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Deficiency of the DNA damage repair (DDR) signaling pathways is potentially responsible for genetic instability and oncogenesis in tumors, including colorectal cancer. However, the correlations of mutated DDR signaling pathways to the prognosis of colorectal cancer liver metastasis (CRLM) after resection and other clinical applications have not been fully investigated. Here, to test the potential correlation of mutated DDR pathways with survival and pre-operative chemotherapy responses, tumor tissues from 146 patients with CRLM were collected for next-generation sequencing with a 620-gene panel, including 68 genes in 7 DDR pathways, and clinical data were collected accordingly. The analyses revealed that 137 of 146 (93.8%) patients had at least one mutation in the DDR pathways. Mutations in BER, FA, HRR and MMR pathways were significantly correlated with worse overall survival than the wild-types (P < 0.05), and co-mutated DDR pathways showed even more significant correlations (P < 0.01). The number of mutated DDR pathways was also proved an independent stratifying factor of overall survival by Cox multivariable analysis with other clinical factors and biomarkers (hazard ratio = 9.14; 95% confidence interval, 1.21–68.9; P = 0.032). Additionally, mutated FA and MMR pathways were positively and negatively correlated with the response of oxaliplatin-based pre-operative chemotherapy (P = 0.0095 and 0.048, respectively). Mutated DDR signaling pathways can predict pre-operative chemotherapy response and post-operative survival in CRLM patients.
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Introduction

Colorectal cancer (CRC) is the third most common cancer worldwide and the second leading cause of cancer-related deaths (1). Approximately 50% of patients diagnosed with colorectal cancer will develop liver metastases during their disease. The liver is the most common site of dissemination and causes two thirds of death. Surgical resection of colorectal liver metastases (CRLM) remains the only potentially curative therapy, with 5-year survival rates exceeding 50% in many series. Unfortunately, of patients who undergo liver resection, 50% to 75% will develop disease recurrence within 2 years after resection (2, 3). Therefore, accurate prognostic markers are needed for risk stratification and optimization of patient selection for hepatic resection. However, the prognostic landscape for predicting long-term outcomes in patients undergoing CRLM resection is changing (4–8). In the past 20 years, clinicopathological factors had been gradually established and applied. Recent studies have focused on molecular alterations in CRLM for risk stratification. Specifically, some tumor-related genomic alterations, such as RAS/RAF, are necessary to guide patient selection not only for target therapies but also for hepatic resection and related treatments to achieve the best clinical benefit (5–8). As our understanding, the molecular and genetic determinants of metastatic colorectal cancer’s outcomes continue to expand, the importance of these molecular biomarkers in the personalized management of CRLM will only continue to increase.

Since next-generation sequencing (NGS) technology has been widely applied, it is now possible to evaluate a large number of genes and samples extensively and rapidly for prognostic and therapeutic response potentials. Previously integrative genomics analysis has revealed that colorectal cancer usually starts from benign lesions, and accumulation of DNA damage leads to cancer progression to more metastatic and invasive forms (9–11). Seven functional signaling pathways are involved in DNA damage repair (DDR): homologous recombination (HRR), mismatch repair (MMR), base excision repair (BER), nucleotide excision repair (NER), nonhomologous end-joining (NHEJ), checkpoint factors (CPF), and Fanconi anemia (FA) (10, 11), with defective MMR being established as an essential factor in colorectal cancer pathogenesis, treatment, and outcome (12). However, the mutational landscape of DDR pathways and their clinical implications of pre-operative chemotherapy sensitivity and post-operative prognosis has not yet been systematically explored in CRLM. Therefore, in the present study, we aimed to investigate the DDR mutational profile and its impacts on the outcome of patients undergoing liver resection for CRLM.



Materials and Methods


Patients and Sample Collection

One hundred forty-six patients who underwent liver resection for CRLM with curative intent at The Beijing Cancer Hospital between January 2015 and February 2017 were included in this study. formalin-fixed paraffin-embedded (FFPE) tissue samples from metastatic liver lesions were collected. Peripheral blood or adjacent healthy tissues were collected from each patient as controls for genomic profiling. Hematoxylin and eosin-stained sections from each tissue sample were subjected to independent pathological reviews to confirm that the tumor specimen was histologically consistent with metastatic tumors (>20% tumor cells) and that the adjacent tissue specimen contained no tumor cells. Demographic and clinicopathologic characteristics and outcomes were collected. This study was conducted in accordance with the Declaration of Helsinki. All patients were acknowledged of the study with informed consent and had granted permission to being included. For survival analyses, overall survival (OS) was examined from liver resection to date of death. Disease-free survival (DFS) was calculated from the date of liver resection until tumor recurrence.



Next-Generation Sequencing

DNA from FFPE tumor tissue samples and patient-matched adjacent healthy tissues or normal blood samples were extracted using the DNA Extraction Kit (QIAamp DNA FFPE Tissue Kit or CWBio Blood Genomic DNA Mini Kit [CW2087M]). Then the DNA was sheared into 150 to 200 bp fragments with Bioruptor®Pico Instrument (Diagenode, Seraing, Belgium). Fragmented DNA libraries were constructed by The KAPA Hyper Prep Kit (KAPA Biosystems, Wilmington, MA, USA) following manufacturer’s instruction. DNA libraries were captured with a designed panel of 620 key cancer-related genes (GloriousMed, Shanghai, China). The captured samples were subjected to Illumina HiSeq X-Ten for sequencing. Sequencing adapters were trimmed by Trimmomatic from the raw data (13). Duplicated reads were removed by Picard (http://broadinstitute.github.io/picard/). Mapped reads were also realigned to the genome by Genome Analysis Tool Kit 3.7 (14). Somatic mutations were called by Mutect2 and GATK’s HaplotypeCaller (3.7) with a paired workflow and GATK (3.7) respectively (14). Variants were then annotated by ANNOVAR (v-xxx) and self-development code (15). An in-house script was used to verify the human identity concordance of paired samples, and known germline alternations in dbSNP were excluded. Mutations were then filtered with the threshold of 2% in allele frequencies and >8 mutant reads for hotspot mutations, and 5% in allele frequencies, >10 mutant reads for non-hotspot mutations (16).



Statistical Analysis

For comparison of genomic alterations, targeted sequencing data of 195 samples from stage IV liver biopsy and metastasectomy was selected from an 1134 metastatic colorectal tumor/normal pairs database downloaded from cBioPortal (17–19). Sequencing results were trimmed to fit the Memorial Sloan Kettering (MSK)-IMPACT 341 gene assay for comparison of mutation consistency between the two datasets using two-sided Fisher’s exact test. Kaplan–Meier survival curves were generated and compared using the log-rank test. Multivariable survival models were computed using Cox proportional hazards regression. Correlation of DDR mutations with pre-operative chemosensitivity was analyzed by Fisher’s exact test. Statistical significance thresholds were set to a two-tailed 0.05 value. R software (version 3.6.1) was used for statistical analyses.




Results


Study Populations

A total of 146 patients with CRLMs underwent hepatectomy between January 4, 2015, and February 24, 2017, in the Hepatopancreatobiliary Surgery Department I at the Beijing Cancer Hospital and Institute (Beijing, China). 29 (19.8%) of patients went directly to surgery, 117 (80.1%) had pre-operative chemotherapy (Supplementary Figure 1). Demographic and clinicopathologic characteristics of all patients were summarized in Table 1. All patients provided written informed consent, and the ethical review board committee approved the study of the Beijing Cancer Hospital and Institute. Information on specific regimens and efficacy evaluation of pre-operative chemotherapy with or without target agents were collected in 112 of 146 patients. According to the World Health Organization criteria, the response to chemotherapy was classified, which agrees with the Response Evaluation Criteria in Solid Tumors (RECIST). Treatment response was evaluated to assess the possibility of through surgery in a multidisciplinary discussion. Numerous studies have demonstrated that a tumor’s response to pre-operative chemotherapy (TRC) is an important predictive factor for evaluating long term survival in patients with CRLMs (17–20). The good TRC group (response to pre-operative chemotherapy) included 66 patients with a complete or partial response and those with a response within a stable disease status (a reduction in the sum of tumor diameters of <30%), while the bad TRC group comprised of 41 patients with progressive disease or progression within a stable disease status (an increase in the sum of the diameters of the target lesion of <20%). The median duration of follow-up was 39.5 months (range, 7–64 months). During the follow-up period, 73 (50.0%) patients died and 108 (74.0%) patients experienced recurrence.


Table 1 | Clinical characteristics and pre-operative plans of the study population.





Mutation Profile and Survival Analyses for Key Genes in Our Cohort

The mutation profile of our data and the mutation profile comparison with the MSK CRLM dataset were shown in Figure 1. The gene distributions were similar in important oncogenic genes between the MSK CRLM and our dataset. The most frequently mutated genes in our cohort were TP53 (82.9%), APC (69.9%), KRAS (43.2%), SMAD4 (17.8%), CHEK2 (13.0%), ARID1A (11.0%), PIK3CA (10.3%), FBXW7 (10.3%), AMER1 (10.3%), BRCA2 (5.5%), CTNNB1 (5.5%), etc.




Figure 1 | Mutation spectrum comparison of our cohort with the 195 CRLM samples of the MSK data set (Yaeger et al. 2018). Our sequencing results were trimmed according to the standards and gene panel of the other dataset to maintain comparability. The distribution of genes and mutation were consistent between the two datasets, especially for the essential genes with high occurrences, such as TP53, KRAS, APC and PIK3CA.





The DDR-Related Pathway Mutation

Despite the consistency in genes with high mutation occurrences, the DDR-related genes, such as CHEK2 and ARID1A, appear to be significantly more frequently mutated in our population than that in the MSK CRLM population (Supplementary Table S1). To depict the profile of DDR pathway mutations in our cohort, we referred to a category including 68 genes in 7 DDR pathways: MMR, BER, CPF, FA, HRR, NER, and NHEJ, according to Wang et al. (20) (Supplementary Table S2). 137 of 146 (93.8%) patients had at least one mutation in genes of the covered DDR signaling pathways. The most frequently mutated individual DDR gene was TP53 (82.9%), followed by CHEK2 (13.0%), BRCA2 (5.5%), FANCM (5.5%), PRKDC (4.8%), ATM (4.8%), ATR (4.8%), FANCD2 (3.4%), BRCA1 (2.7%), POLE (2.7%), BLM (2.7%), MLH1 (2.7%) and POLD1 (2.0%), etc. (Figure 2A). The signal pathway with the most mutations detected was the CPF signal pathway, in which 88.4% (129/146) of patients carried mutations. This high proportion might be caused by the high frequency of mutations in the TP53 gene belonging to this pathway. The ranking of the mutation ratios of other DDR pathways were shown in Figure 2B.




Figure 2 | (A) The spectrum of DDR genes with detected somatic mutations, and (B) the ranking of patients carrying mutations in the 7 DDR signaling pathways in our CRLM cohort NGS results.





Mutated DDR Pathways Predicted Worse OS After CRLM Resection

As most DDR genes have not yet been well studied, we defined mutations in DDR pathways as any mutations in the corresponding pathways, including missense, nonsense, insertion, deletion, splice, and multi-hit mutations. A significant difference of OS was found between the patients with or without any DDR pathway mutation (P = 0.039), but the disparity of sample sizes with a wild-type subgroup of only nine patients might have compromised the statistic power. Therefore, further evaluations were conducted separately in the seven specific DDR pathways. The correlations between mutations and OS after resection of CRLM are shown in Figure 3, that mutations in BER, FA, HRR and MMR pathways were significantly associated with shorter OS (mOS: BER mutation [mut] vs. wild-type [wt], 22 months vs. not reached [NR], P = 0.014; FA mut vs. wt, 27 months vs. NR, P = 0.021; HRR mut vs. wt, 28.5 months vs. NR, P = 0.047; MMR mut vs. wt, 26 months vs. NR, P = 0.038). DFS also distinguishably differed between mutated and wild-type subgroups of the above pathways, but the difference appeared significant only concerning the FA pathway (mDFS FA mut vs. wt, 4 vs. 11 months, P = 0.016). Additionally, no significant difference in either OS or DFS outcomes was found in patients with CPF, NER and NHEJ pathway alterations and the wild-types (Supplementary Figure 2).




Figure 3 | Kaplan-Meier curves of survival differences in patients with or without mutations in certain DDR pathways. OS in four of the DDR pathways showed significant differences between the mutated and wildtype patients: BER, FA, HRR and MMR. The patients carrying mutations in these four pathways are statistically having shorter OS and thus poorer prognosis than the wildtype ones. DFS in patients with or without mutations in the above pathways showed no significant difference, except for the FA pathway. The curves of other pathways without any significance in results are attached in Supplementary Figure 3.





DDR Co-Mutations and Quantity of Mutated DDR Pathways Predicted Better Stratification of Post-Operative Survival in CRLM Patients

To investigate whether co-mutations of specific DDR pathways could have combined and more significant effect than single DDR pathway mutations on the patients’ survival, we compared the survival data of subgroups with and without co-mutations in every two of the seven DDR pathways. Co-mutations in the pathways of CPF + FA and FA + HRR, in which the difference showed particular significance between the mutated and the wild-types (mOS: CPF + FA co-mut vs wt, 27 months vs NR, P = 0.045; FA + HRR co-mut vs wt, 25 months vs NR, P = 0.018; mDFS FA + HRR co-mut vs wt, 2 vs 11 months, P = 0.0058), and the lower P value also demonstrated more significance in stratifying OS or DFS than the two single pathways considered independently (Figure 4A; Supplementary Table 3).




Figure 4 | (A) Kaplan-Meier curves of OS and DFS showing differences between subgroups with and without specific co-mutations of two DDR pathways. The subgroups carrying co-mutations in CPF + FA or FA + HRR pathways had significantly worse OS, and the FA + HRR subgroup also had significantly worse DFS. The results with insignificant correlations were shown in Supplementary Table 3. (B) the patients carrying mutations in more than one DDR pathway had the worst OS comparing with those with 1 or 0 mutated DDR pathway mutations. The DFS of these three subgroups were also distinguishable, but with less significance. (C) Result of multivariable Cox proportional hazards regression analysis of OS, including the number of mutated DDR pathways, as well as clinical factors previously reported independently associated with CRC prognosis. Carrying more than one mutated DDR pathways maintained significant negative correlation with OS (HR = 9.14, 95% CI: 1.21 – 68.9). The analysis of DFS showed no significance, and result was attached in Supplementary Figure 4.



Additional analyses on the correlation between numbers of mutated DDR signaling pathways with survival also revealed that subgroups with higher amount of mutated DDR signaling pathways had significantly worse OS (P = 0.01). The patients carrying mutations in genes in more than one DDR pathway had a mOS of 29.5 months, while the ones with 1 or 0 mutated DDR pathway showed mOS not yet reached. The DFS of these three subgroups were also distinguishable, but with less significance (median DFS [mDFS]: 8.0 vs 10.5 vs 30.0 months, respectively, P = 0.2; Figure 4B).



Multivariable Hazard Ratio Revealed the Correlation of DDR Pathway Mutations and Other Biomarkers in This Cohort

Clinical factors previously reported independently associated with CRC prognosis were entered in a Cox proportional hazards regression model: age, gender, primary tumor sites, metastatic synchronicity, metastatic lesion number, metastatic tumor size, surgical margin, pre-operative carcinoembryonic antigen (CEA), together with the number of mutated DDR signaling pathways. The known prognostic biomarkers, KRAS and PIK3CA (21–25), which were consistently proved significantly correlated with worse OS in our study population (Supplementary Figure 3), were also taken into analysis. Carrying more than one mutated DDR pathways maintained significant negative correlation with OS (HR, 9.14; 95% CI, 1.21–68.9), but not with DFS. Primary site in right colon (HR, 2.325; 95% CI, 1.178–4.588), larger tumor size (HR, 1.17; 95% CI, 1.02–1.3) and KRAS mutation (HR, 1.73; 95% CI, 1.03–2.8) were also significantly correlated with OS. No other factor was found significantly associated with either OS or DFS in the Cox regression model (Figure 4C; Supplementary Figure 4).



The FA and MMR Signaling Pathways Showed Correlations With Efficacy of Oxaliplatin-Based Pre-Operative Therapies

We analyzed whether the mutations in each DDR pathway were related to the efficacy of oxaliplatin- and irinotecan-based pre-operative treatments. The subgroup of patients in the irinotecan subgroup is too small (32/146) and thus the analyses showed low statistical power. In the 79 patients experienced oxaliplatin-based pre-operative treatment, the efficacy of oxaliplatin-based treatment was positively correlated with FA pathway mutations (good TRC% of FA-mutated group: 31.0%, of FA-wild-type group: 6.3%), while negatively correlated with MMR pathway mutations (good TRC% of MMR-mutated group: 7.1%, of MMR-wild-type group: 25.0%). The correlations were both significant (Figure 5).




Figure 5 | The efficacy of oxaliplatin-based treatment was positively correlated with FA pathway mutations, while negatively correlated with MMR pathway mutations. The correlations were both significant.






Discussion

Regular functions of DDR are essential to regular replication and metabolism for cells. Mutations that may influence the functions of DDR signaling pathways would cause genomic instability and thus the accumulation of mutations, DNA base mismatches, and chromosomal abnormalities. Although there are already several studies about the clinical significance of specific DDR genes, such as BRCA1/2, POLE, POLD1, and MLH1 (26–31), studies about correlations of DDR pathway somatic mutations with the prognosis of CRC that consider the DDR pathways as a whole are still lacking. Herein, we investigated the mutational distribution and clinical significance of DDR signaling pathways in 146 patients with CRLM after resection. We demonstrated that the existence and quantity of mutated DDR pathways might correlate with survival after liver resection and pre-operative chemotherapy response for CRLM patients.

Single gene biomarkers of CRC, such as TP53, APC, KRAS, and PIK3CA, have already been well-recognized of their high populational mutation occurrences, as well as their significant correlations with CRC prognosis (32–36). Previous study on Chinese CRC patients with brain metastases also reveals modified DDR gene signature, homologous recombination deficiency and mismatch repair deficiency in brain metastases than the primary lesions (37). Therefore, considering the mutational status of DDR pathways, which is possibly unique to metastatic CRC patients, may help provide a more comprehensive reference for treatment and surveillance.

Different DNA damage forms evoke responses by different repair-related signaling pathways (38, 39). Alterations in DDR pathways could hinder the DNA repair capacity, inducing those that confer genetic and chromosomal instability, and each of the DDR pathways possesses a specific function and collaborate in DNA repairment. The BER pathway is mainly responsible for DNA single-strand breaks, which are the most common type of DNA damage (40–42). The HRR pathway answers DNA double-strand breaks (39, 42), and the FA pathway aims for DNA inter-strand crosslinks (39, 43, 44). Although the loss of function in one or more DDR signaling pathways can, to some extent, be compensated by other pathways (44), due to the generally considered mutually exclusive and distinct functions of each, the outcomes could potentially accumulate the influence on survival, causing significant damage. Mice embryo studies have shown synthetic lethality of HRR and NHEJ pathways (45, 46). Defective variants in POLD1 and POLE, essential genes in the BER pathway, are related to significantly higher mutational burden and malignancy through BER’s correlation to the MMR pathway (47). Co-mutations in the MMR and HRR pathways may also be related to hypermutated CRC with worse survival, via interruption of DNA binding and replication (48). Our study reveals that beyond each single DDR pathway mutations, the co-mutations and the number of mutated DDR pathways are also significantly related to post-operative survival, and the correlations were independent of other clinical traits. Even though the sparsity of patients with mutations possibly influenced the statistical power in each of the overlaps, these results indicated that not only mutations in separate DDR pathways are prognostic-related in our cohort, but the effect could also act additively with possibly better stratification power when considered together.

Beyond mutations in DDR pathways, multivariate Cox analysis also indicates that other known prognostic biomarkers, such as right colon-primary, larger tumor size and KRAS mutations, could act accumulatively with DDR pathway mutations on influencing the OS, enlightening further clinical explorations of for stratification of risks of CRLM patients. According to previous studies, DDR mutations are more frequently detected in right colon-primary sites than left colon-primary cases (49), indicating probable developmental differences. Molecular analysis has shown that POLE damaging variants may influence the oncogenesis through the RAS/RAF signaling pathway (50). KRAS activating mutations also present augmentation to the expression of HRR signaling pathway in in vitro study (51). However, the mechanistic details and specific molecular collaborations concerning clinical application may still require further researches.

The effects of platinum-based chemotherapy on DNA are mainly intra-strand crosslink and inter-strand crosslink (46, 52), which are primarily repaired by the FA/BRCA pathway. The normal or overexpression of the FA pathway has been discovered to be one of the mechanisms of platinum resistance in various cancers, including ovarian cancer. Multiple studies on ovarian cancer cell lines have shown that FA-deficiency induced by FA pathway inhibitors, such as bortezomib and curcumin, can sensitize the cell line to cisplatin treatment (39, 43, 52, 53). Other studies also showed that the MMR pathway’s normal function is necessary for detecting and repairing DNA damages caused by platinum-based chemotherapy. With MMR defective, tumor cells can resist DNA damage caused by platinum and continue to proliferate. MMR deficiency has been considered as a related pathway of cisplatin resistance in many studies. Ovarian adenocarcinoma cell line research has revealed that loss of hMLH1 or hMSH2 can lead to an approximately two-fold increase in cisplatin, and a 1.3-fold increase in carboplatin resistance (53, 54). Studies on ovarian cancer cell lines have also shown that the MMR pathway’s inactivation can reduce the sensitivity to cisplatin and carboplatin, yet has no significant effect on oxaliplatin (55). With no confirmed results concerning DDR pathway mutations and the efficacy of platinum-based therapies in CRLM, our results were mostly consistent with other cancers’ existing studies, while also called on more specific and CRLM-related studies. Moreover, instead of focusing on merely the essential genes, we considered FA and MMR pathways as a whole, which may have better coverage for clinical application. However, our study has inevitable limitations that the tumor tissues are sampled from resections after the neo-adjuvant or conversion chemotherapy, and the number of patients in each subgroup is small. This may have caused the controversy that patients with FA pathway mutations present better TRC to oxaliplatin-based pre-operative treatment but worse OS than the FA wildtypes. As shown in Supplementary Table 4, among all patients carrying FA pathway mutations, the subgroup showing good oxaliplatin TRC appeared to have more metastatic lesions and synchronous metastases. Both factors have been reported to correlate significantly independent of treatment with shorter OS in mCRC (56, 57). On the other hand, the higher pre-operative CEA levels and more patients undergoing direct surgeries presented in the subgroup without good oxaliplatin TRC are also negatively correlated with the survival of mCRC (58–61). Therefore, when all patients carrying FA pathway mutations were considered as a whole in survival analyzes, the positive effect of chemotherapeutic response may have been compromised by other negative factors listed above, especially in small populations as in this study. Further verifications would be needed to avoid the above compromising factors.

In conclusion, mutations in DDR signaling pathways may predict worse post-operative survival in our CRLM patients. Nevertheless, studies with larger sample sizes and better coverage of DDR-related genes are pivotal for further verifications. Clinical explorations are also ongoing to use the poly (ADP-ribose) polymerase (PARP) inhibitors in colorectal cancer patients carrying DDR inactivation and have benefited from previous platinum chemotherapy (62, 63). These findings may be useful for clinical decisions in patients with tumor characteristics associated with poor prognosis and risk stratification of patients in future clinical studies.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The studies involving human participants were reviewed and approved by Ethics Committee of Peking University Cancer Hospital. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

B-CX and KW conceived and designed the study. ML, H-WW, K-MJ, QB, DX, and L-JW contributed to the clinical samples and informed consents collection. JL and L-JL provided clinical information. C-HY and X-LY conducted the bioinformatics analyses. X-YZ wrote the first draft of the manuscript. B-CX, KW, ML, and GJ reviewed and edited the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the grant (no. 31971192) from the National Nature Science Foundation of China.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.643375/full#supplementary-material



References

1. Bray, F, Ferlay, J, Soerjomataram, I, Siegel, RL, Torre, LA, and Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin (2018) 68(6):394–424. doi: 10.3322/caac.21492

2. Chan, KM, Wu, TH, Cheng, CH, Lee, WC, Chiang, JM, Chen, JS, et al. Prognostic significance of the number of tumors and aggressive surgical approach in colorectal cancer hepatic metastasis. World J Surg Oncol (2014) 12:155. doi: 10.1186/1477-7819-12-155

3. Park, MS, Yi, NJ, Son, SY, You, T, Suh, SW, Choi, YR, et al. Histopathologic factors affecting tumor recurrence after hepatic resection in colorectal liver metastases. Ann Surg Treat Res (2014) 87(1):14–21. doi: 10.4174/astr.2014.87.1.14

4. Spolverato, G, Ejaz, A, Azad, N, and Pawlik, TM. Surgery for colorectal liver metastases: The evolution of determining prognosis. World J Gastrointest Oncol (2013) 5(12):207–21. doi: 10.4251/wjgo.v5.i12.207

5. Kawaguchi, Y, Kopetz, S, Newhook, TE, De Bellis, M, Chun, YS, Tzeng, CD, et al. Mutation Status of RAS, TP53, and SMAD4 is Superior to Mutation Status of RAS Alone for Predicting Prognosis after Resection of Colorectal Liver Metastases. Clin Cancer Res (2019) 25(19):5843–51. doi: 10.1158/1078-0432.CCR-19-0863

6. Chun, YS, Passot, G, Yamashita, S, Nusrat, M, Katsonis, P, Loree, JM, et al. Deleterious Effect of RAS and Evolutionary High-risk TP53 Double Mutation in Colorectal Liver Metastases. Ann Surg (2019) 269(5):917–23. doi: 10.1097/SLA.0000000000002450

7. Lang, H, Baumgart, J, Heinrich, S, Tripke, V, Passalaqua, M, Maderer, A, et al. Extended Molecular Profiling Improves Stratification and Prediction of Survival After Resection of Colorectal Liver Metastases. Ann Surg (2019) 270(5):799–805. doi: 10.1097/SLA.0000000000003527

8. Gagniere, J, Dupre, A, Gholami, SS, Pezet, D, Boerner, T, Gonen, M, et al. Is Hepatectomy Justified for BRAF Mutant Colorectal Liver Metastases?: A Multi-institutional Analysis of 1497 Patients. Ann Surg (2020) 271(1):147–54. doi: 10.1097/SLA.0000000000002968

9. Dienstmann, R, Vermeulen, L, Guinney, J, Kopetz, S, Tejpar, S, and Tabernero, J. Consensus molecular subtypes and the evolution of precision medicine in colorectal cancer. Nat Rev Cancer (2017) 17(2):79–92. doi: 10.1038/nrc.2016.126

10. Nalepa, G, and Clapp, DW. Fanconi anaemia and cancer: an intricate relationship. Nat Rev Cancer (2018) 18(3):168–85. doi: 10.1038/nrc.2017.116

11. Azqueta, A, Slyskova, J, Langie, SA, O’Neill Gaivao, I, and Collins, A. Comet assay to measure DNA repair: approach and applications. Front Genet (2014) 5:288. doi: 10.3389/fgene.2014.00288

12. de Rosa, N, Rodriguez-Bigas, MA, Chang, GJ, Veerapong, J, Borras, E, Krishnan, S, et al. DNA Mismatch Repair Deficiency in Rectal Cancer: Benchmarking Its Impact on Prognosis, Neoadjuvant Response Prediction, and Clinical Cancer Genetics. J Clin Oncol (2016) 34(25):3039–46. doi: 10.1200/JCO.2016.66.6826

13. Bolger, AM, Lohse, M, and Usadel, B. Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics. (2014) 30(15):2114–20. doi: 10.1093/bioinformatics/btu170

14. McKenna, A, Hanna, M, Banks, E, Sivachenko, A, Cibulskis, K, Kernytsky, A, et al. The Genome Analysis Toolkit: a MapReduce framework for analyzing next-generation DNA sequencing data. Genome Res (2010) 20(9):1297–303. doi: 10.1101/gr.107524.110

15. Wang, K, Li, M, and Hakonarson, H. ANNOVAR: functional annotation of genetic variants from high-throughput sequencing data. Nucleic Acids Res (2010) 38(16):e164. doi: 10.1093/nar/gkq603

16. Cheng, DT, Mitchell, TN, Zehir, A, Shah, RH, Benayed, R, Syed, A, et al. Memorial Sloan Kettering-Integrated Mutation Profiling of Actionable Cancer Targets (MSK-IMPACT): A Hybridization Capture-Based Next-Generation Sequencing Clinical Assay for Solid Tumor Molecular Oncology. J Mol Diagn (2015) 17(3):251–64. doi: 10.1016/j.jmoldx.2014.12.006

17. Cerami, E, Gao, J, Dogrusoz, U, Gross, BE, Sumer, SO, Aksoy, BA, et al. The cBio cancer genomics portal: an open platform for exploring multidimensional cancer genomics data. Cancer Discov (2012) 2(5):401–4. doi: 10.1158/2159-8290.CD-12-0095

18. Gao, J, Aksoy, BA, Dogrusoz, U, Dresdner, G, Gross, B, Sumer, SO, et al. Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal. Sci Signal (2013) 6(269):pl1. doi: 10.1126/scisignal.2004088

19. Yaeger, R, Chatila, WK, Lipsyc, MD, Hechtman, JF, Cercek, A, Sanchez-Vega, F, et al. Clinical Sequencing Defines the Genomic Landscape of Metastatic Colorectal Cancer. Cancer Cell (2018) 33(1):125–36.e3. doi: 10.1016/j.ccell.2017.12.004

20. Wang, Z, Zhao, J, Wang, G, Zhang, F, Zhang, Z, Zhang, F, et al. Comutations in DNA Damage Response Pathways Serve as Potential Biomarkers for Immune Checkpoint Blockade. Cancer Res (2018) 78(22):6486–96. doi: 10.1158/0008-5472.CAN-18-1814

21. Ahmed, S, and Eng, C. Neoadjuvant Strategies: Locally Advanced Rectal Cancer. Clin Colon Rectal Surg (2017) 30(5):383–6. doi: 10.1055/s-0037-1606372

22. Jafarabadi, MA, Mohammadi, SM, Hajizadeh, E, Kazemnejad, A, and Fatemi, SR. Does the prognosis of colorectal cancer vary with tumor site? Gastroenterol Hepatol Bed Bench (2011) 4(4):199–209.

23. Moghimi-Dehkordi, B, and Safaee, A. An overview of colorectal cancer survival rates and prognosis in Asia. World J Gastrointest Oncol (2012) 4(4):71–5. doi: 10.4251/wjgo.v4.i4.71

24. van Eeghen, EE, Bakker, SD, van Bochove, A, and Loffeld, RJ. Impact of age and comorbidity on survival in colorectal cancer. J Gastrointest Oncol (2015) 6(6):605–12. doi: 10.3978/j.issn.2078-6891.2015.070

25. Yang, Y, Wang, G, He, J, Ren, S, Wu, F, Zhang, J, et al. Gender differences in colorectal cancer survival: A meta-analysis. Int J Cancer (2017) 141(10):1942–9. doi: 10.1002/ijc.30827

26. Soyano, AE, Baldeo, C, and Kasi, PM. BRCA Mutation and Its Association With Colorectal Cancer. Clin Colorectal Cancer (2018) 17(4):e647–e50. doi: 10.1016/j.clcc.2018.06.006

27. Garcia, JM, Rodriguez, R, Dominguez, G, Silva, JM, Provencio, M, Silva, J, et al. Prognostic significance of the allelic loss of the BRCA1 gene in colorectal cancer. Gut. (2003) 52(12):1756–63. doi: 10.1136/gut.52.12.1756

28. Guerra, J, Pinto, C, Pinto, D, Pinheiro, M, Silva, R, Peixoto, A, et al. POLE somatic mutations in advanced colorectal cancer. Cancer Med (2017) 6(12):2966–71. doi: 10.1002/cam4.1245

29. Haraldsdottir, S, Hampel, H, Wu, C, Weng, DY, Shields, PG, Frankel, WL, et al. Patients with colorectal cancer associated with Lynch syndrome and MLH1 promoter hypermethylation have similar prognoses. Genet Med (2016) 18(9):863–8. doi: 10.1038/gim.2015.184

30. Wang, SM, Jiang, B, Deng, Y, Huang, SL, Fang, MZ, and Wang, Y. Clinical significance of MLH1/MSH2 for stage II/III sporadic colorectal cancer. World J Gastrointest Oncol (2019) 11(11):1065–80. doi: 10.4251/wjgo.v11.i11.1065

31. Wang, F, Zhao, Q, Wang, YN, Jin, Y, He, MM, Liu, ZX, et al. Evaluation of POLE and POLD1 Mutations as Biomarkers for Immunotherapy Outcomes Across Multiple Cancer Types. JAMA Oncol (2019) 5(10):1504–6. doi: 10.1001/jamaoncol.2019.2963

32. Conlin, A, Smith, G, Carey, FA, Wolf, CR, and Steele, RJ. The prognostic significance of K-ras, p53, and APC mutations in colorectal carcinoma. Gut (2005) 54(9):1283–6. doi: 10.1136/gut.2005.066514

33. Datta, J, Smith, JJ, Chatila, WK, McAuliffe, JC, Kandoth, C, Vakiani, E, et al. Coaltered Ras/B-raf and TP53 Is Associated with Extremes of Survivorship and Distinct Patterns of Metastasis in Patients with Metastatic Colorectal Cancer. Clin Cancer Res (2020) 26(5):1077–85. doi: 10.1158/1078-0432.CCR-19-2390

34. Mei, ZB, Duan, CY, Li, CB, Cui, L, and Ogino, S. Prognostic role of tumor PIK3CA mutation in colorectal cancer: a systematic review and meta-analysis. Ann Oncol (2016) 27(10):1836–48. doi: 10.1093/annonc/mdw264

35. Schell, MJ, Yang, M, Teer, JK, Lo, FY, Madan, A, Coppola, D, et al. A multigene mutation classification of 468 colorectal cancers reveals a prognostic role for APC. Nat Commun (2016) 7:11743. doi: 10.1038/ncomms11743

36. Yamashita, S, Chun, YS, Kopetz, SE, and Vauthey, JN. Biomarkers in colorectal liver metastases. Br J Surg (2018) 105(6):618–27. doi: 10.1002/bjs.10834

37. Sun, J, Wang, C, Zhang, Y, Xu, L, Fang, W, Zhu, Y, et al. Genomic signatures reveal DNA damage response deficiency in colorectal cancer brain metastases. Nat Commun (2019) 10(1):3190. doi: 10.1038/s41467-019-10987-3

38. Hoeijmakers, JH. Genome maintenance mechanisms for preventing cancer. Nature. (2001) 411(6835):366–74. doi: 10.1038/35077232

39. Chirnomas, D, Taniguchi, T, de la Vega, M, Vaidya, AP, Vasserman, M, Hartman, AR, et al. Chemosensitization to cisplatin by inhibitors of the Fanconi anemia/BRCA pathway. Mol Cancer Ther (2006) 5(4):952–61. doi: 10.1158/1535-7163.MCT-05-0493

40. Caldecott, KW. DNA single-strand break repair. Exp Cell Res (2014) 329(1):2–8. doi: 10.1016/j.yexcr.2014.08.027

41. Wilson, SH, Beard, WA, Shock, DD, Batra, VK, Cavanaugh, NA, Prasad, R, et al. Base excision repair and design of small molecule inhibitors of human DNA polymerase beta. Cell Mol Life Sci (2010) 67(21):3633–47. doi: 10.1007/s00018-010-0489-1

42. Moynahan, ME, and Jasin, M. Mitotic homologous recombination maintains genomic stability and suppresses tumorigenesis. Nat Rev Mol Cell Biol (2010) 11(3):196–207. doi: 10.1038/nrm2851

43. Jacquemont, C, Simon, JA, D’Andrea, AD, and Taniguchi, T. Non-specific chemical inhibition of the Fanconi anemia pathway sensitizes cancer cells to cisplatin. Mol Cancer (2012) 11:26. doi: 10.1186/1476-4598-11-26

44. O’Connor, MJ. Targeting the DNA Damage Response in Cancer. Mol Cell (2015) 60(4):547–60. doi: 10.1016/j.molcel.2015.10.040

45. Dietlein, F, Thelen, L, and Reinhardt, HC. Cancer-specific defects in DNA repair pathways as targets for personalized therapeutic approaches. Trends Genet (2014) 30(8):326–39. doi: 10.1016/j.tig.2014.06.003

46. Liu, W, Palovcak, A, Li, F, Zafar, A, Yuan, F, and Zhang, Y. Fanconi anemia pathway as a prospective target for cancer intervention. Cell Biosci (2020) 10:39. doi: 10.1186/s13578-020-00401-7

47. Hino, H, Shiomi, A, Kusuhara, M, Kagawa, H, Yamakawa, Y, Hatakeyama, K, et al. Clinicopathological and mutational analyses of colorectal cancer with mutations in the POLE gene. Cancer Med (2019) 8(10):4587–97. doi: 10.1002/cam4.2344

48. Ma, R, Jing, C, Zhang, Y, Cao, H, Liu, S, Wang, Z, et al. The somatic mutation landscape of Chinese Colorectal Cancer. J Cancer (2020) 11(5):1038–46. doi: 10.7150/jca.37017

49. Arai, H, Elliott, A, Wang, J, Battaglin, F, Soni, S, Zhang, W, et al. The landscape of DNA damage response (DDR) pathway in colorectal cancer (CRC). J Clin Oncol  (2020) 38: (15_suppl):4064–. doi: 10.1200/JCO.2020.38.15_suppl.4064

50. Yao, J, Gong, Y, Zhao, W, Han, Z, Guo, S, Liu, H, et al. Comprehensive analysis of POLE and POLD1 Gene Variations identifies cancer patients potentially benefit from immunotherapy in Chinese population. Sci Rep (2019) 9(1):15767. doi: 10.1038/s41598-019-52414-z

51. Kalimutho, M, Bain, AL, Mukherjee, B, Nag, P, Nanayakkara, DM, Harten, SK, et al. Enhanced dependency of KRAS-mutant colorectal cancer cells on RAD51-dependent homologous recombination repair identified from genetic interactions in Saccharomyces cerevisiae. Mol Oncol (2017) 11(5):470–90. doi: 10.1002/1878-0261.12040

52. Plumb, JA, Strathdee, G, Sludden, J, Kaye, SB, and Brown, R. Reversal of drug resistance in human tumor xenografts by 2’-deoxy-5-azacytidine-induced demethylation of the hMLH1 gene promoter. Cancer Res (2000) 60(21):6039–44.

53. Aebi, S, Kurdi-Haidar, B, Gordon, R, Cenni, B, Zheng, H, Fink, D, et al. Loss of DNA mismatch repair in acquired resistance to cisplatin. Cancer Res (1996) 56(13):3087–90.

54. Fink, D, Nebel, S, Aebi, S, Zheng, H, Cenni, B, Nehme, A, et al. The role of DNA mismatch repair in platinum drug resistance. Cancer Res (1996) 56(21):4881–6.

55. Raymond, E, Chaney, SG, Taamma, A, and Cvitkovic, E. Oxaliplatin: a review of preclinical and clinical studies. Ann Oncol (1998) 9(10):1053–71. doi: 10.1023/A:1008213732429

56. Kumar, R, Price, TJ, Beeke, C, Jain, K, Patel, G, Padbury, R, et al. Colorectal cancer survival: An analysis of patients with metastatic disease synchronous and metachronous with the primary tumor. Clin Colorectal Cancer (2014) 13(2):87–93. doi: 10.1016/j.clcc.2013.11.008

57. Prasanna, T, Karapetis, CS, Roder, D, Tie, J, Padbury, R, Price, T, et al. The survival outcome of patients with metastatic colorectal cancer based on the site of metastases and the impact of molecular markers and site of primary cancer on metastatic pattern. Acta Oncol (2018) 57(11):1438–44. doi: 10.1080/0284186X.2018.1487581

58. Wang, WS, Lin, JK, Chiou, TJ, Liu, JH, Fan, FS, Yen, CC, et al. Preoperative carcinoembryonic antigen level as an independent prognostic factor in colorectal cancer: Taiwan experience. Jpn J Clin Oncol (2000) 30(1):12–6. doi: 10.1093/jjco/hyd003

59. Li Destri, G, Rubino, AS, Latino, R, Giannone, F, Lanteri, R, Scilletta, B, et al. Preoperative carcinoembryonic antigen and prognosis of colorectal cancer. An independent prognostic factor still reliable. Int surg (2015) 100(4):617–25. doi: 10.9738/INTSURG-D-14-00100.1

60. Luo, D, Liu, Q, Zhu, J, Ma, Y, Cai, S, Li, Q, et al. Survival Benefit of Preoperative Versus Postoperative Radiotherapy in Metastatic Rectal Cancer Treated With Definitive Surgical Resection of Primary Tumor: A Population Based, Propensity Score-Matched Study. J Cancer (2019) 10(5):1307–12. doi: 10.7150/jca.28320

61. Zhang, ZY, Luo, QF, Yin, XW, Dai, ZL, Basnet, S, and Ge, HY. Nomograms to predict survival after colorectal cancer resection without preoperative therapy. BMC Cancer (2016) 16(1):658. doi: 10.1186/s12885-016-2684-4

62. Mauri, G, Arena, S, Siena, S, Bardelli, A, and Sartore-Bianchi, A. The DNA damage response pathway as a land of therapeutic opportunities for colorectal cancer. Ann Oncol (2020) 31(9):1135–47. doi: 10.1016/j.annonc.2020.05.027

63. Reilly, NM, Novara, L, Di Nicolantonio, F, and Bardelli, A. Exploiting DNA repair defects in colorectal cancer. Mol Oncol (2019) 13(4):681–700. doi: 10.1002/1878-0261.12467



Conflict of Interest: X-YZ, C-HY, and GJ are employed by the company GloriousMed.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2021 Wang, Liu, Wang, Jin, Yan, Bao, Xu, Wang, Liu, Wang, Li, Liu, Zhang, Yang, Jin and Xing. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-11-643375-g005.jpg
bonabload Bl bl adiont o

—— good TRC
—— badTRC
28 000 281

Log odds ratio

Good TRC  bad TRC  paalue  95% Cilow 95% Ciohigh
FA 1342 232 . 1312 65144

MMR 3/42 8132 +« 0034 1103





OEBPS/Images/fonc.2021.643375_cover.jpg
’ frontiers
in Oncology

Mutated DNA Damage Repair
Pathways Are Prognostic and
Chemosensitivity Markers for
Resected Colorectal Cancer
Liver Metastases





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Mutated DNA Damage Repair Pathways Are Prognostic and Chemosensitivity Markers for Resected Colorectal Cancer Liver Metastases

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Patients and Sample Collection

          



          		

            Next-Generation Sequencing

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Study Populations

          



          		

            Mutation Profile and Survival Analyses for Key Genes in Our Cohort

          



          		

            The DDR-Related Pathway Mutation

          



          		

            Mutated DDR Pathways Predicted Worse OS After CRLM Resection

          



          		

            DDR Co-Mutations and Quantity of Mutated DDR Pathways Predicted Better Stratification of Post-Operative Survival in CRLM Patients

          



          		

            Multivariable Hazard Ratio Revealed the Correlation of DDR Pathway Mutations and Other Biomarkers in This Cohort

          



          		

            The FA and MMR Signaling Pathways Showed Correlations With Efficacy of Oxaliplatin-Based Pre-Operative Therapies

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-11-643375-g003.jpg
T R R R B R R B R R ES T R R R B R E B E HE S
Monne =
Number at sk Number at sk
SR E R PPN e B e e Py m e [EE R
SlEpgwewee ey e Slpyreegyy g
LT I T 0 B
Wanie Wanie
A FA
oo o 1o —
o ors
00 Losol
| puon2 | peoo
oo oo
Wonirs anie
Number at sk Numberat ik
T I REN. v ozlw g R R R R RN
=L ey ¥y clg s Yy gy e eyd
O B I B 3] S e m B % % e & Wk w
[ e
HAR AR
oo p— = — o
ors o
3o Lo
= paoos | peon
oo oo
T R R R B B E 66 % ES LI
Wania e
Number at sk Numberat ik
NlgrwwrRBEe e e Z(@uweyuEyPE s
Clpewweseaeerye Z(WREeYYLTYIPILLY S
TR e e s 6 e e % T B % % e e W s w
= =
R MR
o7 o
g o Lox
[ . o paoom
oo oo
TT R R R E B B 6 E R RS T R R R B % % % @ W s e
Wanie e
Number at sk Numberat i
SRRy e R Y Tes ey AT EEEE R E RN
TS e i E m % 6 6 e e B e s e e % e
L

.. 1,





OEBPS/Images/fonc-11-643375-g001.jpg
el pry

i b e it

i L, ;-“*"*"-L ‘
SRRy

Le s
R R





OEBPS/Images/fonc-11-643375-g004.jpg





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-11-643375-g002.jpg
Brcar
Rabea

b
Ercce
Ehcce

“. v

I 1 ez

e Ranere

I oy

s 1 o

b 1 Shose
W tsorse Mo 15 Frame S o I e 1 0o 8 oo i Frame Dt 1 Norors Wasion 1 S St

100+

Patient Count

501

&






OEBPS/Images/table1.jpg
Characteristics

Gender
Nalo
Femalo
Age, median (range)
Primary sito
Rght coon
Transverse colon (couned ight)
Left coon
Sgmod colon (counted efy
Rectum
Liver metastases occurrence
Synctvonous
Metachvonous
Direct surgory
Pre-hepatectomy CEA level, median (QR), ng/mL
Number of metastasaes, median (range)
Size of largest ver metastasis
<
=5
Resection margin
)
Al
Pre-operative therapy (regimen specified)
Oxalpltinbased
tinotecan-based
Other

Number of concerns

7010613 - 6515)
2(1-25)

132
14

115
31
12
)
2
1





