., Yang, Y., Xie, A., Jiang, Z., Liao, J.,
Yan, M., Zhou, Y., Zhu, J., Hu, J., Zhang, Y.,
et al. (2022). Applicability of anticancer
drugs for the triple-negative breast cancer
based on homologous recombination
repair deficiency. Front. Cell Dev. Biol. 10,
845950. https://doi.org/10.3389/fcell.2022.
845950.

Zong, H., Zhang, J., Xu, Z., Pan, J.-N., Wang,
R., Han, J., Jiang, M., Ren, R., Zang, L.,

53.

54.

55.

56.

57.

58.

59.

60.

61.

Wang, H., and Cao, W.M. (2022).
Comprehensive analysis of somatic
reversion mutations in homologous
recombination repair (HRR) genes in A large
cohort of Chinese pan-cancer patients.

J. Cancer 13, 1119-1129. https://doi.org/10.
7150/jca.65650.

Benafif, S., and Hall, M. (2015). An update on
PARP inhibitors for the treatment of cancer.
OncoTargets Ther. 8, 519-528. https://doi.

org/10.2147/OTT.530793.

Yanaihara, N., Yoshino, Y., Noguchi, D.,
Tabata, J., Takenaka, M., lida, Y., Saito, M.,
Yanagida, S., lwamoto, M., Kiyokawa, T.,

et al. (2023). Paclitaxel sensitizes
homologous recombination-proficient
ovarian cancer cells to PARP inhibitor via the
CDK1/BRCAT1 pathway. Gynecol. Oncol.
168, 83-91. https://doi.org/10.1016/j.ygyno.
2022.11.006.

Chen, C.-C., Chen, C.-Y., Cheng, S.-F.,
Shieh, T.-M,, Leu, Y.-L., Chuang, W.-Y., Liu,
K.-T., Ueng, S.-H., Shih, Y.-H., Chou, L.-F.,
and Wang, T.H. (2021). Hydroxygenkwanin
increases the sensitivity of liver cancer cells
to chemotherapy by inhibiting DNA
damage response in mouse xenograft
models. Int. J. Mol. Sci. 22, 9766. https://doi.
0rg/10.3390/ijms22189766.

Tan, L., Yuan, J., Zhu, W., Tao, K., Wang, G.,
and Gao, J. (2020). Interferon regulatory
factor-1 suppresses DNA damage response
and reverses chemotherapy resistance by
downregulating the expression of RAD51 in
gastric cancer. Am. J. Cancer Res. 10,
1255-1270.

Mowat, C., Mosley, S.R., Namdar, A.,
Schiller, D., and Baker, K. (2021). Anti-tumor
immunity in mismatch repair-deficient
colorectal cancers requires type | IFN-driven
CCL5 and CXCL10. J. Exp. Med. 218,
€20210108. https://doi.org/10.1084/jem.
20210108.

Yang, C., Zang, W., Tang, Z., Ji, Y., Xu, R,,
Yang, Y., Luo, A., Hu, B., Zhang, Z,, Liu, Z.,
and Zheng, X. (2018). A20/TNFAIP3
regulates the DNA damage response and
mediates tumor cell resistance to DNA-
damaging therapy. Cancer Res. 78, 1069—
1082. https://doi.org/10.1158/0008-5472.
CAN-17-2143.

Pannunzio, N.R., Watanabe, G., and Lieber,
M.R. (2018). Nonhomologous DNA end-
joining for repair of DNA double-strand
breaks. J. Biol. Chem. 293, 10512-10523.
https://doi.org/10.1074/jbc.TM117.000374.

Yu, Y., Liu, T., Yu, G., Wang, H., Du, Z., Chen,
Y., Yang, N., Cao, K, Liu, C., Wan, Z,, et al.
(2022). PRDM15 interacts with DNA-PK-Ku
complex to promote radioresistance in
rectal cancer by facilitating DNA damage
repair. Cell Death Dis. 13, 978. https://doi.
org/10.1038/s41419-022-05402-7.

Andre, T., Amonkar, M., Norquist, J.M.,
Shiu, K.-K., Kim, T.W., Jensen, B.V., Jensen,
L.H., Punt, C.J.A., Smith, D., Garcia-
Carbonero, R., et al. (2021). Health-related
quality of life in patients with microsatellite
instability-high or mismatch repair deficient
metastatic colorectal cancer treated with

62.

63.

64.

65.

66.

67.

68.

69.

70.

¢? CellPress

OPEN ACCESS

first-line pembrolizumab versus
chemotherapy (KEYNOTE-177): an open-
label, randomised, phase 3 trial. Lancet
Oncol. 22, 665-677. https://doi.org/10.
1016/51470-2045(21)00064-4.

Mehlich, D., komiak, M., Sobiborowicz, A.,
Mazan, A., Dymerska, D., Szewczyk, £.M.,
Mehlich, A., Borowiec, A., Pretowska, M.K_,
Gorczyniski, A., et al. (2021). MLK4 regulates
DNA damage response and promotes
triple-negative breast cancer
chemoresistance. Cell Death Dis. 12, 1111.
https://doi.org/10.1038/s41419-021-
04405-0.

Jacob, S., Miquel, C., Sarasin, A., and Praz,
F. (2005). Effects of camptothecin on
double-strand break repair by non-
homologous end-joining in DNA
mismatch repair-deficient human
colorectal cancer cell lines. Nucleic Acids
Res. 33, 106-113. https://doi.org/10.1093/
nar/gki154.

Beggs, A.D., Domingo, E., McGregor, M.,
Presz, M., Johnstone, E., Midgley, R., Kerr,
D., Oukrif, D., Novelli, M., Abulafi, M., et al.
(2012). Loss of expression of the double
strand break repair protein ATM is
associated with worse prognosis in
colorectal cancer and loss of Ku70
expression is associated with CIN.
Oncotarget 3, 1348-1355. https://doi.org/
10.18632/oncotarget.694.

He, S., Zhao, Z., Yang, Y., O'Connell, D.,
Zhang, X., Oh, S., Ma, B., Lee, J.-H., Zhang,
T., Varghese, B., et al. (2015). Truncating
mutation in the autophagy gene UVRAG
confers oncogenic properties and
chemosensitivity in colorectal cancers. Nat.
Commun. 6, 7839-7914. https://doi.org/10.
1038/ncomms8839.

He, S., and Liang, C. (2015). Frameshift
mutation of UVRAG: switching a tumor
suppressor to an oncogene in colorectal
cancer. Autophagy 11, 1939-1940. https://
doi.org/10.1080/15548627.2015.1086523.

Denkert, C., Liedtke, C., Tutt, A., and von
Minckwitz, G. (2017). Molecular alterations
in triple-negative breast cancer—the road
to new treatment strategies. Lancet 389,
2430-2442. https://doi.org/10.1016/S0140-
6736(16)32454-0.

Berthenet, K., Boudesco, C., Collura, A,
Svrcek, M., Richaud, S., Hammann, A,
Causse, S., Yousfi, N., Wanherdrick, K.,
Duplomb, L., et al. (2016). Extracellular
HSP110 skews macrophage polarization in
colorectal cancer. Oncolmmunology 5,
e1170264. https://doi.org/10.1080/
2162402X.2016.1170264.

HSP110 translocates to the nucleus upon
genotoxic chemotherapy and promotes
DNA repair in colorectal cancer cells
Oncogene https://www.nature.com/
articles/s41388-018-0616-2.

Berthenet, K., Bokhari, A., Lagrange, A,
Marcion, G., Boudesco, C., Causse, S., De
Thonel, A., Svrcek, M., Goloudina, AR.,
Dumont, S., et al. (2017). HSP110
promotes colorectal cancer growth
through STAT3 activation. Oncogene 34,

iScience 26, 107045, July 21, 2023 17



https://doi.org/10.1016/j.celrep.2018.03.076
https://doi.org/10.1016/j.celrep.2018.03.076
https://doi.org/10.21037/atm-20-2920
https://doi.org/10.21037/atm-20-2920
https://doi.org/10.1155/2020/8916729
https://doi.org/10.1155/2020/8916729
https://doi.org/10.3390/cancers12061462
https://doi.org/10.3390/cancers12061462
https://doi.org/10.1038/s41416-022-01899-z
https://doi.org/10.1038/s41416-022-01899-z
https://doi.org/10.1038/s41598-020-59671-3
https://doi.org/10.1038/s41598-020-59671-3
https://doi.org/10.1158/1078-0432.CCR-21-0981
https://doi.org/10.1158/1078-0432.CCR-21-0981
https://doi.org/10.1158/1078-0432.CCR-17-3770
https://doi.org/10.1158/1078-0432.CCR-17-3770
https://doi.org/10.3389/fcell.2022.845950
https://doi.org/10.3389/fcell.2022.845950
https://doi.org/10.7150/jca.65650
https://doi.org/10.7150/jca.65650
https://doi.org/10.2147/OTT.S30793
https://doi.org/10.2147/OTT.S30793
https://doi.org/10.1016/j.ygyno.2022.11.006
https://doi.org/10.1016/j.ygyno.2022.11.006
https://doi.org/10.3390/ijms22189766
https://doi.org/10.3390/ijms22189766
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref56
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref56
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref56
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref56
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref56
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref56
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref56
https://doi.org/10.1084/jem.20210108
https://doi.org/10.1084/jem.20210108
https://doi.org/10.1158/0008-5472.CAN-17-2143
https://doi.org/10.1158/0008-5472.CAN-17-2143
https://doi.org/10.1074/jbc.TM117.000374
https://doi.org/10.1038/s41419-022-05402-7
https://doi.org/10.1038/s41419-022-05402-7
https://doi.org/10.1016/S1470-2045(21)00064-4
https://doi.org/10.1016/S1470-2045(21)00064-4
https://doi.org/10.1038/s41419-021-04405-0
https://doi.org/10.1038/s41419-021-04405-0
https://doi.org/10.1093/nar/gki154
https://doi.org/10.1093/nar/gki154
https://doi.org/10.18632/oncotarget.694
https://doi.org/10.18632/oncotarget.694
https://doi.org/10.1038/ncomms8839
https://doi.org/10.1038/ncomms8839
https://doi.org/10.1080/15548627.2015.1086523
https://doi.org/10.1080/15548627.2015.1086523
https://doi.org/10.1016/S0140-6736(16)32454-0
https://doi.org/10.1016/S0140-6736(16)32454-0
https://doi.org/10.1080/2162402X.2016.1170264
https://doi.org/10.1080/2162402X.2016.1170264
https://www.nature.com/articles/s41388-018-0616-2
https://www.nature.com/articles/s41388-018-0616-2

¢? CellPress

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

18

OPEN ACCESS

2328-2336. https://doi.org/10.1038/onc.
2016.403.

Sishc, B.J., and Davis, A.J. (2017). The role of
the core non-homologous end joining
factors in carcinogenesis and cancer.
Cancers 9, 81. https://doi.org/10.3390/
cancers?070081.

Patidar, P.L., Motea, E.A., Fattah, F.J., Zhou,
Y., Morales, J.C., Xie, Y., Garner, H.R,, and
Boothman, D.A. (2016). The Kub5-Hera/
RPRD1B interactome: a novel role in
preserving genetic stability by regulating
DNA mismatch repair. Nucleic Acids Res.
44,1718-1731. https://doi.org/10.1093/nar/
gkv1492.

Jiricny, J. (2013). Postreplicative mismatch
repair. Cold Spring Harbor Perspect. Biol. 5,
a012633. https://doi.org/10.1101/
cshperspect.a012633.

Peéina-Slaus, N., Kafka, A., Salamon, I., and
Bukovac, A. (2020). Mismatch repair
pathway, genome stability and cancer.
Front. Mol. Biosci. 7, 122.

Putnam, C.D. (2021). Strand discrimination
in DNA mismatch repair. DNA Repair 105,
103161. https://doi.org/10.1016/j.dnarep.

2021.103161.

Montazeri, V., Ghahremani, M.H.,
Montazeri, H., Hasanzad, M., Safavi, D.M.,
Ayati, M., Chehrazi, M., Arefi Moghaddam,
B., and Ostad, S.N. (2020). A preliminary
study of NER and MMR pathways involved in
chemotherapy response in bladder
transitional cell carcinoma: impact on
progression-free survival. Iran. J. Pharm.
Res. (IJPR) 19, 355-365. https://doi.org/10.
22037/ijpr.2020.112646.13878.

Liu, J.-Y., Zou, T., Yin, J.-Y., Wang, Z., Wang,
Y., Liu, Z.-Q., Chen, J., and Chen, Z.-W.
(2020). Genetic variants in DNA mismatch
repair pathway predict prognosis of lung
cancer patients with receiving platinum-
based chemotherapy. J. Cancer 11, 5281-
5288. https://doi.org/10.7150/jca.46150.

Qu, J., Sun, Z, Peng, C., Li, D, Yan, W., Xu,
Z.,Hou, Y., Shen, S., Chen, P., and Wang, T.
(2021). C. tropicalis promotes
chemotherapy resistance in colon cancer
through increasing lactate production to
regulate the mismatch repair system. Int. J.
Biol. Sci. 17, 2756-2769. https://doi.org/10.
7150/ijbs.59262.

Krokan, H.E., and Bjeras, M. (2013). Base
excision repair. Cold Spring Harbor
Perspect. Biol. 5, a012583. https://doi.org/
10.1101/cshperspect.a012583.

Drohat, A.C., and Coey, C.T. (2016). Role of
base excision “repair” enzymes in erasing
epigenetic marks from DNA. Chem. Rev.
116, 12711-12729. https://doi.org/10.1021/
acs.chemrev.6b00191.

Gao, X., Wang, J., Li, M., Wang, J., Lv, J.,
Zhang, L., Sun, C., Ji, J., Yang, W., Zhao, Z.,
and Mao, W. (2019). Berberine attenuates
XRCC1-mediated base excision repair and
sensitizes breast cancer cells to the
chemotherapeutic drugs. J. Cell Mol. Med.

iScience 26, 107045, July 21, 2023

82.

83.

84.

85.

86.

87.

88.

89.

90.

23, 6797-6804. https://doi.org/10.1111/
jemm.14560.

Molla, S., Hembram, K.C., Chatterjee, S.,
Nayak, D., Sethy, C., Pradhan, R., and
Kundu, C.N. (2020). PARP inhibitor olaparib
enhances the apoptotic potentiality of
curcumin by increasing the DNA damage in
oral cancer cells through inhibition of BER
cascade. Pathol. Oncol. Res. 26, 2091-2103.
https://doi.org/10.1007/s12253-019-
00768-0.

Spivak, G. (2015). Nucleotide excision repair
in humans. DNA Repair 36, 13-18. https://
doi.org/10.1016/j.dnarep.2015.09.003.

Rao, D., Mallick, A.B., Augustine, T,
Daroqui, C., Jiffry, J., Merla, A., Chaudhary,
I, Seetharam, R., Sood, A., Gajavelli, S., et al.
(2019). Excision repair cross-complementing
group-1 (ERCC1) induction kinetics and
polymorphism are markers of inferior
outcome in patients with colorectal cancer
treated with oxaliplatin. Oncotarget 10,
5510-5522. https://doi.org/10.18632/
oncotarget.27140.

Hu, L.-B., Chen, Y., Meng, X.-D., Yu, P,
He, X., and Li, J. (2018). Nucleotide
excision repair factor XPC ameliorates
prognosis by increasing the susceptibility
of human colorectal cancer to
chemotherapy and ionizing radiation.
Front. Oncol. 8, 290. https://doi.org/10.
3389/fonc.2018.00290.

Suzuki, T., Sirimangkalakitti, N., Baba, A.,
Toyoshima-Nagasaki, R., Enomoto, Y.,
Saito, N., and Ogasawara, Y. (2022).
Characterization of the nucleotide excision
repair pathway and evaluation of
compounds for overcoming the cisplatin
resistance of non-small cell lung cancer cell
lines. Oncol. Rep. 47, 70. https://doi.org/10.
3892/0r.2022.8281.

Huang, M.-S., Liu, J.-Y., Xia, X.-B., Liu, Y.-Z,,
Li, X., Yin, J.-Y., Peng, J.-B., Wu, L., Zhang,
W., Zhou, H.-H., and Liu, Z.Q. (2019).
Hsa_circ_0001946 inhibits lung cancer
progression and mediates cisplatin
sensitivity in non-small cell lung cancer via
the nucleotide excision repair signaling
pathway. Front. Oncol. 9, 508. https://doi.
org/10.3389/fonc.2019.00508.

He, L., Liu, K., Wang, X., Chen, H., Zhou,
J., Wu, X, Liu, T., Yang, Y., Yang, X., Cui,
D., et al. (2018). NDRG1 disruption
alleviates cisplatin/sodium glycididazole-
induced DNA damage response and
apoptosis in ERCC1-defective lung
cancer cells. Int. J. Biochem. Cell Biol.
100, 54-60. https://doi.org/10.1016/].
biocel.2018.05.003.

Kottemann, M.C., and Smogorzewska, A.
(2013). Fanconi anemia and the repair of
Watson and Crick crosslinks. Nature 493,
356-363. https://doi.org/10.1038/
nature11863.

Duxin, J.P., Dewar, J.M., Yardimci, H., and
Walter, J.C. (2014). Repair of a DNA-protein
crosslink by replication-coupled proteolysis.
Cell 159, 346-357. https://doi.org/10.1016/].
cell.2014.09.024.

91.

92.

93.

94.

95.

96.

97.

98.

iScience

Mani, C., Tripathi, K., Omy, T.R., Reedy, M.,
Manne, U., and Palle, K. (2022). GLI1-
targeting drugs induce replication stress
and homologous recombination deficiency
and synergize with PARP-targeted therapies
in triple negative breast cancer cells.
Biochim. Biophys. Acta, Mol. Basis Dis. 1868,
166300. https://doi.org/10.1016/]j.bbadis.
2021.166300.

Verhagen, C.V.M., Vossen, D.M., Borgmann,
K., Hageman, F., Grénman, R., Verwijs-
Janssen, M., Mout, L., Kluin, R.J.C.,
Nieuwland, M., Severson, T.M., et al. (2018).
Fanconi anemia and homologous
recombination gene variants are associated
with functional DNA repair defects in vitro
and poor outcome in patients with
advanced head and neck squamous cell
carcinoma. Oncotarget 9, 18198-18213.
https://doi.org/10.18632/oncotarget.24797.

Roh, Y.-G., Mun, J.-Y., Kim, S.-K,, Park, W.,
Jeong, M.-S., Kim, T.N., Kim, W.-T., Choi,
Y.H., Chy, I.-S., and Leem, S.-H. (2020).
Fanconi anemia pathway activation by
FOXM1 s critical to bladder cancer
recurrence and anticancer drug resistance.
Cancers 12, 1417. https://doi.org/10.3390/
cancers12061417.

Fan, X.-Z., Chen, Y.-F., Zhang, S.-B., He,
D.-H., Wei, S.-F., Wang, Q., Pan, H.-F., and
Liu, Y.-Q. (2021). Centipeda minima extract
sensitizes lung cancer cells to DNA-
crosslinking agents via targeting Fanconi
anemia pathway. Phytomedicine 91, 153689.
https://doi.org/10.1016/j.phymed.2021.
153689.

Singh, T.D., Singh, N.I., Devi, KM,
Meiguilungpou, R., Khongsai, L., Singh, L.S.,
Bal, N.C., Swapana, N., Singh, C.B., and
Singh, T.R. (2022). Planispine A sensitized
cancer cells to cisplatin by inhibiting the
Fanconi anemia pathway. Molecules 27,
7288. https://doi.org/10.3390/
molecules27217288.

Balmus, G., Pilger, D., Coates, J., Demir, M.,
Sczaniecka-Clift, M., Barros, A.C., Woods,
M., Fu, B., Yang, F., Chen, E., et al. (2019).
ATM orchestrates the DNA-damage
response to counter toxic non-homologous
end-joining at broken replication forks. Nat.
Commun. 10, 87. https://doi.org/10.1038/
s41467-018-07729-2.

Kumar, S., Gahramanov, V., Yaglom, J.,
Patel, S., Kaczmarczyk, L., Alexandrov, |.,
Gerlitz, G., Salmon-Divon, M., and
Sherman, M.Y. (2022). Homologous
recombination repair creates mutations in
the non-coding genome that alter
Topoisomerase-1 cleavage sites &
orchestrates irinotecan resistance. Preprint
at bioRxiv. https://doi.org/10.1101/2021.11.
26.470089.

Mori, H., Tanoue, S., Takaji, R., Ueda, S.,
Okahara, M., and Ueda, S.S. (2022). Arterial
administration of DNA crosslinking agents
with restraint of homologous recombination
repair by intravenous low-dose gemcitabine
is effective for locally advanced pancreatic
cancer. Cancers 14, 220. https://doi.org/10.
3390/cancers14010220.


https://doi.org/10.1038/onc.2016.403
https://doi.org/10.1038/onc.2016.403
https://doi.org/10.3390/cancers9070081
https://doi.org/10.3390/cancers9070081
https://doi.org/10.1093/nar/gkv1492
https://doi.org/10.1093/nar/gkv1492
https://doi.org/10.1101/cshperspect.a012633
https://doi.org/10.1101/cshperspect.a012633
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref74
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref74
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref74
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref74
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref74
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref74
https://doi.org/10.1016/j.dnarep.2021.103161
https://doi.org/10.1016/j.dnarep.2021.103161
https://doi.org/10.22037/ijpr.2020.112646.13878
https://doi.org/10.22037/ijpr.2020.112646.13878
https://doi.org/10.7150/jca.46150
https://doi.org/10.7150/ijbs.59262
https://doi.org/10.7150/ijbs.59262
https://doi.org/10.1101/cshperspect.a012583
https://doi.org/10.1101/cshperspect.a012583
https://doi.org/10.1021/acs.chemrev.6b00191
https://doi.org/10.1021/acs.chemrev.6b00191
https://doi.org/10.1111/jcmm.14560
https://doi.org/10.1111/jcmm.14560
https://doi.org/10.1007/s12253-019-00768-0
https://doi.org/10.1007/s12253-019-00768-0
https://doi.org/10.1016/j.dnarep.2015.09.003
https://doi.org/10.1016/j.dnarep.2015.09.003
https://doi.org/10.18632/oncotarget.27140
https://doi.org/10.18632/oncotarget.27140
https://doi.org/10.3389/fonc.2018.00290
https://doi.org/10.3389/fonc.2018.00290
https://doi.org/10.3892/or.2022.8281
https://doi.org/10.3892/or.2022.8281
https://doi.org/10.3389/fonc.2019.00508
https://doi.org/10.3389/fonc.2019.00508
https://doi.org/10.1016/j.biocel.2018.05.003
https://doi.org/10.1016/j.biocel.2018.05.003
https://doi.org/10.1038/nature11863
https://doi.org/10.1038/nature11863
https://doi.org/10.1016/j.cell.2014.09.024
https://doi.org/10.1016/j.cell.2014.09.024
https://doi.org/10.1016/j.bbadis.2021.166300
https://doi.org/10.1016/j.bbadis.2021.166300
https://doi.org/10.18632/oncotarget.24797
https://doi.org/10.3390/cancers12061417
https://doi.org/10.3390/cancers12061417
https://doi.org/10.1016/j.phymed.2021.153689
https://doi.org/10.1016/j.phymed.2021.153689
https://doi.org/10.3390/molecules27217288
https://doi.org/10.3390/molecules27217288
https://doi.org/10.1038/s41467-018-07729-2
https://doi.org/10.1038/s41467-018-07729-2
https://doi.org/10.1101/2021.11.26.470089
https://doi.org/10.1101/2021.11.26.470089
https://doi.org/10.3390/cancers14010220
https://doi.org/10.3390/cancers14010220

iScience

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Xu, X., Zhou, X., Zhang, J., Li, H., Cao, Y.,
Tan, X., Zhu, X., and Yang, J. (2020).
MicroRNA-191 modulates cisplatin-induced
DNA damage response by targeting RCC2.
Faseb. J. 34, 13573-13585. https://doi.org/
10.1096/1}.202000945R.

Shadbad, M.A., Asadzadeh, Z,,
Derakhshani, A., Hosseinkhani, N.,
Mokhtarzadeh, A., Baghbanzadeh, A.,
Hajiasgharzadeh, K., Brunetti, O.,
Argentiero, A., Racanelli, V., et al. (2021). A
scoping review on the potentiality of PD-L1-
inhibiting microRNAs in treating colorectal
cancer: toward single-cell sequencing-
guided biocompatible-based delivery.
Biomed. Pharmacother. 143, 112213.
https://doi.org/10.1016/j.biopha.2021.
112213.

Guo, K., Zhao, C., Lang, B., Wang, H., Zheng,
H., and Zhang, F. (2020). Regulator of
chromosome condensation 2 modulates cell
cycle progression, tumorigenesis, and
therapeutic resistance. Front. Mol. Biosci. 7,
620973.

Bergsland, C.H., Bruun, J., Guren, M.G.,
Svindland, A., Bjernslett, M., Smeby, J.,
Hektoen, M., Kolberg, M., Domingo, E.,
Pellinen, T., et al. (2020). Prediction of
relapse-free survival according to adjuvant
chemotherapy and regulator of
chromosome condensation 2 (RCC2)
expression in colorectal cancer. ESMO
Open 5, e001040. https://doi.org/10.1136/
esmoopen-2020-001040.

Tubbs, J.L., Latypov, V., Kanugula, S., Butt,
A., Melikishvili, M., Kraehenbuehl, R.,
Fleck, O., Marriott, A., Watson, A.J.,
Verbeek, B., et al. (2009). Flipping of
alkylated DNA damage bridges base and
nucleotide excision repair. Nature 459,
808-813. https://doi.org/10.1038/
nature08076.

Stefanou, D.T., Souliotis, V.L., Zakopoulou,
R., Liontos, M., and Bamias, A. (2021). DNA
damage repair: predictor of platinum
efficacy in ovarian cancer? Biomedicines 10,
82. https://doi.org/10.3390/
biomedicines10010082.

Chen, S., Peng, A., Chen, M., Zhan, M.,
Weiss, H.L., D'Orazio, J.A., and O'Connor,
K.L. (2022). Integrin a6p4 signals through
DNA damage response pathway to sensitize
breast cancer cells to cisplatin. Front. Oncol.
12, 1093240.

Xiao, Y., Lu, D., Lei, M., Xie, W., Chen, Y.,
Zheng, Y., Wang, C., Zhao, J., Zhu, Z., Zhao,
X., et al. (2021). Comprehensive analysis of
DNA damage repair deficiency in 10,284
pan-cancer study. Ann. Transl. Med. 9, 1661.
https://doi.org/10.21037/atm-21-5449.

Mollica, V., Marchetti, A., Rosellini, M.,
Nuvola, G., Rizzo, A., Santoni, M.,
Cimadamore, A., Montironi, R., and Massari,
F. (2021). An insight on novel molecular
pathways in metastatic prostate cancer: a
focus on DDR, MSI and AKT. Int. J. Mol. Sci.
22, 13519. https://doi.org/10.3390/
ijms222413519.

Jarzen, J., Diamanduros, A., and Scarpinato,
K.D. (2013). Chapter two - mismatch repair

109.

110.

111,

112,

113.

114.

115.

116.

17.

118.

proteins in recurrent prostate cancer. In
Advances in Clinical Chemistry, G.S.
Makowski, ed. (Elsevier), pp. 65-84. https://
doi.org/10.1016/B978-0-12-407681-5.
00002-7.

How, J.A., Jazaeri, A.A., Fellman, B.,
Daniels, M.S., Penn, S., Solimeno, C,,
Yuan, Y., Schmeler, K., Lanchbury, J.S.,
Timms, K., et al. (2021). Modification of
homologous recombination deficiency
score threshold and association with long-
term survival in epithelial ovarian cancer.
Cancers 13, 946. https://doi.org/10.3390/
cancers13050946.

Rhodium complexes targeting DNA
mismatches as a basis for new therapeutics
in cancers deficient in mismatch repair
Biochemistry https://doi.org/10.1021/acs.
biochem.1c00302.

Bartek, J., Bartkova, J., and Lukas, J. (2007).
DNA damage signalling guards against
activated oncogenes and tumour
progression. Oncogene 26, 7773-7779.
https://doi.org/10.1038/sj.onc.1210881.

Mansour, W.Y., Tennstedt, P., Volquardsen,
J., Oing, C., Kluth, M., Hube-Magg, C.,
Borgmann, K., Simon, R., Petersen, C.,
Dikomey, E., and Rothkamm, K. (2018). Loss
of PTEN-assisted G2/M checkpoint
impedes homologous recombination repair
and enhances radio-curability and PARP
inhibitor treatment response in prostate
cancer. Sci. Rep. 8, 3947. https://doi.org/10.
1038/541598-018-22289-7.

Lin, A., Zhang, J., and Luo, P. (2020).
Crosstalk between the MS| status and tumor
microenvironment in colorectal cancer.
Front. Immunol. 11, 2039.

Zeng, T., Fang, X,, Lu, J., Zhong, Y., Lin, X,
Lin, Z., Wang, N., Jiang, J., and Lin, S. (2022).
Efficacy and safety of immune checkpoint
inhibitors in colorectal cancer: a systematic
review and meta-analysis. Int. J. Colorectal
Dis. 37, 251-258. https://doi.org/10.1007/
s00384-021-04028-z.

lhrig, A., Richter, J., Grillich, C., Apostolidis,
L., Horak, P., Villalobos, M., Grapp, M.,
Friederich, H.-C., and Maatouk, . (2020).
Patient expectations are better for
immunotherapy than traditional
chemotherapy for cancer. J. Cancer Res.
Clin. Oncol. 146, 3189-3198. https://doi.
org/10.1007/s00432-020-03336-1.

Goldman, M.J., Craft, B., Hastie, M.,
Repecka, K., McDade, F., Kamath, A.,
Banerjee, A., Luo, Y., Rogers, D., Brooks,
A.N., et al. (2020). Visualizing and
interpreting cancer genomics data via the
Xena platform. Nat. Biotechnol. 38, 675-678.
https://doi.org/10.1038/s41587-020-0546-8.

Bonneville, R., Krook, M.A., Kautto, E.A.,
Miya, J., Wing, M.R., Chen, H.-Z., Reeser,
JW., Yu, L., and Roychowdhury, S. (2017).
Landscape of microsatellite instability
across 39 cancer types. JCO Precis. Oncol.
2017, 1-15. https://doi.org/10.1200/PO.17.
00073.

Geeleher, P., Cox, N., and Huang, R.S.
(2014). pRRophetic: an R package for

119.

120.

121.

122.

123.

124.

125.

126.

127.

¢? CellPress

OPEN ACCESS

prediction of clinical chemotherapeutic
response from tumor gene expression
levels. PLoS One 9, €107468. https://doi.
org/10.1371/journal.pone.0107468.

Gu, Z., Eils, R., and Schlesner, M. (2016).
Complex heatmaps reveal patterns and
correlations in multidimensional genomic
data. Bioinformatics 32, 2847-2849. https://
doi.org/10.1093/bioinformatics/btw313.

Yu, G., Wang, L.-G., Han, Y., and He, Q.-Y.
(2012). clusterProfiler: an R Package for
comparing biological themes among gene
clusters. OMICS A J. Integr. Biol. 16,
284-287. https://doi.org/10.1089/omi.
2011.0118.

Lin, H., and Zelterman, D. (2002). Modeling
survival data: extending the Cox Model.
Technometrics 44, 85-86. https://doi.org/
10.1198/tech.2002.5656.

Viechtbauer, W. (2010). Conducting meta-
analyses in R with the metafor package.
J. Stat. Software 36, 1-48. https://doi.org/
10.18637/jss.v036.i03.

Monks, A., Zhao, Y., Hose, C., Hamed, H.,
Krushkal, J., Fang, J., Sonkin, D., Palmisano,
A., Polley, E.C., Fogli, LK., et al. (2018). The
NCI transcriptional pharmacodynamics
workbench: a tool to examine dynamic
expression profiling of therapeutic response
in the NCI-60 cell line panel. Cancer Res. 78,
6807-6817. https://doi.org/10.1158/0008-
5472.CAN-18-0989.

Prasetyanti, P.R., van Hooff, S.R., van
Herwaarden, T., de Vries, N., Kalloe, K.,
Rodermond, H., van Leersum, R., de Jong,
J.H., Franitza, M., Nirnberg, P., et al. (2019).
Capturing colorectal cancer inter-tumor
heterogeneity in patient-derived xenograft
(PDX) models. Int. J. Cancer 144, 366-371.
https://doi.org/10.1002/ijc.31767.

Vilar, E., Mukherjee, B., Kuick, R., Raskin, L.,
Misek, D.E., Taylor, J.M.G., Giordano, T.J.,
Hanash, S.M., Fearon, E.R., Rennert, G., and
Gruber, S.B. (2009). Gene expression
patterns in mismatch repair-deficient
colorectal cancers highlight the potential
therapeutic role of inhibitors of the
phosphatidylinositol 3-kinase-AKT-
mammalian target of rapamycin pathway.
Clin. Cancer Res. 15, 2829-2839. https://doi.
0rg/10.1158/1078-0432.CCR-08-2432.

Jorissen, R.N., Lipton, L., Gibbs, P.,
Chapman, M., Desai, J., Jones, |.T., Yeatman,
T.J., East, P.,, Tomlinson, I.P.M., Verspaget,
H.W., et al. (2008). DNA copy-number
alterations underlie gene expression
differences between microsatellite stable
and unstable colorectal cancers. Clin. Cancer
Res. 14, 8061-8069. https://doi.org/10.1158/
1078-0432.CCR-08-1431.

Malla, S.B., Fisher, D.J., Domingo, E., Blake,
A., Hassanieh, S., Redmond, K.L., Richman,
S.D., Youdell, M., Walker, S.M., Logan, G.E.,
et al. (2021). In-depth clinical and biological
exploration of DNA damage immune
response as a biomarker for oxaliplatin use
in colorectal cancer. Clin. Cancer Res. 27,
288-300. https://doi.org/10.1158/1078-
0432.CCR-20-3237.

iScience 26, 107045, July 21, 2023 19



https://doi.org/10.1096/fj.202000945R
https://doi.org/10.1096/fj.202000945R
https://doi.org/10.1016/j.biopha.2021.112213
https://doi.org/10.1016/j.biopha.2021.112213
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref117
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref117
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref117
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref117
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref117
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref117
https://doi.org/10.1136/esmoopen-2020-001040
https://doi.org/10.1136/esmoopen-2020-001040
https://doi.org/10.1038/nature08076
https://doi.org/10.1038/nature08076
https://doi.org/10.3390/biomedicines10010082
https://doi.org/10.3390/biomedicines10010082
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref121
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref121
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref121
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref121
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref121
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref121
https://doi.org/10.21037/atm-21-5449
https://doi.org/10.3390/ijms222413519
https://doi.org/10.3390/ijms222413519
https://doi.org/10.1016/B978-0-12-407681-5.00002-7
https://doi.org/10.1016/B978-0-12-407681-5.00002-7
https://doi.org/10.1016/B978-0-12-407681-5.00002-7
https://doi.org/10.3390/cancers13050946
https://doi.org/10.3390/cancers13050946
https://doi.org/10.1021/acs.biochem.1c00302
https://doi.org/10.1021/acs.biochem.1c00302
https://doi.org/10.1038/sj.onc.1210881
https://doi.org/10.1038/s41598-018-22289-7
https://doi.org/10.1038/s41598-018-22289-7
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref129
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref129
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref129
http://refhub.elsevier.com/S2589-0042(23)01122-7/sref129
https://doi.org/10.1007/s00384-021-04028-z
https://doi.org/10.1007/s00384-021-04028-z
https://doi.org/10.1007/s00432-020-03336-1
https://doi.org/10.1007/s00432-020-03336-1
https://doi.org/10.1038/s41587-020-0546-8
https://doi.org/10.1200/PO.17.00073
https://doi.org/10.1200/PO.17.00073
https://doi.org/10.1371/journal.pone.0107468
https://doi.org/10.1371/journal.pone.0107468
https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1198/tech.2002.s656
https://doi.org/10.1198/tech.2002.s656
https://doi.org/10.18637/jss.v036.i03
https://doi.org/10.18637/jss.v036.i03
https://doi.org/10.1158/0008-5472.CAN-18-0989
https://doi.org/10.1158/0008-5472.CAN-18-0989
https://doi.org/10.1002/ijc.31767
https://doi.org/10.1158/1078-0432.CCR-08-2432
https://doi.org/10.1158/1078-0432.CCR-08-2432
https://doi.org/10.1158/1078-0432.CCR-08-1431
https://doi.org/10.1158/1078-0432.CCR-08-1431
https://doi.org/10.1158/1078-0432.CCR-20-3237
https://doi.org/10.1158/1078-0432.CCR-20-3237

¢? CellPress

128.

129.

130.

131.

132.

133.

134.

20

OPEN ACCESS

Molecular Profiles and Clinical Outcome of
Stage UICC Il Colon Cancer Patients
SpringerLink https://link.springer.com/
article/10.1007/s00384-011-1176-x.

Dillard, C., Borde, C., Mohammad, A.,
Puchois, V., Jourdren, L., Larsen, AK.,
Sabbah, M., Maréchal, V., Escargueil, A.E.,
and Pramil, E. (2021). Expression pattern of
purinergic signaling components in
colorectal cancer cells and differential
cellular outcomes induced by extracellular
ATP and adenosine. Int. J. Mol. Sci. 22, 11472.
https://doi.org/10.3390/ijms222111472.

Epigenetic silencing of AXIN2 in colorectal
carcinoma with microsatellite instability
Oncogene https://www.nature.com/
articles/1209009.

Sveen, A, »&gesen, T.H., Nesbakken, A.,
Rognum, T.O., Lothe, R.A., and Skotheim,
R.I. (2011). Transcriptome instability in
colorectal cancer identified by exon
microarray analyses: associations with
splicing factor expression levels and patient
survival. Genome Med. 3, 32. https://doi.
org/10.1186/gm?248.

Wilding, J.L., McGowan, S., Liu, Y., and
Bodmer, W.F. (2010). Replication error
deficient and proficient colorectal cancer
gene expression differences caused by
3'UTR polyT sequence deletions. Proc. Natl.
Acad. Sci. USA 107, 21058-21063. https://
doi.org/10.1073/pnas.1015604107.

CLC and IFNAR?1 are differentially
expressed and a global immunity score is
distinct between early- and late-onset
colorectal cancer Gene Immun. https://
www.nature.com/articles/gene201143.

Vilar, E., Bartnik, C.M., Stenzel, S.L., Raskin,

L., Ahn, J., Moreno, V., Mukherjee, B.,
Iniesta, M.D., Morgan, M.A., Rennert, G.,

iScience 26, 107045, July 21, 2023

135.

136.

137.

138.

139.

and Gruber, S.B. (2011). MRE11 deficiency
increases sensitivity to poly(ADP-ribose)
polymerase inhibition in microsatellite
unstable colorectal cancers. Cancer Res. 71,
2632-2642. https://doi.org/10.1158/0008-
5472.CAN-10-1120.

ColoGuideEx: a robust gene classifier
specific for stage Il colorectal cancer
prognosis Gut https://gut.bmj.com/
content/61/11/1560.

Arango, D., Al-Obaidi, S., Williams, D.S.,
Dopeso, H., Mazzolini, R., Corner, G., Byun,
D.-S., Carr, AA,, Murone, C., Tégel, L., etal.
(2012). Villin expression is frequently lost in
poorly differentiated colon cancer. Am. J.
Pathol. 180, 1509-1521. https://doi.org/10.
1016/j.ajpath.2012.01.006.

Schlicker, A., Beran, G., Chresta, C.M,,
McWalter, G., Pritchard, A., Weston, S.,
Runswick, S., Davenport, S., Heathcote, K.,
Castro, D.A,, et al. (2012). Subtypes of
primary colorectal tumors correlate with
response to targeted treatment in colorectal
cell lines. BMC Med. Genom. 5, 66. https://
doi.org/10.1186/1755-8794-5-66.

Kirzin, S., Marisa, L., Guimbaud, R., De
Reynies, A., Legrain, M., Laurent-Puig, P.,
Cordelier, P., Pradére, B., Bonnet, D.,
Meggetto, F., et al. (2014). Sporadic early-
onset colorectal cancer is a specific sub-type
of cancer: a morphological, molecular and
genetics study. PLoS One 9, e103159.
https://doi.org/10.1371/journal.pone.
0103159.

Sheffer, M., Bacolod, M.D., Zuk, O.,
Giardina, S.F., Pincas, H., Barany, F., Paty,
P.B., Gerald, W.L., Notterman, D.A., and
Domany, E. (2009). Association of survival
and disease progression with chromosomal
instability: a genomic exploration of
colorectal cancer. Proc. Natl. Acad. Sci. USA

140.

141.

142.

143.

144.

145.

iScience

106, 7131-7136. https://doi.org/10.1073/
pnas.0902232106.

Watanabe, T., Kobunai, T., Tanaka, T.,
Ishihara, S., Matsuda, K., and Nagawa, H.
(2009). Gene expression signature and the
prediction of lymph node metastasis in
colorectal cancer by DNA microarray. Dis.
Colon Rectum 52, 1941-1948. https://doi.
org/10.1007/DCR.0b013e3181b53684.

BRAF V600E mutant colorectal cancer
subtypes based on gene expression Clin.
Cancer Res. American Association for
Cancer Research https://aacrjournals.org/
clincancerres/article/23/1/104/122927/
BRAF-V600E-Mutant-Colorectal-Cancer-
Subtypes-Based.

Gotoh, K., Shinto, E., Yoshida, Y., Ueno, H.,
Kajiwara, Y., Yamadera, M., Nagata, K.,
Tsuda, H., Yamamoto, J., and Hase, K.
(2018). Prognostic Model of stage II/1ll colon
cancer constructed using gene expression
subtypes and KRAS mutation status. J. Clin.
Exp. Oncol. 07. https://doi.org/10.4172/
2324-9110.1000214.

Subramanian, A., Tamayo, P., Mootha, V.K,,
Mukherjee, S., Ebert, B.L., Gillette, M.A.,
Paulovich, A., Pomeroy, S.L., Golub, T.R.,
Lander, E.S., and Mesirov, J.P. (2005). Gene
set enrichment analysis: a knowledge-based
approach for interpreting genome-wide
expression profiles. Proc. Natl. Acad. Sci.
USA 102, 15545-15550. https://doi.org/10.
1073/pnas.0506580102.

Nagy, A., Munkécsy, G., and Gyérffy, B.
(2021). Pancancer survival analysis of
cancer hallmark genes. Sci. Rep. 11, 1-10.
https://doi.org/10.1038/s41598-021-
84787-5.

Meta-Analysis with R.


https://link.springer.com/article/10.1007/s00384-011-1176-x
https://link.springer.com/article/10.1007/s00384-011-1176-x
https://doi.org/10.3390/ijms222111472
https://www.nature.com/articles/1209009
https://www.nature.com/articles/1209009
https://doi.org/10.1186/gm248
https://doi.org/10.1186/gm248
https://doi.org/10.1073/pnas.1015604107
https://doi.org/10.1073/pnas.1015604107
https://www.nature.com/articles/gene201143
https://www.nature.com/articles/gene201143
https://doi.org/10.1158/0008-5472.CAN-10-1120
https://doi.org/10.1158/0008-5472.CAN-10-1120
https://gut.bmj.com/content/61/11/1560
https://gut.bmj.com/content/61/11/1560
https://doi.org/10.1016/j.ajpath.2012.01.006
https://doi.org/10.1016/j.ajpath.2012.01.006
https://doi.org/10.1186/1755-8794-5-66
https://doi.org/10.1186/1755-8794-5-66
https://doi.org/10.1371/journal.pone.0103159
https://doi.org/10.1371/journal.pone.0103159
https://doi.org/10.1073/pnas.0902232106
https://doi.org/10.1073/pnas.0902232106
https://doi.org/10.1007/DCR.0b013e3181b53684
https://doi.org/10.1007/DCR.0b013e3181b53684
https://aacrjournals.org/clincancerres/article/23/1/104/122927/BRAF-V600E-Mutant-Colorectal-Cancer-Subtypes-Based
https://aacrjournals.org/clincancerres/article/23/1/104/122927/BRAF-V600E-Mutant-Colorectal-Cancer-Subtypes-Based
https://aacrjournals.org/clincancerres/article/23/1/104/122927/BRAF-V600E-Mutant-Colorectal-Cancer-Subtypes-Based
https://aacrjournals.org/clincancerres/article/23/1/104/122927/BRAF-V600E-Mutant-Colorectal-Cancer-Subtypes-Based
https://doi.org/10.4172/2324-9110.1000214
https://doi.org/10.4172/2324-9110.1000214
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1038/s41598-021-84787-5
https://doi.org/10.1038/s41598-021-84787-5

iScience

STARXMETHODS

KEY RESOURCES TABLE

¢? CellPress

OPEN ACCESS

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Irinotecan (CPT-11) The Central Laboratory of Zhujiang Hospital, N/A
Southern Medical University

5-Fluorouracil (5-FU) The Central Laboratory of Zhujiang Hospital, N/A
Southern Medical University

Oxaliplatin (L-OHP) The Central Laboratory of Zhujiang Hospital, N/A
Southern Medical University

Cisplatin (CDDP) The Central Laboratory of Zhujiang Hospital, N/A
Southern Medical University

Adriamycin (ADM) The Central Laboratory of Zhujiang Hospital, N/A
Southern Medical University

UNC-2170 The Central Laboratory of Zhujiang Hospital, N/A
Southern Medical University

Critical commercial assays

Cell Counting Kit-8 (CCK-8) assay Dojindo, Kumamoto, Japan Cat#CK04

Deposited data

Geonomics of Drug Sensitivity in Cancer
Database

Cell Model Passport

UCSC Xena

National Cancer Institute (NCI) Developmental
Therapeutics Program Tumor Repository

NCBI Gene Expression Omnibus (GEO)

The Cancer Genome Atlas (TCGA) Database

Molecular Signatures Database(MSigDB) of the
Broad Institute

Catalog of Somatic Mutations in Cancer
(COSMIC) database

The MANTIS score of cancers

Yang et al.”

N/A

Goldman et al.'"®
N/A

N/A

N/A

N/A

N/A

Bonneville etal.""”

https://www.cancerrxgene.org/;
RRID:SCR_022717
https://cellmodelpassports.sanger.ac.uk/
https://xena.ucsc.edu/; RRID:SCR_018938
https://dtp.cancer.gov/
discovery_development/nci-60/cell_list.htm;
RRID:SCR_011403

https://www.ncbi.nlm.nih.gov/geo/;
RRID:SCR_005012

https://www.cancer.gov/ccg/research/
genome-sequencing/tcga; RRID:SCR_003193

https://www.gsea-msigdb.org/gsea/msigdb/;
RRID:SCR_016863

https://cancer.sanger.ac.uk/cosmic;
RRID:SCR_002260

N/A

Experimental models: Cell lines

RKO

HCT116

HT29

SW620

The Central Laboratory of Zhujiang Hospital,
Southern Medical University
The Central Laboratory of Zhujiang Hospital,
Southern Medical University
The Central Laboratory of Zhujiang Hospital,
Southern Medical University
The Central Laboratory of Zhujiang Hospital,
Southern Medical University

RRID:CVCL_0504

RRID:CVCL_1RO1

RRID:CVCL_A8EZ

RRID:CVCL_0547

Software and algorithms

R version 4.1.2

GraphPad Prism software version 7.0

https://www.r-project.org/

https://www.graphpad.com/features

RRID:SCR_001905
RRID:SCR_002798
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
pRRophetic version 0.5 Geeleher et al.’"® N/A
ComplexHeatmap version 2.8.0 Guetal.""”? RRID:SCR_017270
clusterProfiler version 4.0.5 Yu et al.'?® RRID:SCR_016884
GSVA version 1.42.0 N/A RRID:SCR_021058
limma version 3.48.3 N/A RRID:SCR_010943
survival version 3.4-0 Lin etal.””’ RRID:SCR_021137

meta version 5.5-0

metafor version 3.4-0

Viechtbauer et al.'??

RRID:SCR_019055
RRID:SCR_003450

forestplot version 3.1.1 N/A

Other

Resource website for codes and supplemental This study https://github.com/yetaojun/
tables MSI_chemotherapy
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Peng Luo (luopeng@smu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® The data which are used in this study and publicly available are collected from the GDSC database, Cell
Model Passport, UCSC Xena''® (https://xenabrowser.net), National Cancer Institute (NCI) Develop-
mental Therapeutics Program Tumor Repository (https://dtp.cancer.gov/discovery_development/
nci-60/cell_list.htm), NCBI Gene Expression Omnibus (GEO), Molecular Signatures Database
(MSigDB) of the Broad Institute and Catalog of Somatic Mutations in Cancer (COSMIC) database. The
MANTIS score''” was used to categorize samples as MSI-H or MSS/MSI-L and for MSl status correlation
analysis of the pancancer samples.

® Codes used to obtain the expression data from the sequencing data (fastq), result figures, and supple-
mentary tables are available at https://github.com/yetaojun/MSI_chemotherapy.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Cell line

The human COAD cell lines RKO (RRID:CVCL_0504), HCT116 (RRID:CVCL_1R01), HT29 (RRID:CVCL_A8EZ)
and SW620 (RRID:CVCL_0547) were provided by the Central Laboratory of Zhujiang Hospital, Southern
Medical University. All four cell lines were cultured at 37°C in a 5% CO2 incubator. SW620 and HCT116 cells
were cultured in RPMI-1640 medium (KeyGEN BioTECH, Jiangsu, China) supplemented with 10% fetal
bovine serum (FBS, Procell Life Science & Technology Co., Ltd., Wuhan, China) and penicillin/streptomycin
antibiotics. RKO and HT29 cells were cultured in DMEM (KeyGEN BioTECH, Jiangsu, China) supplemented
with 10% fetal bovine serum and penicillin/streptomycin antibiotics.

METHOD DETAILS
Data sources

To study the sensitivity of pancancer cells with different MSI statuses to different chemotherapeutic
drugs, we downloaded phenotype and drug sensitivity data for pancancer cell lines treated with
different drugs from the GDSC database; data included the MSI status of each cell line and In(IC50) values
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(version: 25Feb20). The IC50 indicates the half-maximal inhibitory concentration of a given drug. Cell lines
were divided into two groups based on MS| status: MSI-H and MSS/MSI-L. COAD, rectum adenocarcinoma
(READ), colorectal carcinoma, and caecum adenocarcinoma were combined into the CRC category for the
purpose of this study. Twenty-three commonly used chemotherapeutic drugs were analyzed in the
dataset (Table S1), and the expression data (log[TPM +1]) collected from Cell Model Passport were used
for subsequent analysis; TPM stands for transcript per million in this context.

We also downloaded TCGA pancancer RNA-seq expression data in which log2(FPKM-UQ + 1) was trans-
formed into log2(TPM +1), and basic phenotypic data and survival data (TCGA program cohort: GDC pan-
cancer [PANCAN]) from UCSC Xena''® (https://xenabrowser.net); FPKM-UQ stands for fragments per
kilobase of transcript per million mapped reads upper quartile in this context. After genes were annotated
with Xena's annotation file (gencode.v22.annotation.gene), expression and phenotypic data for colon
cancer (COAD) and rectal cancer (READ) from the GDC TCGA database were combined to form the
TCGA-CRC dataset for analysis. The MANTIS score,'"” which is used to predict the MSI status of cancer,
was used to categorize samples as MSI-H or MSS/MSI-L and for MSI status correlation analysis of the pan-
cancer samples. Samples with MANTIS scores >0.4 were defined as MSI-H, and samples with MANTIS
scores <0.4 were considered MSS/MSI-L.

Cell line data from the NCI-60 cancer cell line panel were obtained from the National Cancer Institute (NCI)
Developmental Therapeutics Program Tumor Repository (https://dtp.cancer.gov/discovery_development/
nci-60/cell_list.htm). We downloaded the cell line data (GEO: GSE116436'%) before and after drug treatment
from the NCBI Gene Expression Omnibus (GEO) database for further analysis. The gene symbol annotation
of Robust Multiarray Average (RMA) standardized chip data, which records the gene expression of NCI-60
cell lines after 0,2,6, and 24 h of treatment with 15 anticancer drugs (only 6 of which were used in our analysis),
was based on the GPL571 platform. The cell lines from GEO: GSE116436 with a dosage of 0 nM drug were re-
garded as baseline/control groups, and those treated with 10-150000nM were regarded as treatment groups.
IC50 data in NCI-60 (https://wiki.nci.nih.gov/display/NCIDTPdata/NCl-60+Growth+Inhibition+Data) were used
to analyze differences in MSl status (MSI status information for cell lines was obtained from the GDSC database),
and 28 chemotherapeutic drugs were selected for our analysis.

In addition, we downloaded 25 CRC RNA-seq datasets that contain MSI status annotation information
and has both MSI-H and MSS/MSI-L CRC cell lines from the GEO database (GEO: GSE103340,"*
GEO: GSE11543,'%° GEO: GSE13067, GEO: GSE13294, GEO: GSE143985,'%¢ GEO: GSE1464889, GEO:
GSE156915,'” GEO: GSE18088,'”° GEO: GSE185055,'” GEO: GSE2138,'"° GEO: GSE24550,
GEO: GSE24551,"*" GEO: GSE24795,'* GEO: GSE25071,'* GEO: GSE26682, GEO: GSE27544,'*
GEO: GSE29638,"*> GEO: GSE30378, GEQ: GSE35566, % GEQ: GSE35896,'%” GEO: GSE39084,'*® GEO:
GSE41258,"*” GEO: GSE4459,""° GEO: GSE75315,'"" GEO: GSE92921'%). They were used to calculate
the ssGSEA score, which was used to further divide samples into two groups for the assessment of chemo-
sensitivity. These data will eventually be used in a meta-analysis for analysis of variance and correlation
analysis.

Among all the samples, only "primary tumor" and "metastatic" samples were used for analysis.

Prediction of clinical chemotherapeutic response

We used the R package pRRophetic'"® to predict chemotherapeutic drug sensitivity for the MSI-H and

MSS/MSI-L groups in the TCGA pancancer dataset; the predicted log(IC50) value was calculated by ridge
regression analysis and was positively correlated with drug sensitivity. The R package ComplexHeatmap' '’

was used to visualize the variance analysis results of pancancer multidrug sensitivity data.

GSEA and ssGSEA

GSEA was performed by the R package clusterProfiler.’”° The DDR gene set used for GSEA analysis and
ssGSEA score calculation was from the Molecular Signatures Database'*® (MSigDB) of the Broad Institute
(Table S2), and p values <0.05 were considered to indicate significance. ssGSEA scores were calculated by
the R package GSVA. All RNA-seq data used to calculate ssGSEA scores were standardized by
log2(TPM +1). A Gaussian distribution was used for nonparametric estimation of the expression levels be-
tween samples using the cumulative distribution function in ssGSEA. The R package limma was used to
search for differentially expressed genes and pathways.
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Survival analysis

We selected the cut-off values based on the best results of the Cox regression analysis, in which the ssGSEA
scores of each DDR pathway obtained by ssGSEA for each tumor were used as the continuous variable.'*
The ssGSEA scores were converted into binary variables of ("high" and "low"), and then univariate Cox
regression analysis was performed using the R package survival.'?' Log10(HR) was used to represent the
relationship between DDR pathways and prognosis in pancancer; log10(HR) > O denotes risk factors,
and log10(HR) < 0 denotes protective factors.

Cell culture and reagents

The human COAD cell lines RKO, HCT116, HT29 and SWé20 were provided by the Central Laboratory of
Zhujiang Hospital, Southern Medical University. All four cell lines were cultured at 37°C in a 5% CO2 incu-
bator. SW620 and HCT116 cells were cultured in RPMI-1640 medium (KeyGEN BioTECH, Jiangsu, China)
supplemented with 10% fetal bovine serum (FBS, Procell Life Science & Technology Co., Ltd., Wuhan,
China) and penicillin/streptomycin antibiotics. RKO and HT29 cells were cultured in DMEM (KeyGEN
BioTECH, Jiangsu, China) supplemented with 10% fetal bovine serum and penicillin/streptomycin antibi-
otics. The Catalog of Somatic Mutations in Cancer (COSMIC) database (https://cancer.sanger.ac.uk/
cosmic) was used to determine the MSI status of the four COAD cell lines. RKO and HCT116 cells showed
MSI-H status, while HT29 and SW620 cells had MSS status. 53BP1 is a methyllysine (Kme)-binding protein
that plays a key role in the DDR pathway. UNC-2170 (HY-115531, MCE, New Jersey, USA) is a functional and
active fragment ligand of 53BP1 that can block the DDR by selectively binding to 53BP1.

Cell counting Kit-8 (CCK-8) assay and IC50 determination

A CCK-8 assay was used to determine the IC50 values of different chemotherapy drugs, including irinote-
can (CPT-11), 5-fluorouracil (5-FU), oxaliplatin (L-OHP), cisplatin (CDDP), adriamycin (ADM) and UNC-2170,
in the four COAD cell lines. RKO, HCT116, HT29 and SW620 cells in the logarithmic growth phase were
plated in 96-well cell culture plates (10,000 cells in 100 pL per well). After 12 h, concentration gradients
(0, 1, 2.5, 5, 10, 20, 40, 80, 160 pg/mL) of irinotecan, 5-FU, oxaliplatin, cisplatin, doxorubicin and UNC-
2170 were added to the cells. After 24 h of drug treatment (or 48 h of 5-FU treatment), 10 uL CCK-8 solution
(Dojindo, Kumamoto, Japan) was added to each well. The plates were incubated in a 37°C cell incubator for
2 h and then transferred to a microplate reader (BioTek SYNERGY H1, USA) to measure absorbance (OD) at
450 nm. There were five replicates for each drug concentration, and the average OD was used to calculate
the cell survival rate. The cell survival rate was calculated using the following formula: cell survival
rate = [OD (drug) - OD (blank)]/[OD (control) - OD (blank)] * 100%. A dose-response curve was generated
by calculating the cell inhibition rate at different drug concentrations, and IC50 values for each drug were
obtained. To determine the effect of combining a DDR inhibitor with chemotherapeutic drugs on the
chemotherapeutic drug IC50, we added the same dose of UNC-2170 to wells containing different concen-
trations of chemotherapeutic drugs and used the CCK8 assay to verify changes in the chemotherapeutic
drug IC50. The IC50 values were calculated by GraphPad Prism (version 7.0) software, and the IC50 values
for different groups were compared by an unpaired t test.

QUANTIFICATION AND STATISTICAL ANALYSIS

The Wilcoxon rank-sum test (Mann-Whitney U test) was used to analyze differences between two groups of
independent samples that did not satisfy the normal distribution condition. Spearman rank correlation was
used to detect the correlation between ssGSEA scores in the DDR pathway and In(IC50) values of chemo-
therapeutic drugs in CRC. Meta-analysis was performed and forest plots were generated with the R pack-
ages "meta",'”® "metafor"'? and "forestplot" respectively. All statistical analyses were two-tailed.
p values <0.05 were considered to indicate statistical significance. Except for the IC50 value calculation,
all statistical analyses and visualization steps were conducted in R software (RRID:SCR_001905,
version 4.1.2).
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