SUPPLEMENT 1

The results from the analysis of TCGA dataset. *p < 0.05, **p < 0.01, *** p <0.001.
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Abstract

Breast cancer (BC) is the most frequent malignancy in women accounting forapproximately 2 million
new cases worldwide annually. Several genetic, epigenetic and environmental factors are known to
be involved in BC development and progression, including alterations in post-transcriptional gene
regulation mediated by microRNAs (miRNAs). Single nucleotide polymorphisms (SNPs) located
in mMiRNA binding sites (miRSNPs) in 3’-untranslated regions of target genes may affect miRNA-
binding affinity and consequently modulate gene expression. We have previously reported a
significant association of miRSNPs in the SMUG1 and NEIL2 genes with overall survival in
colorectal cancer patients. SMUG1 and NEIL2 are DNA glycosylases involved in base excision DNA
repair. Assuming that certain genetic traits are common for solid tumours, we have investigated
wherever variations in SMUG1 and NEIL2 genes display an association with BC risk, prognosis,
and therapy response in a group of 673 BC patients and 675 healthy female controls. Patients with
TC genotype of NEIL2 rs6997097 and receiving only hormonal therapy displayed markedly shorter
overall survival (HR = 4.15, 95% Cl = 1.7-10.16, P = 0.002) and disease-free survival (HR = 2.56,
95% Cl = 1.5-5.7, P = 0.02). Our results suggest that regulation of base excision repair glycosylases
operated by miRNAs may modulate the prognosis of hormonally treated BC.

Introduction

Breast cancer (BC) is the most frequent type of cancer in women environmental factors. High- and medium-penetrance germline mu-

and the second most common cancer worldwide (1). The develop- tations in several genes, such as BRCA1/2, PTEN, ATM, CHEK?2,

ment of BC is caused by the interplay of genetic, epigenetic and TP53, PALB2 and BRIP1 account for about 20% of the familial
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BC risk (reviewed by (2)). Recent genome-wide association studies
(GWAS) have further identified approximately 200 low-penetrance
BC susceptibility loci in sporadic BC (3—13). Altogether, these high-,
medium- and low-penetrance variants explain only 50% of the
heritable BC risk and much of the remaining genetic susceptibility
(so-called missing heritability) for BC is still unknown (14). Most of
the known BC-associated genetic variants are in intronic and
intergenic regions and their role in BC pathogenesis is unclear (15).

There are four main molecular subtypes of BC. The majority of
BC are hormone-receptor positive [oestrogen receptor (ER) and/or
progesterone receptor (PR)] divided into (a) luminal A (low Ki-67)
and (b) luminal B (high Ki-67). About 20% of BC cases are also
positive for the human epidermal growth factor receptor 2 (HER2)
while around 10-15% of cases are triple-negative BC (TNBC;
ER-negative/PR-negative/HER2-negative). These molecular markers
together with tumour stage and grade are influencing BC prognosis
and are routinely considered when setting up an individual therapy
regimen (16).

Standard BC therapy consists of surgery, radiotherapy and/
or preoperative/postoperative systemic treatment (17). For a long
time, 5-fluorouracil (5-FU) was used for the treatment of BC with
response rates of around 25% when administered as a single agent
(18). Currently, BC treatment includes mainly anthracyclines and
taxanes (19) both in neo-adjuvant and adjuvant therapies (20).
Hormonal therapy (tamoxifen and inhibitors of aromatases) is
used in hormone-receptor positive BC, either alone or in combin-
ation with chemotherapy. On the other hand, HER2 positive BCs
benefit mostly from new targeted therapies (e.g. trastuzumab or
pertuzumab). Finally, aggressive TNBC tumours, which have a poor
prognosis, do not benefit from either hormonal or HER2-targeted
therapies, and treatment with cytotoxic chemotherapy remains their
possible option.

More specific targeted BC therapies are represented by PARP in-
hibitors Olaparib and Talazoparib, approved by the U.S. Food and
Drug Administration (FDA) for the use in BRCA-mutated BC (21,22)
and are an option also in TNBC (23). New immunotherapeutic ap-
proaches are nowadays also being applied in BC therapy (24).

MicroRNAs (miRNAs) exert relevant roles in pathogenesis
of numerous diseases, including cancer. These small non-coding
RNAs modulate the expression of protein-coding genes at post-
transcriptional level via degradation or inhibition of translation of
specific target mRNA. Deregulated miRNA expression has been ob-
served in several types of cancer (25,26). In BC, miRNA expression
levels may be involved in BC initiation, progression, metastasis or
resistance to therapy (27-32). Different BC subtypes also exhibit dif-
ferential patterns of miRNA expression (33,34). Moreover, single-
nucleotide polymorphisms (SNPs) in 3 -untranslated regions (UTRs)
of miRNA target genes (miRSNPs) may alter miRNA binding and
consequently their function. MiRSNPs in 3'UTRs can also alter
polyadenylation of target mRNA and protein-mRNA interactions
(35,36). Hence miRSNPs can represent promising biomarkers of BC
susceptibility and personalized therapy (37,38).

We have previously reported that miRSNPs in the 3'UTR of
SMUG (rs2233921 and rs971) and NEIL2 (rs6997097) modulate
colorectal cancer (CRC) prognosis and therapy response. The func-
tion of SMUG! (rs2233921) was confirmed by dual-luciferase in
vitro reporter assay (39). Additionally, the common 7P53 haplotype,
predictive of CRC and pancreatic cancer risk (40,41), was also asso-
ciated with increased susceptibility to BC (42).

Here we intended to explore whether a particular genetic back-
ground (associated with DNA repair) may exert common features
for BC and CRC. Various evidence supports this hypothesis. One

of the strongest arguments is the observed clustering of BC and
CRC cases in some families, partly caused by mutations in high-
penetrance genes e.g. BRCAI, BRCA2, CHEK2, MLH1 or MSH?2
(Lynch syndrome) and LKBI/STKI1I (Peutz-Jeghers syndrome)
(43,44). However, these known mutations cannot explain all the ob-
served familial clustering of BC and CRC.

Defects in the DNA repair and the consequent accumulation of
DNA lesions are key hallmarks of cancer (45). SMUG1 and NEIL?2
genes encode base excision repair (BER) DNA glycosylases, re-
sponsible for corrections of small base lesions in DNA. SMUGT re-
moves mis-incorporated uracil and uracil derivatives that are linked
with combination chemotherapy of BC (46). On the other hand,
NEIL2 is responsible for removing oxidized derivates of cytosine
(e.g. 5-hydroxyuracil). Variations in DNA repair pathway genes,
including BER, are often associated with breast carcinogenesis (47).

Considering the important role of DNA repair in breast carcino-
genesis, we have investigated the association of miRSNPs in SMUG/
and NEIL?2 genes with risk, prognosis and therapy response in BC
patients.

Materials and Methods

All methods were carried out in accordance with relevant guidelines
and regulations.

Study population

The study population included 673 BC patients and 675 healthy
controls as described in (42). All subjects included in the study pro-
vided written informed consent to participate in the study and to
use their biological samples for genetic analyses, according to the
Helsinki declaration. The design of the study was approved by the
Ethics Committee of the Institute of Experimental Medicine, Prague,
Czech Republic.

Blood samples of patients were obtained from women with inci-
dent BC consecutively diagnosed in three hospitals in Prague (Czech
Republic) between February 2002 and December 2010, as described
elsewhere (48-50).

The control group consisted of two groups of healthy women,
selected from the larger control group composed of both sexes, de-
scribed previously in 40,51-53. The first group consisted of 332 in-
dividuals who were admitted to gastroenterological departments for
the colonoscopy examination with negative results and did not have
any malignancy at the time of the sampling. The second group con-
sisted of 343 healthy blood donor volunteers from a blood donor
centre in Prague. All individuals underwent standard examinations
to verify the health status and were cancer-free at the time of the
sampling.

The following data on BC patients were retrieved from medical
records: date of cancer diagnosis, age, menopausal status, family his-
tory of cancer (number of relatives affected by BC, ovarian cancer
or other malignant diseases), tumour size, International Union
Against Cancer (UICC) tumour-node-metastasis (TNM) classifica-
tion, histological type and grade of the tumour, expression of ER, PR
and HER2; expression of the Ki-67 protein; chemotherapy and hor-
monal regimen. HER2 status was defined as positive in samples with
an immunohistochemical score of 2+ or 3+ (54) and gene amplifica-
tion confirmed by fluorescence in situ hybridization (FISH) or silver
in situ hybridization (SISH). For all cases, information on radio-
therapy, neo-adjuvant and/or adjuvant chemotherapy, and hormonal
therapy were collected (Supplementary File, available at Mutagenesis
Online and Supplementary Table 1, , available at Mutagenesis
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Online). Patients were treated with chemotherapy regimens con-
taining 5-FU, anthracyclines and/or taxanes. Hormonal therapy was
based on the administration of inhibitors of aromatases and tam-
oxifen. Information about distant metastases, relapse and date of
death were also collected. The follow-up time was 120 months. The
measured outcome variables were overall survival (OS) and disease-
free survival (DFS).

SNP selection and genotyping

SMUG1I 1s2233921 G>T, SMUGI! 1s971 G>A and NEIL2
156997097 T>C polymorphisms were analysed since they showed
the significant prognostic value in another solid cancer (39). Freely
available software MicroSNiper (55) was used to identify the
miRSNPs within the target-binding sites for miRNAs in SMUG!
and NEIL?2 genes. MiRSNPs were tested for minor allele frequency
(MAF; >5% in Caucasian populations) in the SNP database (56)
on the basis of HAPMAP CEU population. When this was not pos-
sible, other reference populations were considered (i.e. 1000 gen-
omes, Phase I, CEU population). MiRSNPs with the required MAF
were further tested for the linkage disequilibrium (LD) with other
miRSNPs using HaploReg v. 4.1 (57) using data from the 1000 gen-
omes project.

Genomic DNA was isolated from peripheral blood lymphocytes
using standard procedures as previously described in (42). DNA
samples from cases and controls were randomly placed on plates
where an equal number of cases and controls were run simultan-
eously. Genotyping was carried out by using the KASP™ chemistry, a
competitive allele-specific PCR-based SNP genotyping system (LGC
Genomics) as described in (58). Duplicate samples (5%) and non-
template controls in each plate were used as quality control tests.
The genotype correlation between the duplicate samples was >99%.
The genotype call rate ranged between 97.0 and 99.5%.

Bioinformatic and statistical analyses

Identification of miRNAs associated with studied miRSNPs.

Freely available software MicroSNiPer (55), PolymiRTS (59) and
Mirsnpscore (60) were used for the prediction of putative miRNAs
targeting binding sites within miRSNPs. These online tools offer a
computer-based prediction of miRSNPs effects on miRNA-based
gene regulation.

Expression quantitative trait loci (eQTL) analysis of miRSNPs.

The associations between the miRSNPs analysed in this study and
gene expression levels were obtained from the Genotype-Tissue
Expression project (GTEx). The GTEx project allows viewing and
downloading computed eQTL results and aims to characterise vari-
ations in gene expression levels across individuals and diverse tissues
of the human body (61).

Statistical analyses.

Chi-square test with 1 degree of freedom and a type-I error threshold
set at o = 0.05 was used to verify the Hardy—Weinberg equilibrium
of genotypes in controls. The association between miRSNPs and BC
risk was calculated by estimating the odds ratios (ORs) and their
95% confidence intervals (CI) adjusted for age using logistic regres-
sion. For all SNPs, the co-dominant, dominant or recessive models
were calculated. OS was defined as the time from the surgery to
the date of death or of the last follow up. DFS was defined as the
time elapsed from surgery to the occurrence of distant metastasis or
local recurrence or death, whichever came first. The relative risks of

death and recurrence were estimated as hazard ratios (HR) using
Cox regression. The survival curves for OS and DFS were derived
by the Kaplan—Meier method. Univariate survival analyses were
adjusted for therapy regimen, molecular subtypes of BC and TNM
stage. Statistical analyses were performed using SAS software (SAS
Institute, Cary, NC, USA). The Bonferroni corrected significance
threshold for multiple tests was set at 0.017 (for three miRSNPs
and o = 0.05).

External validation

Associations of SMUG! and NEIL?2 gene expression and DFS and
OS were investigated using freely available online tool GEPIA 2
(Gene Expression Profiling Interactive Analysis) (62). This website
provides an interactive gene expression profiling based on tumour
and normal tissue samples from TCGA and GTEx databases (63).

Results

Case—control study

The mean age of patients at the time of diagnosis was 59 years
(range 27-92), the mean age of controls at the time of recruitment
was 49 (range 22-91) years (Supplementary Table 2, available at
Mutagenesis Online). The genotype distribution of all the analysed
miRSNPs in the control group (consisting of two cohorts as de-
scribed above) agreed with the Hardy—Weinberg equilibrium.

The GT genotype of SMUG! 152233921 conferred lower risk
of BC in a co-dominant model (OR = 0.74, 95% CI = 0.57-0.97,
P =0.03). Controversially, the TT genotype of SMUGI rs2233921
conferred a higher risk of BC in the recessive model (OR = 1.36,
95% CI=1.01-1.83, P < 0.05). Both associations were not signifi-
cant after applying the Bonferroni correction (P > 0.017). No other
significant associations with BC risk were observed in the case—con-
trol study (Table 1).

Clinico-pathological parameters

Sporadic BC represents a complex disease with numerous genetic,
environmental and life-style factors in its aetiology. To address the
effect of personal and clinico-pathological parameters on survival,
age, TNM stage, grade and ER/PR/HER2/Ki76 status were correl-
ated with patient’s OS and DFS. Older patients (>70 years), patients
with TNM stages 3 and 4, with metastases at the time of diagnosis,
and with grade 4 BC had significantly worse OS and DFS. On the
other hand, patients with PR, ER or Ki76 positive tumours had sig-
nificantly better OS and DFS (Supplementary Table 3, available at
Mutagenesis Online).

Prognostic significance

The median OS and DFS for the studied population were 86.9 and
85.0 months, respectively. Overall, 115 BC patients died (73 of them
due to cancer progression), 558 patients were alive during follow up
(96 subjects had recurrence) (Supplementary Table 1, available at
Mutagenesis Online). None of the studied miRSNPs appeared to be
significantly associated with OS or DFS in the overall group of BC
patients (Supplementary Table 4, available at Mutagenesis Online.
After stratification according to therapy regimen, median OS for pa-
tients receiving only hormonal therapy was 75.6 months, median
DFS 71.9 months; median OS for patients receiving any adjuvant
chemotherapy 96.1 months, median DFS 90.9 months; median
OS for patients receiving 5-FU based chemotherapy 90.1 months,
median DFS 85.1; median OS for patients receiving neoadjuvant
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chemotherapy 96.1, median DFS 90.4 and median OS for patients
without neoadjuvant therapy 86.7 months, median DFS 84.

No significant associations were observed after patients’ strati-
fication according to the molecular subtype of BC (hormonal-
receptor positive luminal subtypes, HER2 positive and TNBC)
(Supplementary Tables 5-7, available at Mutagenesis Online). After
stratification according to the TNM stage (TNM 142 vs. 3+4;
Supplementary Tables 8 and 9 , available at Mutagenesis Online), we
found that the TT genotype of SMUG! rs971 in patients with early
BC (TNM stage 1+2) was associated with shorter OS both in the
co-dominant and recessive models (HR =2.1,95% CI = 1.07-4.14,
P =0.03 and HR = 1.9, 95% CI = 1.07-3.38, P = 0.03, respect-
ively); however, the association did not pass Bonferroni’s correction
(Table 2).

Since different therapies were applied to BC patients according
to the diverse molecular subtypes of BC and the stage of the disease
(Supplementary Table 1, available at Mutagenesis Online), we have
further stratified patients into subgroups according to their therapy
regimen (outcomes are summarized in Supplementary Tables 10-14,
available at Mutagenesis Online). We observed that the TC geno-
type of NEIL2 rs6997097 in patients receiving only hormonal-based
therapy was associated with shorter OS both in the co-dominant
and dominant model (HR = 4.15, 95% CI = 1.7-10.2, P = 0.002;
HR = 3.52,95% CI = 1.4-8.6, P = 0.006, respectively). The same
group of patients showed also a shorter DFS in the co-dominant
model, moderately exceeding the Bonferroni-adjusted threshold
of significance (HR = 2.56, 95% CI = 1.5-5.7, P = 0.02) (Table 3;
Figure 1).

Bioinformatic analyses

Three different freely available online tools (MicroSNiPer,
PolymiRTS and Mirsnpscore) were used to identify miRNA binding
analysed miRSNPs. Despite each software uses a different algo-
rithm, several miRNAs were predicted by more than one software
(see Supplementary Table 15, available at Mutagenesis Online: (1)
miR-770-5p targeting SMUG 1s2233921 when harbouring T allele
(by PolymiRTS and Mirsnpscore); (2) miR-455-3p (by PolymiRTS
and Mirsnpscore) and miR-655 targeting SMUG/ 152233921 when
harbouring G allele (by PolymiRTS and Mirsnpscore); (3) miR-
541-5p/miR-541%* targeting NEIL2 1rs6997097 when harbouring
T allele (by MicroSniper and Mirsnpscore); (4) miR-5681a when
NEIL2 1s6997097 when harbouring C allele (by MicroSniper and
PolymiRTS).

According to GTEx data, the significant eQTLs were found for
SMUG1 152233921 and SMUG! rs971 miRSNPs (Supplementary
Table 15, available at Mutagenesis Online. SMUG I rs2233921 regu-
lated FLJ12825, RP11-834C11.10, SMUG1 and RP11-834C11.11
and SMUG rs971 regulated FLJ12825 and RP11-834C11.11 genes
in breast mammary tissue. No significant eQTLs were found for
NEIL2 1s6997097.

GEPIA 2 gene expression profiling

GEPIA 2, an interactive online tool, was used to perform the sur-
vival analysis based on the expression levels of SMUGI and NEIL?2
genes. An analysis of a total of 808 BC expression profiles (n lu-
minal A =415, n luminal B = 192, n TNBC = 135, HER2 positive+
non-luminal = 66) was performed. The median gene expression was
used for the cut-off of the low/high SMUG!I or NEIL2 group of
patients. In this set, NE/L2-high patients with HER2 positive and
non-luminal BC exhibited significantly worse OS than NE/L2-low

patients (Log rank P = 0.04) (Fig. 2). No other significant associ-
ations in other BC groups of patients were observed for NE/L2 and
SMUG1 genes.

Discussion

In the present study, we have investigated the potential role of
three miRSNPs in the 3'UTRs of genes encoding BER glycosylases
SMUGT1 and NEIL2 in the susceptibility to BC and clinical outcome
in a group of 673 BC patients and 675 healthy controls. We found
that NEIL2 rs6997097 was significantly associated with shorter OS
(HR =4.15,95% CI = 1.7-10.16, P = 0.002) and DFS (HR = 2.56,
95% CI=1.5-5.7, P =0.02) of patients receiving hormonal therapy.
On the other hand, SMUG rs2233921 was moderately associated
with BC risk and SMUG! 1s971 conferred shorter OS in patients
with early BC (TNM 1+2 stage). However, observed associations of
SMUG1 152233921 and rs971 did not pass the Bonferroni’s cor-
rection for multiple testing. Linkage disequilibrium (LD) analysis of
analysed miRSNPs showed, that SMUG/ rs971 is in LD with 12
other SNPs with 72 from 0.8 to 1. To our best knowledge, none of
the SNPs in LD was previously studied for association with BC risk
Or prognosis.

Our group previously reported that these three miRSNPs sig-
nificantly modulated CRC prognosis and therapy response (39).
Variations in 3'UTR regions may potentially affect the binding of
specific miRNAs to miRNA-binding sites resulting in the alteration
of expression of target genes. These effects have been documented to
affect cancer risk, prognosis or therapy response in many malignan-
cies, including BC (64-72).

Despite the association between SMUG rs2233921 and BC risk,
the role of the T allele BC carcinogenesis is not clear as the associ-
ation was highlighted for the heterozygous carriers. Besides, SMUG1
remains an important DNA glycosylase responsible for the repair of
mis-incorporated uracil and this polymorphism may still emerge as
a potential BC risk biomarker after future validation in larger and
more homogenous case—control studies (73).

Significant associations were observed in the group treated with
hormonal therapy, in which the TC genotype of NE/L2 rs6997097
was significantly associated with shorter OS and DFS. The low fre-
quency of the C allele (only three controls and two patients with
the CC genotype) precluded evaluation of the genotype dosage and
computing HR for CC bearers as well as the involvement of C allele
in the worse prognosis of hormonally treated BC. An explanation
for better outcomes in NE/L2 rs6997097 T allele carriers might
be the fact that according to MicroSNiPer and Mirsnpscore miR-
541-5p has an increased affinity to the sequence in presence of T
allele (60). In this context, several studies identified miR-541 as a
tumour-suppressor miRNA in lung cancer (74-76). Additionally,
miR-541 directly targets the 3'UTR of HER2 and inhibits cell
growth of HER2-positive breast cancer cell lines(77). However, the
role of miR-541-5p in survival and therapy response of BC is still un-
clear and should be elucidated in the future. Hence, suggested effect
of DNA repair gene miRSNP on hormonal therapy response may be
explained by the recently reported relationship between DNA repair
defects and hormonal therapy resistance (78,79). On the other hand,
overexpression of miR-5681a (binding the NE/L2 rs6997097 when
the C allele is present) has been observed in ER-positive breast tu-
mours and downregulation in metastatic pancreatic cancer (80,81).

The binding of several miRNAs was affected by studied
miRSNPs for SMUG! gene. MiR-770-5p is supposed to target the
SMUG1 3'UTR sequence when a variant T allele of rs2233921 is
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Figure 1. Kaplan—Meier overall survival curves of NE/L rs6997097 for patients undergoing hormonal-only therapy.TT vsTC vs CC.
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Figure 2. Analysis of the overall survival of BC patients with low/high NEIL2
expression using GEPIA 2. Low vs high NE/L2. Image generated by GEPIA2.

present. A recent study showed that miR-770-5p expression was
significantly decreased in doxorubicin chemo-resistant TNBC tu-
mours and suppressed the metastasis in TNBC in vitro and in vivo
in mice xenografts (82). Its overexpression also inhibits cell motility
and invasiveness in HER2-positive BC cells and potentiates the ef-
fect of trastuzumab in vitro (83). This miRNA might be thus con-
sidered as a potential biomarker of BC invasiveness and therapy

response. Overexpression of miR-455-3p that binds to the common
G allele of SMUG 1s2233921 was associated with GO cell cycle
arrest in CRC cell lines (84) and inhibited cell proliferation, whereas
its knockdown promoted cell proliferation in breast cancer cells
(85). MiR-665 upregulation has also been recorded in BC and its
expression was associated with the metastatic formation and poor
prognosis (86). However, the role of miR-665 is ambiguous (being
downregulated in other malignancies (87-91)) and it may act both
as tumour-suppressor and oncogene, depending on the context.

The importance of NE/L2 in BC was supported by the ana-
lysis with GEPIA 2 (62), a freely available online gene expression
profiling tool. HER2-positive patients with NE/L2-high displayed
significantly worse OS compared to NE/L2-low patients. No other
significant associations in other BC groups of patients nor the associ-
ation of SMUG gene expression levels with survival were observed.
Because the data on miRNSPs genotypes of BC patients are not
available in GEPIA2, we were not able to verify our results in detail.
However, results from the GEPIA2 tool highlighted the importance
of fine regulation of NEZL2 levels in BC as its higher expression level
was associated with a worse prognosis. Whereas miRNAs have a
key role in the regulation of gene expression, the presence of variant
allele of certain miRSNPs indeed affects the gene expression levels.

We previously documented that the SNPs investigated in the pre-
sent study were associated with CRC survival, especially for patients
treated with 5-FU based chemotherapy (39). 5-FU is a gold-standard
chemotherapeutic used in the treatment of solid tumours (92).
Interestingly, we did not find any association of these miRSNPs with
the survival of BC patients undergoing 5-FU-based therapy. This
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may be attributed to the fact that epigenetic regulation via miRNA
regulation and miRNA expression profiles are tissue-specific (93).
However, in this study, we searched for germ-line variants and low-
penetrance loci in peripheral blood lymphocytes that may not reflect
the situation in the target tissue.

After the stratification according to the TNM stage, the TT geno-
type of SMUGI rs971 was associated with shorter OS in patients
with TNM stage 1+2. This association did not pass the Bonferroni
correction and will, therefore, need additional verification. However,
we may anticipate that the association of this miRSNP in BC patients
with early stages may also reflect the differences in therapy regimen
between early and advanced BC.

Both SMUGI! and NEIL2 have been studied for their role in
cancer (73). In vivo experiments showed that SMUGT1 effectively col-
laborate with UNG to eliminate incorporated uracil in the genome
and is important for preventing the accumulation of spontanecous
mutations in DNA (94). Moreover, low SMUG! expression is linked
to aggressive clinicopathological phenotypic features of BC (like the
absence of hormonal receptors, EGFR overexpression, the presence
of basal-like phenotype and triple-negative phenotype) and poor
prognosis. Low SMUG expression was associated also with aber-
rant expression of several other DNA repair, cell-cycle control and
apoptosis genes and overall genomic instability in SMUG1-low tu-
mours. This endorses the important role of SMUGT1 in breast carcino-
genesis (95). Regarding NEIL2, the minor allele of NE/L2 rs1466785
associates with increased BC risk in BRCA2 mutation carriers (81).
Loss of NEIL?2 expression, simultaneously with alterations of nucleo-
tide excision repair genes CETN2 and ERCC1, was associated with
resistance to endocrine treatment for ER+ breast tumours (78).

The study by Doherty et al. addressed variants SMUG! rs971 and
NEIL?2 rs6997097 (along with 185 other SNPs in DNA repair genes)
in lung cancer risk in 744 patients and 1477 controls. Both miRSNPs
failed to be significant risk factors for this cancer (96). With the ex-
ception of our previous study on the role of these miRSNPs in CRC,
to the best of our knowledge, no other group has studied any of these
three miRSNPs and their role in cancer risk and prognosis.

The present study disclosed some promising associations of
miRSNPs with BC risk and prognosis. The strongest evidence stands
out for NE/L2 rs6997097 and its association with shorter OS in BC
patients treated solely with hormonal therapy.

The above findings support the assumption that DNA repair is
one of the most crucial processes in the cell and defects in its fine
regulation may have large consequences on human health (97).
MiRNA-regulated gene expression in general and in particular in
DNA repair genes remains largely an unexplored field and further
research is inevitable. The variable effect of the same miRSNPs in
different types of cancer highlights the extent of inter-tumour het-
erogeneity in contrast to the universal molecular character of DNA
repair in eukaryotic cells.

Supplementary data

Supplementary data are available at Mutagenesis Online.
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ABSTRACT

The first-line chemotherapy of colorectal cancer (CRC), besides surgery, comprises administration of 5-
Fluorouracil (5FU). Apart from cytotoxic effect on cancer cells, 5FU may also cause adverse side effects.
Ganoderma Lucidum (GLC) is a mushroom used in Traditional Eastern Medicine. We propose that natural
compounds, particularly GLC extracts, may sensitize cancer cells to conventional chemotherapeutics. This
combination therapy could lead to more selective cancer cell death and may improve the response to the therapy
and diminish the adverse effects of anticancer drugs.

Here we demonstrate that GLC induced oxidative DNA damage selectively in colorectal cancer cell lines,
whereas it protected non-malignant cells from the accumulation of reactive oxygen species. Accumulation of
DNA damage caused sensitization of cancer cells to 5FU resulting in improved anticancer effect of 5SFU. The
results obtained in colorectal cell lines were confirmed in in vivo study: GLC co-treatment with 5FU increased the
survival of treated mice and reduced the tumor volume in comparison with group treated with 5FU alone.

Combination of conventional chemotherapeutics and natural compounds is a promising approach, which may
reduce the effective curative dose of anticancer drugs, suppress their adverse effects and ultimately lead to better
quality of life of CRC patients.

1. Introduction

Fluorouracil (5FU); in the monotherapy or in a combination with ir-
inotecan or platinum derivatives. As the patient’s prognosis is primarily

Colorectal cancer (CRC) is the third most common type of cancer in
the world and the second leading cause of cancer-related deaths in
Europe with the highest incidence in Central Europe. With estimated
694 000 deaths per year [1] and with assumed increase by 77% in the
number of newly diagnosed CRC cases in 2030, CRC represents a ser-
ious health, social and economic problem [2].

Conventional chemotherapeutic treatment of CRC is based on the 5-

determined by the stage of the disease, S5SFU based therapy is the stan-
dard therapeutic scheme for CRC in stage Il and 11l [3]. Nevertheless, an
overall response rate to 5FU monotherapy in more advanced CRC is
limited to 10-15% [4]. Combination of 5FU with other cytotoxic agents
would not only improve the response to therapy but also reduce the
undesirable reaction to these drugs [5,6]. The most common adverse
effects of 5FU comprise: nausea, vomiting, diarrhea, mucositis of the

Abbreviations: 5FU, 5-Fluorouracil; CRC, colorectal cancer; CTRL, control; DDR, DNA damage response; DMSO, dimethyl sulfoxide; GLC, Ganoderma Lucidum;
H,DCFDA, 2’,7'-dichlorodihydrofluorescein diacetate; PI, Propidium iodide; ROS, Reactive oxygen species; SDS, Sodium dodecyl sulfate
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oral cavity (mucosal and submucosal tissue damage), headache, skin
pruritus, myelosuppression (suppression of hematopoietic function of
the bone marrow, leukopenia, pancytopenia and thrombocytopenia),
anemia, cardiotoxicity, agranulocytosis, alopecia (hair loss), photo-
sensitivity, hand-foot syndrome, depression and anxiety [7]. The ad-
ministration of 5FU in combination with folic acid (leucovorin) en-
hances patients’ survival by approximately 10-15%. Therapy regimen
combining 5FU with oxaliplatin and leucovorin (FOLFOX) add addi-
tional 7% to 3-year disease-free survival in comparison with the scheme
without oxaliplatin [8]. Another possible way to improve conventional
therapy may be, among others, targeting DNA damage response (DDR)
pathways [9]. DDR plays an essential role in the elimination of DNA
damage, thereby preventing cells from genomic instability and malig-
nant transformation. On the other hand, DDR is also involved in pa-
tients’ response to therapy. DNA damage repair inhibitors can sensitize
cancer cells with the main goal to maximize the cytotoxic effect of
therapy [10]. Despite disease-free survival improvement, which was
achieved by combination therapy, conventional therapy is still ac-
companied by the significant collateral damage of non-malignant tis-
sues. To achieve better eficiency of conventionally used drugs, we have
focused our research on natural compounds with the main aim to
promote better eficiency of 5FU therapy leading to a better tolerated
treatment.

For many centuries, natural compounds have been used mainly in
Eastern medicine. However, many of currently used chemotherapeutics
have even their origin in nature, for instance vincristine, irinotecan,
etoposide and paclitaxel are plant-derived compounds. Actinomycin D,
mitomycin C, bleomycin, doxorubicin and l-asparaginase are drugs
derived from microbial sources, and cytarabine is the first drug origi-
nating from a marine source [11]. Natural compounds can target
multiple signaling pathways in the cell or organism such as apoptotic
and cell cycle pathways [12]. Ganoderma Lucidum (GLC), also known as
the mushroom of longevity, is a natural compound used in traditional
Chinese medicine for more than two thousand years [13]. GLC contains a
number of biologically active components, such as triterpenes and
polysaccharides [14]. Currently, GLC has been extensively studied from
prevention and therapy point of view in many human disorders in-
cluding cancer (for rev. see [15-17].

We propose that the modulation of DNA damage by natural com-
pounds, particularly GLC, may lead to sensitization of cancer cells to
conventional chemotherapeutics and to selective cancer cell death.
Potentiation of anticancer effects of conventional chemotherapeutic
drugs by well tolerated natural compounds may reduce the effective
curative dose of drugs, modify their side effects and lead to better
quality of life of CRC patients. Therefore, we have focused on the effect of
the GLC on proliferation, migration, cell cycle progression and DNA
damage in CRC cell lines as well as in a non—malignant colorectal cell
line. To prove our hypothesis, we evaluated the effect of GLC on 5FU
treatment both in vitro and in vivo.

2. Material and methods
2.1. Ganoderma Lucidum (GLC)

GLC was obtained from Pharmanex (Provo, UT, USA, batch No.:
DL12561, Shanghai R&D, Pharmanex). GLC had well defined for-
mulation; it contained 6% of triterpenes, 13.5% of polysaccharides.
GLC was dissolved in dimethyl sulfoxide (DMSO, Sigma Aldrich, St.
Louis, MO, USA) at the concentration of 50 mg/ml and stored at 4 °C.

2.2. Cell treatments

2.2.1. GLC treatment

Fifty mg/ml stock solution of GLC was dissolved in culturing
medium to final concentrations 0.25 and 0.5 mg/ml. Medium without
GLC was used as a control. Used concentrations were chosen according
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to results published by Jiang and Sliva [18].

2.2.2. 5FU+ GLC co-treatment

5-Fluorouracil (5FU, Sigma Aldrich, St. Louis, MO, USA) was dis-
solved in DMSO to 500 mM stock solution. For simultaneous co-treat-
ment (5FU + GLC) cells were treated with 5uM 5FU and 0.5 mg/ml
GLC. Medium without GLC was used as a control.

2.3. Cell cultures

Human adherent colorectal cancer cell lines HCT116, HT29,
HCT116°°%*/ were a kind gift from Dr. Andera, Biotechnology and
Biomedicine Centre of the Academy of Sciences and Charles University
in Vestec (Prague, Czech Republic); originally obtained from ATCC
(Manassas, USA). Cells were cultured in DMEM medium (Sigma
Aldrich, St. Louis, MO, USA) with 10% fetal bovine serum (Sigma
Aldrich, St. Louis, MO, USA), 1 mM L-glutamine (Biosera, Nuaille,
France), 1 mM sodium pyruvate (Biosera, Nuaille, France) and 1 mM
penicillin/streptomycin (Biosera, Nuaille, France). Non-cancer human
colon mucosal epithelial cell line (adherent) NCM460 cells (originally
obtained from INCELL Corporation, San Antonio, TX, USA by Prof.
Sliva) were cultured in M3:10™ medium (INCELL, San Antonio, TX,
USA) with 10% fetal bovine serum (Sigma Aldrich, St. Louis, MO, USA)
and 1 mM penicillin/streptomycin (Biosera, Nuaille, France). All cells
were cultured in a humidified incubator at 37 °C, 5% CO,. Cells were
used up to 8 passage.

CT26.WT mouse adherent colon cancer cell line was a kind gift from
Prof. B. Rihova, Institute of Microbiology of the Czech Academy of
Sciences (Prague, Czech Republic), originally obtained from ATCC
(Manassas, VA, USA). Cells were cultured in RPMI 1640 medium
(Sigma Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bo-
vine serum (Sigma Aldrich, St. Louis, MO, USA) and 1% penicillin/
streptomycin solution (Biosera, Nuaille, France) at 37 °C in 5% CO,
incubator.

2.4. Colony forming assay

Cells were plated on 6 well plates (500 cells/well) and treated with
different concentrations of GLC (0.25-0.5 mg/ml) for 24 h. Each tested
concentration, as well as control, were performed in triplicates. After
24 h, the medium was replaced with fresh medium. After 12 days, co-
lonies were fixed with 3% formaldehyde and stained with 1% crystal
violet. Percentages of colonies were measured in Image)J software [19].

2.5. Cell proliferation assay

To measure the proliferation; cells were seeded on 96 well plates
(5x 10* cells per well) and treated with GLC (0.25-0.5 mg/ml) in
quadruplicates, at different time points (24-72h). WST1 cell pro-
liferation assay (Roche, Basel, Switzerland) was used according to the
manufacturer's protocol (10 ul WST1 reagent per 100 ul of medium,
40 min incubation time). Absorbance was measured using fluorescence
reader Biotek ELx808 (Biotek, Vermont, USA), Ex/Em 450/690 nm.

2.6. Migration assay

Cells were seeded to 6 well plates (5x 10° cells/ml) and treated
with GLC extract (0.5 mg/ml) for 24 h. Cell migration was assayed
using Transwell Permeable Supports 8.0 um (Corning, Sigma Aldrich,
St. Louis, MO, USA). Cells were seeded in a density of 1 x 10* on the
top of a transwell support in 24 well plate format and cultured in
DMEM medium supplemented with 0.5% FBS. Cells were allowed to
migrate for 24 h through the membrane into the lower part of chamber
containing DMEM with 20% FBS. The migrated cells were fixed with
3% formaldehyde, stained with 1% crystal violet and counted in four
random fields under 200 x magnification.
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2.7. Reactive oxygen species (ROS) measurement

Cells were cultured in 24 well plates (5x 10° cells/ml). For GLC
treatment; cell lines were treated with 0.25 and 0.5 mg/ml concentra-
tions of GLC for 3, 6, 24 h. After incubation, cells were harvested by
trypsinization, washed with PBS, and centrifuged (1000 rpm, 10 min). 1
ul of cell-permeant 2’,7'-dichlorodihydrofluorescein  diacetate
(H,DCFDA) (10 pM, Thermo Fisher) was added to cell pellet and in-
cubated for 30 min at 37 °C. The level of relative fluorescence was
measured on fluorescent reader Biotek (Vermont, VT, USA) at Ex/Em:
485/538 nm. For the ROS measurement after the 5FU + GLC co-treat-
ment; cells were treated simultaneously with 0.5 mg/ml GLC and 5uM
5FU and then processed in the same way as described above.

2.8. Measurement of SBs and oxidative DNA damage using comet assay

DNA damage measurements were performed by alkaline comet
assay modified for digestion of nucleoids with DNA repair en-
donucleases (or single cell gel electrophoresis), fully described in
Azqueta et al. [20]. Cells were treated with GLC solutions for 90 min,
non-treated cells were used as control. Investigated cells were em-
bedded in duplicates in agarose (2x 10° cells/ml, 0.5% low melting
point agarose in PBS, 37 °C) on a microscope slide that was pre-coated
with 1% normal melting point agarose dissolved in distilled water. The
slides were then immersed in cold lysis solution (2.5 M NaCl, 100 mM
EDTA, 10 mM Trizma Base, 1% Triton X-100, pH = 10, 4°C) for 1 h in
order to obtain substrate DNA in the form of nucleoids fixed in agarose.
Subsequently, slides were washed in washing buffer (40 mM HEPES,
0.5mM EDTA, 0.2 mg/ml BSA, 0.1 M KCI, pH= 8, 3 changes, 5 min
each at 4°C).

Regarding detection of specific oxidative DNA damage, half batch of
the nucleoids was incubated with the formamidopyrimidine DNA gly-
cosylase enzyme (Fpg, New England Biolabs, Ipswich, MA, USA), dis-
solved in reaction buffer (40 mM HEPES, 0.5 mM EDTA, 0.2 mg/ml
BSA, 0.1 M KCI, pH = 8, 4°C) for 30 min at 37 °C. The second part of
nucleoids was incubated with reaction buffer only for 30 min at 37 °C to
detect SBs. Alkaline incubation followed (freshly prepared - 0.3 M
NaOH, 1 mM EDTA, 4 °C) for 30 min in dark, converting alkali-labile
sites to SBs. During electrophoresis (1.19 V/cm, 300 mA, 40 min, 4 °C,
dark) in the same alkaline buffer, DNA loops containing SBs were
drawn towards the anode forming a comet-like image. Slides were then
washed in 1xPBS (4 °C) for 10 min, in distilled water (4 °C) for 10 min
and dried overnight. Next day, slides were stained with SYBR Gold
(Invitrogen, Carlsbad, CA, USA) diluted 1:10.000 in TE buffer. Comets
were visualized with fluorescence microscope Olympus BX63
(Olympus, Tokyo, Japan) and analyzed using semi-automated Lucia
Comet Assay™ software (Laboratory Imaging, Prague, Czech Republic).
One hundred comets were scored per gel (i.e. two hundred comets per
slide). Median tail intensity (Tl), reflecting the frequency of DNA in tail
(% tail DNA), per gel and then the mean Tl of replicate gels was used as
the parameter to describe the comets. The level of specific oxidative
DNA damage was expressed as net values (the level of SBs detected on
slides incubated with Fpg minus the level of SBs detected on slides
incubated with reaction buffer).

2.9. Cell cycle analysis

Cells were seeded on 12 well plates (5 x 10° cells/ml) and treated
with 0.5 mg/ml GLC for 12-72 h. After the treatment, cells were har-
vested by trypsinization, washed with PBS and spun down at 1000 rpm
for 10 min. Then, 1 ml of Propidium iodide (PI) staining solution
(0.02 mg/ml PI, 0.02 mg/ml RNase, 0.05% Triton X-100) was added to
the cell pellet and cells were incubated for 30 min at 37 °C in the dark.
After incubation, samples were measured using flow cytometer (Apogee
A-50 micro, Apogee, Hertfordshire, UK). Measured data were analyzed
with Flowlogic software (Inivai Technologies, Mentone, Australia).
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2.10. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) and immunoblot analysis

Cells after treatment were washed with PBS. Sixty ul of TTL buffer
(1M Tris-HCI, 5M NaCl, 0.2M EDTA, 10% Triton X, protease in-
hibitors) were added to each well and cells were harvested by cell
scrappers and transferred into tubes. The tubes were frozen on dry ice.
After 15 min cells were gently thawed and incubated for 20 min on ice.
After incubation cells were spun down at 20 000xg, 20 min, 4 °C. The
supernatants were aspirated into new tubes. The concentrations of
proteins were measured by Bradford reagent (Sigma Aldrich, St. Louis,
MO, USA) according to manufacturer recommendations. Proteins
(20 pg) were loaded and separated in 12% SDS-PAGE gels at 15 mA for
60 min. Then, the separated proteins were transferred to 0.45um
Amersham Protran Nitrocellulose Blotting Membrane (GE Healthcare,
Life science) in methanol transfer buffer using Mini Trans-Blot Cell (Bio-
Rad Laboratories, CA, USA). The membranes were blocked with 5%
BSA in Tris-buffered saline containing Tween 20 (TBST; 20 mM
Tris—HCI, pH 7.4, 0.15M NacCl, and 0.1% Tween 20) for 1 h and in-
cubated with anti-p53 (Cell Signaling, Leiden, The Netherlands) and
anti-GAPDH (Abcam, Cambridge, UK) at 4°C overnight, followed by
incubation with goat anti-rabbit secondary antibody conjugated with
horseradish peroxidase (Abcam, Cambridge, UK). The membranes were
then incubated with SupersignalWest Pico Chemiluminiscent Substrate
(Pierce, Thermofisher, Massachusetts, USA) and visualized by Azure
c600 (Azure Biosystems, Dublin, CA, USA).

2.11. Mice and tumor induction and treatment

Three-month old female BALB/c mice were purchased from Institute
of Physiology of the Czech Academy of Sciences (Prague, Czech
Republic). All mice were maintained and handled in accordance with
the procedures approved by the Institute of Microbiology animal care
and use committee (No. 105/2016). Thirty-two mice were inoculated
subcutaneously on the right side of their shaved back with a single-cell
suspension of CT26.WT cells (200,000 cells in 100 ul) and, after 10
days, divided into four groups with eight mice each. All groups received
single or combined therapy when the tumors reached average volume
of about 300 mm? (day 14). The mice were gavaged daily with 100 ul
suspension of GLC powder in sterile distilled water (110 mg/ml) ac-
cording Sliva et al. [21] and injected intraperitoneally three times a
week with 200 ul 5FU (Sigma Aldrich, St. Louis, MO, USA) solution in
sterile phosphate buffered saline (20 mg/kg). The tumor dimensions
were measured twice a week by a caliper and tumor volume was cal-
culated using a formula (length x width?)/2. The mice were sacrificed
on day 48. Tumor samples dimensions were measured by caliper and
weight out. After measurement tumor tissues were frozen.

2.12. Statistical analysis

Statistical analyses were performed using pairwise comparison by
Student’s t-test and Two-way ANOVA (GraphPad Prism5, GraphPad
Software, La Jolla California USA, www.graphpad.com). The results
represent the mean value of three independent experiments + SD; the
significance level was set at p< 0.05.

3. Results

3.1. Ganoderma Lucidum inhibits growth and invasive behavior of
colorectal cancer cell lines

To define the effect of GLC on cell proliferation, HCT116, HT29 and
non-malignant NCM460 cells were treated with two different doses of
GLC (0.25 mg/ml and 0.5 mg/ml). After 24 h treatment we observed
non-significant decrease in cell proliferation (data not shown).
However, we recorded significantly decreased cell proliferation in
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Fig. 1. GLC inhibits growth, invasive behavior and cell cycle of colorectal cancer cell lines.
(A) Cell proliferation measured by WST assay after 48 h GLC treatment in HCT116, HT29 and NCM460 cells. (B) Colony forming assay after GLC treatment. (C)
Migration of cancer cells after GLC treatment. (D) Propidium iodide analysis to define cell cycle distribution after GLC treatment. All data are expressed as means

+ SD of triplicates and *p < 0.05 versus control (non-treated cells).

HCT116 (by 27%, p < 0.05) and HT29 (by 39%, p < 0.05) cancer
cells at 0.5 mg/ml after 48 h treatment. The prolonged GLC treatment
for 72 h resulted in persisting lower proliferation in HCT116 cells,
whereas no effect on proliferation was recorded in HT29 cells (data not
shown). Proliferation of non-malignant cells was not affected (Fig. 1A).

Colony forming assay was performed to verify the anti-proliferative
potential of GLC. CRC and non-malignant cells were treated with two
different doses of GLC (0.25mg/ml and 0.5mg/ml) for 24h as

described in Materials and Methods. After 0.5 mg/ml GLC treatment,
the number of colonies significantly decreased by 46% and 45% in
HCT116 and HT29 cells, respectively (p < 0.05), when compared to
non-treated cells (Fig. 1B). GLC treatment did not affect non-malignant
NCM460 cells (Fig. 1B). In following experiments, the cells were treated
with 0.5 mg/ml GLC, because this concentration showed higher eficacy
in our experiments. The effect of GLC on migration of cancer cells was
analyzed as well. Significant 57% decrease in migration of HCT116
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cells was observed after GLC treatment (p < 0.05), however HT29 cells
showed only moderate reduction by 14% (Fig. 1C). The cell cycle dis-
tribution after GLC treatment was analyzed by flow cytometry after
propidium iodide staining. We did not observe any difference in cell
cycle distribution in either cell line treated with 0.5 mg/ml GLC for 24 h
(data not shown). Fig. 1D is a representative figure depicting effects on
cell cycle distribution after 48 h treatment with 0.5 mg/ml GLC. At this
time interval significant increase in the amount of HCT116 cells in G1
phase and decrease in the amount of cells in S phase (p < 0.001) was
pronounced. The same tendency was observed in HT29 cells as well; the
reduced proportion of cells in S phase was significant (p < 0.05). This
indicates the GLC induced G1/S cell cycle arrest. Moreover, in HT29
cells, several cells in GO phase were observed.

3.2. The effect of Ganoderma lucidum treatment on oxidative DNA damage

To asses DNA damage by GLC, the CRC cells were treated with
0.5 mg/ml GLC extract for 90 min. GLC treatment induces significant
changes in the amount of DNA strand breaks in HCT116 cell line (p
< 0.05) but not in HT29. However, the levels of oxidative DNA
damage significantly increased in HCT116 and in HT29 cells, respec-
tively (both p < 0.05, Fig. 2A and 2B). We found no increase in DNA
strand breaks and oxidative DNA damage in non-malignant reference
cells — NCM460 (Fig. 2C).

3.3. GLC enhances the effect of 5FU in CRC cells

Our results showed that GLC specifically decreased colorectal
cancer cell growth and also induced DNA damage. In the next part of
our study, we tested the eficacy of GLC in combined treatment with
conventionally used chemotherapeutic 5FU.

Cancer cells simultaneously treated with GLC (0.5 mg/ml) and 5FU
(5 pM) were analyzed for proliferation, long term survival (colony
formation), and DNA damage.

GLC co-treatment with 5FU did not significantly affect cancer cell
proliferation in HCT116 (Fig. 3A). However, growth of HCT116 cells
was decreased by about 20% compared to the effect of 5FU alone
(p < 0.01, Fig. 3B). In HT29 cells, GLC enhanced the effect of 5FU by
about 15% (p < 0.05, Fig. 3B). For further validation, the co-treatment
effect was analyzed using Combenefit software [22]. This analysis
showed an additive effect of GLC and 5FU treatment (data not shown).

The co-treatment (GLC + 5FU) also increased the level of DNA
strand breaks in HT29 cells and oxidative damage in HCT116 cells
(Fig. 3C). In HCT116 cells, simultaneous treatment with GLC and 5FU
increased the level of oxidative DNA damage (p < 0.05) in comparison
with 5FU treatment alone. In HT29 cells, co-treatment increased DNA
strand breaks (p = 0.05). We did not observe any effect of GLC as well
as simultaneous treatment of 5FU+ GLC on any of the analyzed
parameters in non-malignant colonic NCM460 cells (summarized in
Fig. 3).
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3.4. Effect of Ganoderma lucidum on accumulation of reactive oxygen
species (ROS) in CRC and non-malignant cell lines

The effect of GLC treatment (0.25 mg/ml and 0.5 mg/ml) on ROS
production in CRC and non-malignant cell lines was examined after 3, 6,
24 h incubation. We did not detect any changes in ROS levels after the
3 h treatment (data not shown), whereas 6h treatment with 0.25
mg/ml GLC induced an increase in ROS levels in HCT116 cells,
treatment with 0.5 mg/ml was non significantly increased (Fig. 4A, p
< 0.05). In HT29 cells, we detected non-significant increase in ROS
accumulation. In non-malignant NCM460 cells, the treatment with both
doses of GLC extract caused a significant decrease in ROS levels by
about 20% after 6 h (0.25 mg/ml, p < 0.05;0.5mg/ml, p < 0.01) and by
about 17% after 24 h (0. 25 mg/ml, p < 0.05; 0.5 mg/ml, p <
0.001, Fig. 4A).

3.5. Role of p53 in GLC treatment

The effect of GLC treatment on level of p53 protein was analyzed in
all tested cell lines. GLC (0.5 mg/ml) treatment increased the level of
p53 in CRC cell lines (Fig. 5A). In NCM460, the level of p53 was not
changed in comparison with non-treated control. HCT116"°%7" cells
were used to investigate the role of p53 protein in GLC effect.
HCT116°°%/ cells were treated with different concentrations of GLC for
48 h. Our results showed a 42% decrease in cell proliferation after
treatment with 0.5 mg/ml GLC (p < 0.05, Fig. 5B). GLC co-treatment
with 5FU also decreased the cell proliferation by 17% (p < 0.05,
Fig. 5B). This effect was also confirmed by colony forming assay
showing significant decrease in cancer cell growth (Fig. 5C). We did not
observe any effect on ROS accumulation in HCT116°*/ cells (Fig. 5D).
GLC treatment induced DNA strand breaks and oxidative DNA damage.
GLC co-treatment with 5FU enhanced the effect of 5FU on both types of
DNA damage (p < 0.05, Fig. 5E).

3.6. Effect of GLC on 5FU in mice xenograft model in vivo

To confirm the effect of GLC on 5FU treatment in vivo, we used mice
transplanted with syngeneic CT26 cells. After 14 days of tumor growth,
we started to treat the mice with GLC alone or in combination with
5FU. Although non-significant, in GLC + 5FU group, we observed
better survival (p= 0.0628) and smaller tumor volume in comparison to
other groups (Fig. 6A and 6B). These findings were also associated with
lower tumor weight measured at the day of experiment termina-tion (p
< 0.05, Fig. 6C).

4. Discussion

Ganoderma Lucidum (family Ganodermataceae) is basidiomycetous
fungi used in traditional Eastern medicine for centuries. This medical
mushroom is believed to preserve human vitality and promote long-
evity. It has been used to treat various human diseases, such as allergy,
arthritis, bronchitis, gastric ulcer, hyperglycemia, hypertension,
chronic hepatitis, hepatopathy, insomnia, nephritis, neurasthenia,
scleroderma, inflammation, and cancer [23]. In our study, we have

Fig. 2. Effect of GLC on DNA damage.

(A) Effect of GLC on DNA strand breaks and
oxidative DNA damage measured by comet
assay in HCT116. (B) Effect of GLC on DNA
strand breaks and oxidative DNA damage in
HT29. (C) Effect of GLC on DNA strand breaks
and oxidative DNA damage measured in
NCM460. Level of oxidative DNA damage is
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Fig. 3. The effect of GLC in combination with 5FU in vitro.

(A) Proliferation after GLC and 5FU co-treatment. (B) Effect of GLC and 5FU co-treatment on colony forming assay. (C) Effect of GLC and 5FU co-treatment on DNA

damage in HCT116 and HT29 CRC cell lines. All data are expressed as means *
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Fig. 4. GLC effect on ROS production in col-
orectal cell.

(A) Intracellular ROS accumulation after GLC
treatment detected by 2’,7’-dichlorodihydro-
fluorescein diacetate (H,DCFDA) in HCT116,
HT29 and NCM460 cells after 6 h and 24 h GLC
All  data

NCM460

3 ehrs

- 2anrs

w w treatment. are expressed as
means + SD of triplicates and *p< 0.05
° N o - v versus control (non-treated cells).
S > & & > @& & & ¢ > & & > @& ©
S F S @& & & & & & &S F
d_\’?'s & °_\‘?6‘7 e‘f’d e{\‘?@‘1 K Q'_\?’é\ o Q’_\‘?@ ef’& Q'f’@ &

tested the consequence of simultaneous treatment of natural compound
GLC together with chemotherapeutic 5FU on colorectal cancer, both in
vitro and in vivo. In our recent review article we hypothesized that
potentiating of anti-cancer effects of chemotherapeutics with well tol-
erated natural compounds may modify the effective drugs dose, di-
minish their side effects and ultimately lead to a better quality of life for
cancer patients [17].

Our original hypothesis that co-treatment of GLC with 5FU en-
hances its cytotoxic effect in CRC was confirmed in our study.
Simultaneous treatment of CRC cells with GLC and 5FU led to increased
level of oxidative DNA damage resulting in significantly decreased
cancer cell growth. Similar effect on colorectal cancer cells was shown
by Jiang et al., who showed that Ganoderma Lucidum polysaccharides
(GLPs) administered in combination with 5-FU synergistically suppress

proliferation of CRC cells [24].

These data suggest that specific DNA damage caused by natural
compounds may become a potential tool for improvement of the anti-
cancer treatment. Furthermore, we investigated the effect of GLC on
cancer cell proliferation, migration, cell cycle progression, as well as
DNA damage in malignant CRC cells and non-malignant colorectal cell
line. Additionally, we have tested a well characterized GLC extract
containing both polysaccharides and triterpenes and observed that GLC
decreased proliferation of HCT116 and HT29 cancer cells. Recently,
many authors brought an evidence, that GLC, particularly its compo-
nent triterpenes, decreases cancer cell proliferation in ovarian [25],
breast [26,27] and also in colorectal cancer cells [28,29]. Moreover, to
our best knowledge, we have documented for the first time that GLC has
no significant effect on non-malignant colorectal cells. To further
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(A) Representative figure of western blot analysis of p53 level after GLC treatment. (B) Proliferation of HCT1167°%/" cells after GLC treatment alone and in 5FU co-
treatment. (C) Effect of co-treatment of 5FU with GLC on colony forming assay. (D) ROS accumulation after GLC treatment. (E) Level of DNA damage after 5FU and GLC
co-treatment. All data are expressed as means + SD of triplicates and *p < 0.05 versus control (non-treated cells).

investigate the anti-cancer effect of GLC, we also analyzed cells long
term survival, which defines the ability of single cell to divide [30]. We
detected decreased growth of colorectal cancer cells after GLC treat-
ment, while the growth of non-malignant colorectal cells NCM460 re-
mained unaffected. Another important feature of tumor cells is their
invasiveness. Cell migration is a crucial process for normal development
and homeostasis, but disturbed cellular migration is also an essential
trait for cancer metastasis development. This metastatic spread of the
primary tumor accounts for over 90% of patient’s mortality associated

with solid tumors [31]. Subsequently, we have observed that GLC sig-
nificantly reduced also cancer cell migration. Consistently with our
results, Li et al. reported that ethanol extract of Ganoderma triterpenes
suppressed HCT116 migration through the upregulation of E-cadherin
[32]. This effect was also described in breast cancer cells by Martinez-
Montemayor et al. [33]. It is well recognized that the inhibition of
cancer cells growth and their invasive behavior are important me-
chanisms for carcinogenesis inhibition. In accordance with this as-
sumption, we proved that GLC showed a pronounced antitumor effect
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on CRC cells without affecting non-malignant cells. This may suggest
protective effect of natural compounds on non-malignant cells and ex-
plain why the natural compounds are well tolerated in humans.

To validate our results from in vitro studies, we analyzed the si-
multaneous effect of GLC with 5FU in a mice xenograft model. The
group of mice treated with GLC and 5FU together exhibited better
survival. GLC also positively influenced the cytotoxic effect of 5FU on
tumor size. Overall fitness of animals is important in evaluation of the
toxicity and the side effects of a chemotherapy drug or a natural sup-
plement in animal studies. Groups treated with GLC showed a moderate
increase in body weight (data not shown) and had better overall fitness
than mice in other groups. Sliva et al. reported that GLC triterpenes
could be used as an alternative dietary approach for the prevention of
cancer associated colitis [21] and Xu et al. showed that GLC attenuated
doxycycline induced cardiotoxicity [34]. Zhao el al described that GLC
enhances the sensitivity of ovarian cancer cells to cisplatin [35], and
Yue et al. defined synergism between GLC triterpenes and doxorubicine
[36]. Li et al. showed that Ganoderma microsporum prevented 5FU in-
duced mucositis in mice model [37]. However, studies addressing effect
of GLC on 5FU treatment in mice tumor xenograft model are rather
scarce. Taking together, we proved that GLC could enhance cytotoxic
effect of 5FU, and alongside it protects non-malignant cells from 5FU
cytotoxicity.

In our study, we observed important effect of GLC and 5FU on CRC
and non-malignant cells. To further understand this phenomenon, we
focused on the description of the mechanism involved in the GLC cy-
totoxicity. Since DNA damage is a complex target for anticancer drugs
[38], we focused on the level of DNA strand breaks after GLC treatment.
We detected an accumulation of DNA strand breaks (HCT116) in CRC
cells after GLC treatment. Furthermore, we documented that GLC in-
duced specific oxidative DNA damage in CRC cells. Some studies re-
ported that triterpenoids isolated from GLC induced oxidative DNA
damage due to their structure-activity relationships. Liu et al. suggested
that oxidative DNA damage accumulation depends on the degree of
acetylation in the structure of GLC triterpenoid [39]. It is well known
that many natural compounds are able to cause oxidative DNA damage,
such as curcumin [40], resveratrol [41] and Ginkgo Biloba extract [42]

Tumor volume
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Fig. 6. The effect of GLC and 5FU in vivo.

(A) Kaplan Meier curves representing mice
survival after GLC and 5FU administration. (B)
Differences in tumor volume after GLC and
5FU administration. (C) Differences in tumor
weight after GLC and 5FU administration. All
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ultimately resulting in cell cycle arrest and apoptosis of colorectal
cancer cells [43]. The importance of studying natural compounds in the
cancer therapy is supported by the fact that some of these natural
compounds recently underwent clinical trials (curcumin), [44,17].

Under physiological conditions, recognition of DNA damage induces
the DNA damage response (DDR) machinery in order to maintain
genomic integrity of the cell. Suboptimal activity of DDR may enhance
the effect of DNA damaging compounds. Kuo et al. reported that dietary
flavonoids can enhance chemotherapeutic effect by inhibiting DDR
[46]. We demonstrate that, GLC increased the accumulation of oxida-
tive DNA damage. On the contrary, GLC treatment significantly de-
creased the level of ROS in non-malignant colorectal cells. Reactive
oxygen species can react with different components of DNA and cause
DNA lesions. These properties predestine ROS as a potential target for
anti-cancer therapy [47]. There is an evidence of protective effect of
GLC against ROS formation, mostly in non-cancerous cells. Li et al. has
already postulated that GLC polysaccharides exert a protective effect
against oxidative stress in the brain cells [48] as well as in cardio-
myocytes [34].

Our results showed that HT29 are less sensitive to GLC treatment.
The reason for this difference could be due to the fact that HT29 line
bears a mutation in TP53 gene [49]. Mutation in TP53 is often presentin
many cancer types, including advanced CRC. Loss of p53 function by
mutations leads to uncontrolled cell cycle progression [50]. Jiang et al.
published that polysaccharides from GLC restore tumor suppressor
function of mutant p53 [24]. Moreover, we observed increased levels of
p53 protein after GLC treatment. We hypothesized that restoration of
tumor suppressor function of p53 after GLC treatment may lead to re-
storation of cell cycle regulation and cell cycle arrest and apoptosis. To
define the role of p53 protein in GLC treatment, we used HCT116**/
cells. p53 in general is not necessary for the induction of the DNA da-
mage, but it is critical for the occurrence of the cell death. In the pre-
sence of p53, GLC dramatically enhanced cytotoxicity of 5FU by trig-
gering of the oxidative DNA damage. In case of p537 cells, GLC
induced the DNA damage, and simultaneously reactivated p53. These
changes may subsequently result in cell growth inhibition and apop-
tosis, as recently shown by Jiang et al. [24].
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5. Conclusion

In summary, GLC showed a substantial effect on CRC cells by in-
duction of oxidative DNA damage, whereas it protected non-malignant
cells from ROS accumulation. Moreover, GLC enhanced the toxic effect
of 5FU in CRC cell lines. According to obtained results, we propose
natural compounds may represent a promising supplement to conven-
tional cancer therapy, which may finally reduce the effective curative
dose of anticancer drugs and improving patients’ outcomes.

Conflict of interests
The authors declare that there are no conflicts of interest.
Funding

This work was supported by the Ministry of Education, Youth and
Sports of the Czech Republic [KONTAKT Il - LH13061], the Czech
Science Foundation [GACR 18-09709S and 19-10543S]; the Czech
Health Research Council of the Ministry of Health of the Czech
RepublicCzech Health Research Council [AZV 15-27580A]; the Grant
Agency of the Charles University [GAUK 800216]; the Research pro-
gram of Charles University [PROGRES Q28 (Oncology) and “Centrum
of clinical and experimental liver surgery”, UNCE/MED/006]; the
National Sustainability Program | (NPU 1) [Nr. LO1503] and EFRR
[project No. CZ.02.1.01/0.0/0.0/16_019/0000787 , Fighting INfectious
Diseases”, awarded by the Ministry of Education, Youth and Sport of
the Czech Republic.].

Acknowledgement

The authors are grateful to the COST Action CA15132, ‘hCOMET’,
for support. The authors also thank to Dr. Andera for a gift of the col-
orectal cell lines, Prof. Rihova for a gift of the mouse colon cancer cell
line and to Dr. Vymetalkova for a consultation of the results.

References

[1] J. Ferlay, I. Soerjomataram, R. Dikshit, S. Eser, C. Mathers, M. Rebelo, D.M. Parkin,
D. Forman, F. Bray, Cancer incidence and mortality worldwide: sources, methods
and major patterns in GLOBOCAN 2012, Int. J. Cancer 136 (2015) E359-386.

[2] G. Binefa, F. Rodriguez-Moranta, A. Teule, M. Medina-Hayas, Colorectal cancer:
from prevention to personalized medicine, World J. Gastroenterol. 20 (2014)
6786-6808.

[3] G. Martini, T. Troiani, C. Cardone, P. Vitiello, V. Sforza, D. Ciardiello, S. Napolitano,
C.M. Della Corte, F. Morgillo, A. Raucci, A. Cuomo, F. Selvaggi, F. Ciardiello,

E. Martinelli, Present and future of metastatic colorectal cancer treatment: a review
of new candidate targets, World J. Gastroenterol. 23 (2017) 4675-4688.

[4] B. Pardini, R. Kumar, A. Naccarati, J. Novotny, R.B. Prasad, A. Forsti, K. Hemminki,
P. Vodicka, J. Lorenzo Bermejo, 5-Fluorouracil-based chemotherapy for colorectal
cancer and MTHFR/MTRR genotypes, Br. J. Clin. Pharmacol. 72 (2011) 162-163.

[5] D.A. Bastos, S.C. Ribeiro, D. de Freitas, P.M. Hoff, Combination therapy in high-risk
stage Il or stage Ill colon cancer: current practice and future prospects, Ther. Adv.
Med. Oncol. 2 (2010) 261-272.

[6] K.C. Bulusu, R. Guha, D.J. Mason, R.P. Lewis, E. Muratov, Y. Kalantar Motamedi,
M. Cokol, A. Bender, Modelling of compound combination effects and applications
to eficacy and toxicity: state-of-the-art, challenges and perspectives, Drug Discov.
Today 21 (2016) 225-238.

[7] L. Zhang, X. Xing, F. Meng, Y. Wang, D. Zhong, Oral fluoropyrimidine versus in-
travenous 5-fluorouracil for the treatment of advanced gastric and colorectal
cancer: meta-analysis, J. Gastroenterol. Hepatol. 33 (2018) 209-225.

[8] D.G. Haller, J. Tabernero, J. Maroun, F. de Braud, T. Price, E. Van Cutsem, M. Hill, F.
Gilberg, K. Rittweger, H.J. Schmoll, Capecitabine plus oxaliplatin compared with
fluorouracil and folinic acid as adjuvant therapy for stage Il colon cancer, J. Clin.
Oncol. 29 (2011) 1465-1471.

[9] M.J. O’Connor, Targeting the DNA damage response in Cancer, Mol. Cell 60 (2015)

547-560.

H. Tian, Z. Gao, H. Li, B. Zhang, G. Wang, Q. Zhang, D. Pei, J. Zheng, DNA damage

response—a double-edged sword in cancer prevention and cancer therapy, Cancer

Lett. 358 (2015) 8-16.

[11] A.L. Demain, P. Vaishnav, Natural products for cancer chemotherapy, Microb.

Biotechnol. 4 (2011) 687-699.
[12] A. Ranjan, N.M. Fofaria, S.H. Kim, S.K. Srivastava, Modulation of signal transduc-
tion pathways by natural compounds in cancer, Chin. J. Nat. Med. 13 (2015)

[10]

[13]

[14]

[15]

[16]

[17]

[18]
[19]
[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Mutat Res Gen Tox En 845 (2019) 403065

730-742.

S. Wachtel-Galor, J. Yuen, J.A. Buswell, I.F.F. Benzie, Ganoderma lucidum (lingzhi
or reishi): a medicinal mushroom, in: nd, in: I.F.F. Benzie, S. Wachtel-Galor (Eds.),
Herbal Medicine: Biomolecular and Clinical Aspects, Boca Raton (FL), 2011.

B. Boh, Ganoderma lucidum: a potential for biotechnological production of anti-
cancer and immunomodulatory drugs, Recent Pat. Anticancer Drug Discov. 8
(2013) 255-287.

D. Sliva, Ganoderma lucidum in cancer research, Leuk. Res. 30 (2006) 767-768.
S. Cheng, D. Sliva, Ganoderma lucidum for cancer treatment: we are close but still
not there, Integr. Cancer Ther. 14 (2015) 249-257.

A. Rejhova, A. Opattova, A. Cumova, D. Sliva, P. Vodicka, Natural compounds and
combination therapy in colorectal cancer treatment, Eur. J. Med. Chem. 144 (2018)
582-594.

J. Jiang, D. Sliva, Novel medicinal mushroom blend suppresses growth and inva-
siveness of human breast cancer cells, Int. J. Oncol. 37 (2010) 1529-1536.

C.A. Schneider, W.S. Rasband, K.W. Eliceiri, NIH Image to Imagel: 25 years of
image analysis, Nat. Methods 9 (2012) 671-675.

A. Azqueta, A.R. Collins, The essential comet assay: a comprehensive guide to
measuring DNA damage and repair, Arch. Toxicol. 87 (2013) 949-968.

D. Sliva, J. Loganathan, J. Jiang, A. Jedinak, J.G. Lamb, C. Terry, L.A. Baldridge, J.
Adamec, G.E. Sandusky, S. Dudhgaonkar, Mushroom Ganoderma lucidum pre-
vents colitis-associated carcinogenesis in mice, PLoS One 7 (2012) e47873.

G.Y. Di Veroli, C. Fornari, D. Wang, S. Mollard, J.L. Bramhall, F.M. Richards,

D.l. Jodrell, Combenefit: an interactive platform for the analysis and visualization
of drug combinations, Bioinformatics 32 (2016) 2866—2868.

D. Sliva, Ganoderma lucidum (Reishi) in cancer treatment, Integr. Cancer Ther. 2
(2003) 358-364.

D. Jiang, L. Wang, T. Zhao, Z. Zhang, R. Zhang, J. Jin, Y. Cai, F. Wang, Restoration
of the tumor-suppressor function to mutant p53 by Ganoderma lucidum poly-
saccharides in colorectal cancer cells, Oncol. Rep. 37 (2017) 594-600.

S. Dai, J. Liu, X. Sun, N. Wang, Ganoderma lucidum inhibits proliferation of human
ovarian cancer cells by suppressing VEGF expression and up-regulating the ex-
pression of connexin 43, BMC Complement. Altern. Med. 14 (2014) 434.

J. Jiang, A. Jedinak, D. Sliva, Ganodermanontriol (GDNT) exerts its effect on
growth and invasiveness of breast cancer cells through the down-regulation of
CDC20 and uPA, Biochem. Biophys. Res. Commun. 415 (2011) 325-329.

H. Hu, N.S. Ahn, X. Yang, Y.S. Lee, K.S. Kang, Ganoderma lucidum extract induces
cell cycle arrest and apoptosis in MCF-7 human breast cancer cell, Int. J. Cancer 102
(2002) 250-253.

A. Jedinak, A. Thyagarajan-Sahu, J. Jiang, D. Sliva, Ganodermanontriol, a lanos-
tanoid triterpene from Ganoderma lucidum, suppresses growth of colon cancer cells
through ss-catenin signaling, Int. J. Oncol. 38 (2011) 761-767.

J. Zhang, J.M. Chen, X.X. Wang, Y.M. Xia, S.W. Cui, J. Li, Z.Y. Ding, Inhibitor or
promoter? The performance of polysaccharides from Ganoderma lucidum on
human tumor cells with different p53 statuses, Food Funct. 7 (2016) 1872-1875.
H. Rafehi, C. Orlowski, G.T. Georgiadis, K. Ververis, A. El-Osta, T.C. Karagiannis,
Clonogenic assay: adherent cells, J. Vis. Exp. (2011).

W.G. Jiang, A.J. Sanders, M. Katoh, H. Ungefroren, F. Gieseler, M. Prince,

S.K. Thompson, M. Zollo, D. Spano, P. Dhawan, D. Sliva, P.R. Subbarayan,

M. Sarkar, K. Honoki, H. Fujii, A.G. Georgakilas, A. Amedei, E. Niccolai, A. Amin,
S.S. Ashraf, L. Ye, W.G. Helferich, X. Yang, C.S. Boosani, G. Guha, M.R. Ciriolo,

K. Aquilano, S. Chen, A.S. Azmi, W.N. Keith, A. Bilsland, D. Bhakta, D. Halicka,

S. Nowsheen, F. Pantano, D. Santini, Tissue invasion and metastasis: molecular,
biological and clinical perspectives, Semin. Cancer Biol. 35 (Suppl) (2015)
$244-S275.

K. Li, K. Na, T. Sang, K. Wu, Y. Wang, X. Wang, The ethanol extracts of sporoderm-
broken spores of Ganoderma lucidum inhibit colorectal cancer in vitro and in vivo,
Oncol. Rep. 38 (2017) 2803-2813.

M.M. Martinez-Montemayor, R.R. Acevedo, E. Otero-Franqui, L.A. Cubano,

S.F. Dharmawardhane, Ganoderma lucidum (Reishi) inhibits cancer cell growth and
expression of key molecules in inflammatory breast cancer, Nutr. Cancer 63 (2011)
1085-1094.

F. Xu, X. Li, X. Xiao, L.F. Liu, L. Zhang, P.P. Lin, S.L. Zhang, Q.S. Li, Effects of
Ganoderma lucidum polysaccharides against doxorubicin-induced cardiotoxicity,
Biomed. Pharmacother. 95 (2017) 504-512.

S. Zhao, G. Ye, G. Fu, J.X. Cheng, B.B. Yang, C. Peng, Ganoderma lucidum exerts
anti-tumor effects on ovarian cancer cells and enhances their sensitivity to cisplatin,
Int. J. Oncol. 38 (2011) 1319-1327.

Q.X. Yue, F.B. Xie, S.H. Guan, C. Ma, M. Yang, B.H. Jiang, X. Liu, D.A. Guo,
Interaction of Ganoderma triterpenes with doxorubicin and proteomic character-
ization of the possible molecular targets of Ganoderma triterpenes, Cancer Sci. 99
(2008) 1461-1470.

C.H. Li, J.L. Ko, C.C. Ou, W.L. Lin, C.C. Yen, C.T. Hsu, Y.P. Hsiao, The protective
role of GMI, an immunomodulatory protein from Ganoderma microsporum, on 5-
Fluorouracil-induced oral and intestinal mucositis, Integr. Cancer Ther. 18 (2019)
1534735419833795.

M.D. Wyatt, D.M. Wilson, 3rd, Participation of DNA repair in the response to 5-
fluorouracil, Cell. Mol. Life Sci. 66 (2009) 788-799.

R.M. Liu, Y.B. Li, X.F. Liang, H.Z. Liu, J.H. Xiao, J.J. Zhong, Structurally related
ganoderic acids induce apoptosis in human cervical cancer Hela cells: Involvement
of oxidative stress and antioxidant protective system, Chem. Biol. Interact. 240
(2015) 134-144.

D. de Paula Aguiar, M. Brunetto Moreira Moscardini, E. Rezende Morais,

R. Graciano de Paula, P.M. Ferreira, A. Afonso, S. Belo, A. Tomie Ouchida, C. Curti,
W.R. Cunha, V. Rodrigues, L.G. Magalhaes, Curcumin generates oxidative stress and
induces apoptosis in adult Schistosoma mansoni worms, PLoS One 11 (2016)


http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0005
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0005
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0005
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0010
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0010
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0010
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0015
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0015
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0015
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0015
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0020
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0020
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0020
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0025
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0025
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0025
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0030
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0030
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0030
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0030
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0035
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0035
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0035
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0040
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0040
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0040
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0040
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0040
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0045
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0045
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0050
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0050
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0050
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0055
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0055
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0060
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0060
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0060
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0065
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0065
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0065
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0070
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0070
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0070
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0075
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0080
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0080
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0085
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0085
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0085
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0090
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0090
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0095
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0095
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0100
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0100
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0105
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0105
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0105
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0105
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0110
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0110
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0110
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0115
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0115
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0120
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0120
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0120
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0125
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0125
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0125
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0130
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0130
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0130
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0135
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0135
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0135
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0140
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0140
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0140
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0145
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0145
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0145
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0150
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0150
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0155
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0155
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0155
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0155
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0155
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0155
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0155
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0155
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0160
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0160
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0160
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0165
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0165
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0165
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0165
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0170
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0170
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0170
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0175
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0175
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0175
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0180
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0180
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0180
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0180
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0185
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0185
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0185
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0185
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0190
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0190
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0195
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0195
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0195
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0195
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0200
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0200
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0200
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0200

A. Opattova, et al.

[41]

[42]

[43]

[44]

[46]

e0167135.

S.M. Attia, Influence of resveratrol on oxidative damage in genomic DNA and
apoptosis induced by cisplatin, Mutat. Res. 741 (2012) 22-31.

A. Dardano, M. Ballardin, N. Caraccio, G. Boni, C. Traino, G. Mariani,

M. Ferdeghini, R. Barale, F. Monzani, The effect of Ginkgo biloba extract on gen-
otoxic damage in patients with differentiated thyroid carcinoma receiving thyroid
remnant ablation with iodine-131, Thyroid 22 (2012) 318-324.

G. He, C. Feng, R. Vinothkumar, W. Chen, X. Dai, X. Chen, Q. Ye, C. Qiu, H. Zhou,
Y. Wang, G. Liang, Y. Xie, W. Wu, Curcumin analog EF24 induces apoptosis via
ROS-dependent mitochondrial dysfunction in human colorectal cancer cells, Cancer
Chemother. Pharmacol. 78 (2016) 1151-1161.

R.E. Carroll, R.V. Benya, D.K. Turgeon, S. Vareed, M. Neuman, L. Rodriguez,

M. Kakarala, P.M. Carpenter, C. McLaren, F.L. Meyskens Jr., D.E. Brenner, Phase lla
clinical trial of curcumin for the prevention of colorectal neoplasia, Cancer Prev.
Res. Phila. (Phila) 4 (2011) 354-364.

C.Y. Kuo, I. Zupko, F.R. Chang, A. Hunyadi, C.C. Wu, T.S. Weng, H.C. Wang, Dietary

[47]

[48]

[49]

[50]

Mutat Res Gen Tox En 845 (2019) 403065

flavonoid derivatives enhance chemotherapeutic effect by inhibiting the DNA da-
mage response pathway, Toxicol. Appl. Pharmacol. 311 (2016) 99-105.

L. Zhang, J. Li, L. Zong, X. Chen, K. Chen, Z. Jiang, L. Nan, X. Li, W. Li, T. Shan,
Q. Ma, Z. Ma, Reactive oxygen species and targeted therapy for pancreatic Cancer,
Oxid. Med. Cell. Longev. (2016) (2016) 1616781.

X.Z. Sun, Y. Liao, W. Li, L.M. Guo, Neuroprotective effects of ganoderma lucidum
polysaccharides against oxidative stress-induced neuronal apoptosis, Neural Regen.
Res. 12 (2017) 953-958.

P.A. Muller, A.G. Trinidad, P. Timpson, J.P. Morton, S. Zanivan, P.V. van den
Berghe, C. Nixon, S.A. Karim, P.T. Caswell, J.E. Noll, C.R. Cofill, D.P. Lane,

0.J. Sansom, P.M. Neilsen, J.C. Norman, K.H. Vousden, Mutant p53 enhances MET
traficking and signalling to drive cell scattering and invasion, Oncogene 32 (2013)
1252-1265.

I. Marmol, C. Sanchez-de-Diego, A. Pradilla Dieste, E. Cerrada, M.J. Rodriguez
Yoldi, Colorectal carcinoma: a general overview and future perspectives in color-
ectal Cancer, Int. J. Mol. Sci. 18 (2017).


http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0200
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0205
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0205
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0210
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0210
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0210
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0210
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0215
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0215
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0215
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0215
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0220
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0220
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0220
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0220
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0225
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0225
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0225
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0230
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0230
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0230
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0235
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0235
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0235
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0240
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0240
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0240
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0240
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0240
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0245
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0245
http://refhub.elsevier.com/S1383-5718(19)30094-4/sbref0245

‘ Tvpe Original Research

0‘ frontiers ‘ Frontiers in Oncology ‘ PUBLISHED 17 October 2022

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Aditi Banerjee,
University of Maryland, United States

REVIEWED BY
Xin-Hua Cheng,

Shanghai Jiao Tong University, China
Zhenzhen Gao,

Second Hospital of Jiaxing City, China

*CORRESPONDENCE
Alena Opattova
alena.opattova@iem.cas.cz
Pavel Vodicka
pavel.vodicka@iem.cas.cz

'These authors share senior authorship

SPECIALTY SECTION
This article was submitted to
Gastrointestinal Cancers:
Colorectal Cancer,

a section of the journal
Frontiers in Oncology

RECEWVED 01 June 2022
AccepTED 01 September 2022
PUBLISHED 17 October 2022

CITATION
Horak J, Dolnikova A, Cumaogullari O,
Cumova A, Navvabi N, Vodickova L,
Levy M, Schneiderova M, Liska V,
Andera L, Vodicka P and

Opattova A (2022)

MiR-140 leads to MREI1
downregulation and ameliorates
oxaliplatin treatment and therapy
response in colorectal cancer patients.
Front. Oncol. 12:959407.

doi: 10.3389/fonc.2022.959407

COPYRIGHT
© 2022 Horak, Dolnikova, Cumaogullari,
Cumova, Navvabi, Vodickova, Levy,
Schneiderova, Liska, Andera, Vodicka
and Opattova. 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.

Frontiers in Oncology

! D01 10.3389/fonc.2022.959407

MiR-140 leads to MREI11
downregulation and ameliorates
oxaliplatin treatment and
therapy response in colorectal
cancer patients

Josef Horak'?, Alexandra Dolnikova'?, Ozge Cumaogullari*”,

1,6 1,3,6

Andrea Cumova'”, Nazila Navvabi'®, Ludmila Vodickova'~**,

Miroslav Levy’, Michaela Schneiderova®, Vaclav Liska®’,

1,3,6%t 1,3,6%t

Ladislav Andera'’, Pavel Vodicka and Alena Opattova

'Department of Molecular Biology of Cancer, Institute of Experimental Medicine Czech Academy of
Sciences (CAS), Prague, Czechia, *Third Faculty of Medicine, Charles University, Prague, Czechia,
‘First Faculty of Medicine, Charles University, Prague, Czechia, ‘Eastern Mediterranean University,
Dr. Fazil Kiigiik Faculty of Medicine, North Cyprus, Turkey, *Gazimagusa State Hospital, Molecular
Genetics Research Laboratory, North Cyprus, Turkey, ‘Biomedical Center in Pilsen, Charles
University, Pilsen, Czechia, "Surgical Department, 1.st Medical Faculty, Charles University and
Thomayer Hospital , Prague, Czechia, *Department of Surgery, University Hospital Kralovske
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Cancer therapy failure is a fundamental challenge in cancer treatment. One of
the most common reasons for therapy failure is the development of acquired
resistance of cancer cells. DNA-damaging agents are frequently used in first-
line chemotherapy regimens and DNA damage response, and DNA repair
pathways are significantly involved in the mechanisms of chemoresistance.
MREI1, a part of the MRN complex involved in double-strand break (DSB)
repair, is connected to colorectal cancer (CRC) patients’ prognosis. Our
previous results showed that single-nucleotide polymorphisms (SNPs) in the 3’
untranslated region (3’'UTR) microRNA (miRNA) binding sites of MRE11 gene are
associated with decreased cancer risk but with shorter survival of CRC
patients, which implies the role of miRNA regulation in CRC. The therapy of
colorectal cancer utilizes oxaliplatin (oxalato(trans-1-1,2-diaminocyclohexane)
platinum), which is often compromised by chemoresistance development.
There is, therefore, a crucial clinical need to understand the cellular
processes associated with drug resistance and improve treatment responses
by applying efficient combination therapies. The main aim of this study was to
investigate the effect of miRNAs on the oxaliplatin therapy response of CRC
patients. By the in silico analysis, miR-140 was predicted to target MREIl and
modulate CRC prognosis. The lower expression of miR-140 was associated
with the metastatic phenotype (p < 0.05) and poor progression-free survival
(odds ratio (OR)= 0.4, p<0.05). In the in vitro analysis, we used miRNA mimics to
increase the level of miR-140 in the CRC cell line. This resulted in decreased

proliferation of CRC cells (p < 0.05). Increased levels of miR-140 also led to
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increased sensitivity of cancer cells to oxaliplatin (p < 0.05) and to the

accumulation of DNA damage. Our results, both in vitro and in vivo, suggest

that miR-140 may act as a tumor suppressor and plays an important role in DSB
DNA repair and, consequently, CRC therapy response.

KEYWORDS

miR-140, colorecal cancer, MRE11, oxaliplatin, therapy response, DNA damage, DNA

repair, miRNA

Introduction

Treatment failure of colorectal cancer (CRC) therapy,
represented by the development of drug resistance or outgrowth
of metastasis, is a major complication for CRC patients. There is a
crucial clinical need for predictive biomarkers that indicate the
success or failure of cancer treatment. A better understanding of
the cellular processes associated with drug resistance will
eventually lead to improved treatment response by applying
more effective combination therapies (1).

Cancer cells react toward chemotherapeutics in different
modes, such as by modifying DNA repair pathways. DNA
repair plays a major role in the cancer therapy response, as
chemotherapeutics usually induce various types of DNA damage
in cancer cells (2). The overexpression of DNA repair genes in
the tumor may confer more efficient repair of induced damage
and thus contribute to chemoresistance and impaired therapy
response (3). However, downregulation of the DNA repair genes
may confer a better therapy response but may also give a basis
for the appearance of new mutations and cancer progression (4).

Oxaliplatin (oxalato(trans-1-1,2-diaminocyclohexane)
platinum; OX) belongs to the most used chemotherapeutics in
CRC treatment. OX is a genotoxic drug that induces the
formation of DNA crosslinks, thus directly impairing the
structure of DNA, inhibiting DNA replication and RNA
synthesis, and inducing apoptosis (5). One of the most crucial
repair pathways to deal with DNA crosslinks is homologous
recombination (HR), a constituent of double-strand break (DSB)
repair (6).

MRN complex, a protein complex consisting of MRE11-
RADS0-NBS1, plays an important role in the initial processing
of DSB repair. The impaired function of the MRN complex leads
to gene instability and DNA damage accumulation, a
prerequisite of malignant transformation (7). Mutations in
MREI!1 predispose to CRC and are frequent in primary CRC
with mismatch repair deficiency (8). Patients with the decreased
expression of MRE11 were more sensitive to OX treatment, with
more significant tumor mass reduction and more prolonged
progression-free survival (9). Moreover, single-nucleotide
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polymorphisms (SNPs) in the 3’ untranslated region (3'UTR)
of MRE11 gene are associated with decreased cancer risk but
with shorter survival in CRC patients, which implies the role of
microRNA (miRNA) regulation in CRC (10).

MiRNAs are signaling molecules in various cell processes
functioning mainly as the suppressors of gene expression through
interaction with 3'UTRs of target mRNAs. However, miRNAs
have also been shown to interact with other regions of mRNA and
can even activate gene expression under certain conditions (11).
There are several mechanisms by which the deregulation of
miRNAs can influence malignant transformation (for review,
see (12)). Regardless of the mechanism, miRNA dysregulation
can potentiate CRC development by acquiring one or more
hallmarks of cancer (13). Despite some evidence of miRNAs
influencing the CRC sensitivity to the therapy, there is a scarcity
of miRNAs associated with OX therapy response (14).

The main aim of this study was to investigate the effect of
miRNAs on the OX therapy response of CRC patients. Based on
our previous published study, where we observed an association
of SNPs in the 3'UTR of the MRE11 gene with decreased CRC
risk (10), we performed in silico analysis of miRNAs associated
with MRE11 and found 187 miRNAs with MRE11 as a predicted
target. By additional analysis using The Cancer Genome Atlas
(TCGA) database, we have identified miR-140 as the best
candidate for further investigation. Our results suggest that the
miR-140/MREI11 axis is associated with improved therapeutic
response in oxaliplatin-treated CRC patients.

Materials and methods
Patient characteristics and samples

Paired tumor and non-malignant adjacent mucosa samples
were obtained from 50 patients who underwent surgery between
the years 2011 and 2015 and in whom all information was
followed and updated in 2021 (patients’ characteristics in
Table 1 and Supplementary Table 1). All the patients provided
signed consent for participation and their medical
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TABLE 1 Patients’ characteristics.

Number of patients (N = 50)

Gender, N Male 26
Female 24
Age of diagnosis Median 65
Range 37-82
Smoker, N Smokers 16
Non-smokers 16
Ex-smokers 18
TNM stage, N 1 2
I 13
I 25
v 10
Metastasis Yes 26
No 24

documentation for research. The design of the study was
approved by the Ethical Committee of the Institute of
Experimental Medicine, Prague, Czech Republic. RNA was
isolated from tissues by miRNeasy® Mini Kit (50) (Qiagen,
Hilden, Germany).

Bioinformatics analysis

Data from TargetScan (15) were extracted by multiMiR R
package (16).

All miRNA-Seq transcriptional profiles and detailed clinical
information were downloaded from TCGA (https://portal.gdc.
cancer.gov) using the TCGAbiolinks R package (17). For the
present study, data from the project TCGA-READ (rectal
adenocarcinoma, n = 155) and TCGA-COAD (colon
adenocarcinoma, n = 476) for every miRNA were separately
analyzed and filtered according to the following criteria: 1)
analyses were performed on CRC patients who had miRNA
expression level data available, and 2) clinical data including
survival data were also available. Finally, for miR-140, a total of
570 patients presented expression levels.

Cell cultures

Human colorectal cancer cell lines HCT116, DLD1, and HT29
were obtained from Merck (Darmstadt, Germany). Cell lines were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Merck, Germany) with 10% fetal bovine serum (Merck,
Germany), | mM of l-glutamine (Biosera, Nuaille, France), 1
mM of sodium pyruvate (Biosera, Nuaille, France), and 1 mM of
penicillin/streptomycin (Biosera, Nuaille, France). All cells were
cultured in a humidified incubator at 37°C, with 5% CO2.
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Transient transfection

Cells were transfected in 6-well plates at 60%—80%
confluency with 2.5 pmol of MISSION miRNA hsa-miR-140-
3p miRNA Mimics (Ambion, Austin, TX, USA) or with Negative
Control miRNA Mimics (Ambion, USA) with no homology to
the human genome using Lipofectamine® RNAIMAX 2000
(Invitrogenm) according to the manufacturer’s protocol. All
the experiments in cell lines were performed in three
independent repeats. The efficiency of transfection was
analyzed by qPCR measuring expression levels of transfected
miRNAs as compared to negative controls.

[solation and reverse transcription of
RNA from cell culture samples

Forty-eight hours after transfection, total RNA (including
miRNAs) was extracted from cells using Qiagen miReasy Mini
Kit (Qiagen, Germany) according to the manufacturer’s
protocol. The concentration of the total RNA was measured
by NanodropTM 8000 Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA), and the integrity of mRNA
(RNA integrity number (RIN)) of each sample was determined
by Agilent RNA 6000 Nano Kit by Agilent Bioanalyzer 2100
(Agilent Technologies, Santa Clara, CA, USA). Reverse
transcription was performed using the High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific, USA),
according to the manufacturer’s protocol.

Quantitative PCR of cell culture samples

Expression levels of miR-140 were measured using TagMan
MicroRNA Assays at 7500 Real Time PCR System (Thermo
Fisher Scientific, USA). The reaction contained 2 mlof a sample
with 40 ng of cDNA, 10 mlof TaqManT'VI Universal PCR Master
Mix, 1 mlof the assay, and 7 ml of RNAse-free water. The thermal
protocol was as follows: 50°C for 2 min, 95°C for 10 min, 40
cycles of 95°C for 15 s, and 60°C for 60 s plus melting curve
analysis. MiRNA expression was normalized to RNU6B, and all
data were subsequently analyzed by the 2-DDCt method.

Oxaliplatin treatment

Oxaliplatin, obtained from Merck (Germany), was dissolved
in dimethyl sulfoxide (DMSO; Merck, Germany) at the
concentration of 100 mM and stored at 4°C. To assess the
chemosensitivity of CRC cells with overexpressed miR-140 and
control cells, both cells were treated with a 6 mM concentration
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of oxaliplatin 24 h after miRNA mimics transfection and
analyzed for cell viability.

Viability and proliferation assays

For clonogenicity formation assay (CFA), 48 h after cell
transfection with miRNA mimics, 500 cells per well were plated
for colony formation assay onto 6-well plates and cultured in
DMEM. Twelve days later, colonies were fixed with 3%
formaldehyde, stained with 1% crystal violet, and counted.

For proliferation assay, cells were plated onto 96-well plates
at a density of 3 x 104 cells per well. The metabolic activity of the
cells was measured 24 h after plating by adding WST-1 solution
into the media as recommended by the manufacturer (Merck,
Germany). Absorbance at 450 and 690 nm was measured on
BioTek ELx808 absorbance microplate reader (BioTek,
Winooski, VT, USA).

Cell cycle analysis

Cells were seeded on 12 well plates (5 x 105 cells/ml),
harvested, washed with PBS, and centrifuged at 1,000 rpm for
10 min. Then, 1 ml of propidium iodide (PI) staining solution
(0.02 pg/ul of PI, 0.02 mg/ml of RNase, and 0.05% Triton X-100)
was added to the cell pellet, and cells were incubated for 30 min at
37°C in the dark. After incubation, samples were analyzed using a
flow cytometer (Apogee A-50 micro, Apogee, Hertfordshire, UK).
Measured data were evaluated with FlowLogic software (Inivai
Technologies, Mentone, VIC, Australia).

Sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and Western
blotting analysis

Proteins (20 mg) were loaded and separated in 10% sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
gels at 15 mA for 60 min. Then, the separated proteins were
transferred to 0.45 pum Amersham Protran Nitrocellulose Blotting
Membrane (GE Healthcare, Life Sciences, Marlborough, MA,
USA) in methanol transfer buffer using Mini Trans-Blot Cell
(Bio-Rad Laboratories, Hercules, CA, USA). The membranes were
blocked with 5% bovine serum albumin (BSA) in Tris-buffered
saline containing Tween 20 (TBST; 20 mM of Tris—HCI, pH 7.4,
0.15 M of NaCl, and 0.1% Tween 20) for 1 h and incubated with
anti-MRE11, anti-gH2AX, anti-RADS51 (Cell Signaling, Leiden,
the Netherlands) and anti-GAPDH antibodies (Abcam,
Cambridge, UK) at 4°C overnight, followed by incubation with
goat anti-rabbit secondary antibody conjugated with horseradish
peroxidase (Abcam, Cambridge, UK). The membranes were then
incubated with Immobilon Western Chemiluminescent HRP

Frontiers in Oncology

04

10.3389/fonc.2022.959407

Substrate (EMD Millipore Corporation, Billerica, MA, USA)
and visualized by Azure c600 (Azure Biosystems, Dublin,
CA, USA).

Preparation and application of
recombinant lentiviruses for
MREI1 silencing

For the preparation of recombinant lentiviruses expressing
MREI11 shRNAs, HEK293FT cells (Thermo Fisher, Waltham,
MA, USA) seeded in 6-well plates were co-transfected with
pLKO1 mission MRE11 shRNA plasmids and helper plasmids
psPax2 and pMD?2.g (Addgene, Cambridge, MA, USA) using
Lipofectamine 3000 (Thermo Fisher, Massachusetts, USA). Six
hours later, the medium was replaced with fresh DMEM without
antibiotics. After 48 h, the recombinant lentivirus-containing
culture medium was harvested and centrifuged at 15 min, 3,000
rpm, and 4°C to remove any floating cells and cell debris. The
cleared media containing lentiviruses were at 1:3 and 1:10 v/v
ratios, added to HCT116 cells and plated in a 12-well plate, and
after 24 h; the media were replaced with the fresh cultivation
medium; cell cultures containing integrated lentiviruses were
selected by using 2 mg/ml of puromycin for 4-5 days.
Transfected cells were then tested using genomic PCR and
Western blotting analysis for the genetic elimination/loss of
expression of the MRE11 gene.

Statistical analysis

Statistical analyses were performed using pairwise comparison
by Student’s t-test and two-way ANOVA (GraphPad Prism§,
GraphPad Software, La Jolla, CA, USA; www.graphpad.com). The
results represent the mean value of three independent
experiments + SD; the significance level was set at p < 0.05.
Statistical analysis for TCGA data was performed using the R
environment using the dplyr and survival, survminer, and ggplot2
packages. The survival significance was measured by a log-rank test.

Results

In silico analysis of miRNAs
targeting MRE11

Using TargetScan (15), we found 187 miRNAs with MRE11
as a predicted target (Supplementary Table 2) with 111 miRNAs
with data sufficient for progression-free survival (PFS)
calculation in the TCGA database. Out of these 111 miRNAs,
eight had a statistically significant impact on PFS (p < 0.05,
Supplementary Table 3). We identified miR-140 as the candidate
for further investigation, as it displayed the strongest statistically
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significant association with PFS (Figure 1, p <0.01) in the group
of analyzed miRNAs supported by data from more than
500 patients.

MiR-140 is downregulated in colorectal
cancer and associated with progression-
free survival and with the metastatic
phenotype in colorectal cancer

patients’ samples

We investigated the expression levels of MRE11 and miR-
140 in 50 CRC tumor tissues and adjacent non-malignant
mucosa samples (Table 1 and Supplementary Table 1). The
levels of miR-140 were significantly lower in tumor tissue
(Figure 2A, p < 0.01) compared to adjacent mucosa. MRE11
levels were moderately, but not significantly, higher in tumor
tissues (Figure 2B, p=0.11). A significant decrease in miR-140 in
patients’ CRC samples led only to a moderate non-significant
increase in MRE11, which might be due to broader regulation,
mixed phenotype, or complex treatment.

The Kaplan—Meier analysis showed, in concordance with
TCGA results, that lower expression of miR-140 in tumor tissue
is associated with poor PFS (Figure 2C, p < 0.05).

Because metastatic CRC has a higher mortality rate and
treatment is much more challenging, we have also investigated
the association between miR-140 and metastatic formation. Our
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FIGURE 1

Survival analysis of TCGA samples. PFS associated with miR-140
expression of CRC patients from TCGA database. Kaplan—Meier
analysis of the TCGA dataset showed that lower miR-140
expression is associated with poor PFS (p = 0.006). TCGA, The
Cancer Genome Atlas; PFS, progression-free survival, CRC,
colorectal cancer.
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data showed that decreased expression of miR-140 is associated
with the metastatic phenotype of CRC (Figure 2D, p < 0.05).

MiR-140 represses MREI11 expression

To select the appropriate colorectal cell line for transient
transfection, we measured the expression levels of miR-140 in
different CRC cell lines (Supplementary Figure 1A), and we
decided on DLDI1 by transient transfection of miR-140 by
miRNA mimics. We have reached a significant increase in
miR-140 levels stable up to 72 h (Supplementary Figure 1B).
Our data showed that overexpression of miR-140 using miRNA
mimics decreased the protein levels of MRE11 (Figure 3A) as
well as mRNA levels of MRE11 (Figure 3B).

Overexpression of miR-140 leads to the
accumulation of DNA damage

MREI11 is a crucial component of the MRN complex
associated with DSB repair (18). Therefore, we evaluated the
effect of miRNA mimic-induced miR-140 overexpression on one
of the markers of DSB DNA damage and gH2AX protein
accumulation (19). Western blotting analysis showed higher
levels of gH2AX after miR-140 miRNA mimics in the CRC
cell line (Figure 4).

Overexpression of miR-140 decreases
colorectal cancer cell proliferation

The effect of miR-140 overexpression induced by miRNA
mimics on CRC cell proliferation was measured using the WST-1
assay. Figure 5A shows that overexpression of miR-140 leads to
decreased cell proliferation, pronounced 24 h after transfection (p =
0.05). However, miR-140 overexpression does not affect clonogenic
potential (Figure 5B). In addition, flow cytometry analysis of the cell
cycle showed that overexpression of miR-140 leads to moderate
accumulation of cells in the G1 phase (Figure 5C).

MiR-140 enhances the
chemotherapeutic sensitivity of
colorectal cancer cells

Oxaliplatin is a third-generation platinum compound with an
important role in CRC treatment. Therefore, we have investigated
miR-140 in relation to the oxaliplatin sensitivity of CRC cells. Cell
proliferation after oxaliplatin treatment in DLDI cells
overexpressing miR-140 significantly decreased after 48 and 72 h
(Figure 6A, p < 0.05). The clonogenic potential of the cells (CFA)
revealed a significant decrease in colony numbers (Figure 6B, p <

frontiersin.org


https://doi.org/10.3389/fonc.2022.959407
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Horak et al.

10.3389/fonc.2022.959407

A *% B ns
I 1 I 1
= o 5
s . §° .
@ -4 : @
- [
s — S—— - .
S o
) x
o O 6
> (]
= 2 -
5 s
= [
g =
= w7
14 o
£ =
—1 .8 1
-8 e B —
T T T T
Adjacent Mucosa Tumor tissue Adjacent Mucosa Tumor tissue
C D *
Low expression —+— High expression I 1
1.00
o
k] °
?
e 4
g 0.75+ g s
o
g H .
e} =]
g 2
%. 0.50 ] . —r—
o -6
>
2 <
3 x
o 0.25- [
0.00- -8 — E—
T T T T T T
0 2 4 6 No Yes

Time

FIGURE 2

MiR-140 downregulation and association with PFS and metastatic CRC phenotype. (A) Relative expression of miR-140 is decreased in tumor
tissues compared to non-adjacent mucosa (p = 0.009). (B) Relative expression of MREI1 in non-significantly increased in tumor tissue (p = 0.11).
(C) Kaplan-Meier analysis showed that lower expression of miR-140 in tumor tissue is associated with poor PFS (p = 0.017). (D) Decreased
relative expression of miR-140 is associated with the metastatic phenotype of CRC (p = 0.023). *p < 0.05, **p < 0.01. PFS, progression-free

survival; CRC, colorectal cancer. ns = p>0.05 = non-significant

0.05). Cell cycle analysis of oxaliplatin-treated cells showed that
overexpression of miR-140 leads to an increase in cells in the G1
phase and a decrease in those in the S phase (Figure 6C).

MiR-140 did not affect oxaliplatin
sensitivity in shMREI1 cell lines

Our in silico analysis proposed a potential connection between
miR-140 and MRE11. To further analyze the effect of miR-140 on
oxaliplatin sensitivity through MRE11, we used recombinant
lentiviruses expressing MRE11 shRNAs and established CRC cell
lines with suppressed levels of MRE11 (Figure 7A). Cellular growth
after miR-140 overexpression was not changed in parental and
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shMREI11 cell lines (Figures 7B, C). The measurement of cellular
growth of HCT116 with overexpression of miR-140 and oxaliplatin
treatment showed decreased cellular growth (p = 0.05) (Figure 7D).
However, the analysis of cell growth did not show increased
oxaliplatin sensitivity of shMREI1 cells with overexpressed miR-
140 (Figure 7E).

Discussion

Poor therapy response and chemoresistance pose significant
complications in CRC treatment, leading to ineffective therapy,
tumor progression, metastasis, relapse of disease, and impaired
patient survival.
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Increased levels of miR-140 led to the downregulation of MRE11. (A) Western blotting analysis of cells after transient transfection of miR-140 in
the DLDI cell line showed decreased protein level of MRE11. (B) qPCR analysis of cells showed decreased MREI1 mRNA level. The results
represent the mean value of three independent experiments £ SD. *p < 0.05, **p < 0.01.
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Effect of miR-140 on markers of DSBs. Western blotting analysis of cells transiently transfected with miR-140 showed decreased protein levels

of RADS51 and increased levels of gH2AX. DSBs, double-strand breaks.

Based on our previous evidence that miRSNPs in the MRE11
gene influence CRC risks and survival (10), in the present study,
we investigated the effect of the miRNA/MREI11 axis on the
oxaliplatin therapy response of CRC patients.

Despite the multidisciplinary approach and chemotherapy
improvement, there is a considerable percentage of patients with
inadequate response to treatments and a poor prognosis. Currently,
there is a lack of properly validated predictive factors for CRC
treatment response, and the emergence of resistant clones is a non-
negligible reason for therapeutic failure and potential metastasis
development (20). In our study, we defined the association of miR-
140 expression with PFS, where lower miR-140 expression is
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associated with poor survival. Furthermore, our results showed
lower levels of miR-140 in tumor tissue. MiR-140 expression has
been previously studied mainly in association with cancer
development and recurrence. Zheng et al. performed a meta-
analysis and found a strong correlation between high expression of
miR-140 and better overall survival (OS) in several cancers.
Conversely, low expression is associated with advanced stages,
worse histologic type, and lymph node metastasis (21). MiR-140
could also remarkably reduce the tumor size in gastric cancer
xenograft mice (22). Yuan et al. found that miR-140 is significantly
downregulated in non-small lung carcinoma (NSCLC) tissues and
cell lines (23). In recent years, there has been increasing evidence of
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Effect of miR-140 on colorectal cancer cells. (A) Proliferation analysis showed a decreased level of proliferation in cells overexpressed miR-140
after 24 h (p = 0.05). (B) miR-140 overexpression did not affect the clonogenic potential of the cells. (C) Analysis of cell cycle content showed
moderate accumulation of cells in the G1 phase. The results represent the mean value of three independent experiments = SD. *p < 0.05.
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MiR-140 enhances the oxaliplatin sensitivity of CRC cells. (A) CRC cell proliferation after miR-140 and oxaliplatin treatment is decreased after 48
h (p <0.05) and 72 h (p < 0.05). (B) Analysis of cell clonogenicity potential showed a significant decrease in CFA (p < 0.05). (C) Analysis of cell

cycles showed an accumulation of cells in the G1 phase and a decrease in the S phase. The results represent the mean value of three
independent experiments + SD. *p < 0.05. CRC, colorectal cancer; CFA, clonogenicity formation assay.

a miR-140 role in the response to platinum derivative treatment in
different cancers. Meng et al. described that miR-140 promoted
autophagy mediated by HMGNS and sensitized osteosarcoma cells
to chemotherapy (24). Furthermore, miR-140 acts as a tumor
suppressor in breast cancer by inhibiting FEN1 from repressing
DNA damage repair. The authors of the published work reveal
miR-140 to be a new anti-tumorigenesis factor for adjuvant breast
cancer therapy (25). These results suggest a therapeutic potential of
miR-140 in cancer treatment. Lui et al. demonstrated that plasma
exosomal miR-140 in CRC patients was lower than in healthy
controls, and their work supports our findings that miR-140 exerts a
tumor suppressor ability (26).

Moreover, we found that decreased expression of miR-140
was associated with metastatic CRC phenotype. Our findings are
consistent with a study by Shahabi et al. (2020). The authors
showed that low expression of miR-140 is associated with lymph
node metastasis in breast cancer (27).

Frontiers in Oncology

Our in vitro analysis revealed an association of miR-140
overexpression with decreased CRC cell survival and
accumulation of DNA damage. Moreover, overexpression of
miR-140 enhances the sensitivity of colorectal cells to
oxaliplatin. The important role of miRNA in oxaliplatin
resistance in CRC was also proven by Wang et al. (28). They
published evidence that overexpression of miR-29b re-sensitized
OR-SW480 cells to oxaliplatin treatment. MiR-140 also re-
sensitizes cisplatin-resistant NSCLC cells to cisplatin treatment
through the SIRT1/ROS/INK pathway (29).

Direct or indirect induction of DNA damage is the main goal
of most cancer treatment regimens. Therefore, the process of
DNA damage repair plays an important role in therapy response
and chemotherapy resistance. Unfortunately, cancer cells can
initiate DNA repair, which plays a role in therapy response (3)
and chemotherapy resistance (2). The clinical importance of HR
for cancer therapy, mainly of MRE11, RADS0, and, NBS, has
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MiR-140 did not affect oxaliplatin sensitivity in shMRE11 cell lines. (A) Western blotting analysis of novel established cell line expressing recombinant
lentiviruses MRE11 shRNA. (B) Cellular growth of parental cells HCT116 after overexpression of miR-140 was not changed. (C) Cellular growth of
shMREI1 cells after overexpression of miR-140 was not changed. (D) Analysis of cellular growth of HCT116 with overexpression of miR-140 and
oxaliplatin treatment showed decreased growth (p = 0.05). (E) Cellular growth of shMREI1 cells with miR-140 overexpression after oxaliplatin
treatment was not changed. The results represent the mean value of three independent experiments.

already been reported (30). According to Pavelitz et al., deficient
MRET11 protein is a marker of better prognosis for CRC patients
irrespective of treatment in the long term (31). We previously
described the significant influence of miRNA binding sites
(miRSNPs) in the MREI1 gene on CRC risks and survival
(10). The importance of SNPs in miRSNPs of DNA repair
genes has been also described in other types of cancer (32).
MiR-140 was predicted as a potential interacting partner for
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MREI11 by TargetScan (15). In vitro overexpression of miR-140
causes the decrease of MRE11 protein levels. We did not observe
any effect of miR-140 on cell proliferation and oxaliplatin
sensitivity in the cells with inhibited MREI1 (shMREI11).
Based on this data, we hypothesize that miR-140 affects
oxaliplatin sensitivity in CRC cells via MRE11, or miR-140
may cooperate with MRE11 and may affect oxaliplatin
sensitivity in tested cells. MRE11 downregulation may lead to
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impairment of MRN complex and thus to inefficient HR and
subsequent damage accumulation (33). That is in accordance
with our results, as we observed the accumulation of gH2AX, a
marker of DNA damage, following overexpression of miR-140.

Despite intensive research, the efficiency of CRC therapy
remains low. Searching for novel prognostic and predictive
biomarkers may lead to better therapy responses. The presence
of miRNAs in blood plasma gives miRNAs a solid potential to be
easily accessible biomarkers. However, their use may be
compromised by the interindividual variability of cancer
patients and large intratumor heterogeneity. Our results
indicate miR-140 as a tumor suppressor and potential
predictive biomarker for oxaliplatin treatment. We believe that
identifying and validating novel biomarkers will ultimately lead
to more personalized cancer therapy and improve the quality of
a CRC patient’s life.
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Abstract

Chemoresistance poses one of the most significant challenges of cancer therapy.
Carboplatin (CbPt) is one of the most used chemotherapeutics in ovarian cancer (OVC)
treatment. MRE11 constitutes a part of homologous recombination (HR), which is
responsible for the repair of CbPt-induced DNA damage, particularly DNA crosslinks. The
study’s main aim was to address the role of HR in CbPt chemoresistance in OVC and to
evaluate the possibility of overcoming CbPt chemoresistance by Mirin-mediated MRE11
inhibition in an OVC cell line. Lower expression of MRE11 was associated with in better
overall survival in a cohort of OVC patients treated with platinum drugs (TCGA dataset, p
<0.05). Using in vitro analyses, we showed that the high expression of HR genes drives the
CbPt chemoresistance in our CbPt-resistant cell line model. Moreover, the HR
inhibition by Mirin not only increased sensitivity to carboplatin (p < 0.05) but also
rescued the sensitivity in the CbPt-resistant model (p < 0.05). Our results suggest that
MRE11 inhibition with Mirin may represent a promising way to overcome OVC
resistance. More therapy options will ultimately lead to better-personalized cancer
therapy and improvement of patients’ survival.

Keywords: Ovarian cancer; MRE11; DNA repair; chemoresistance; cancer therapy



1. Introduction

Cancer therapy is a complex process for eliminating the spread of malignant cells,
consisting of surgery and other modalities like radiotherapy, chemotherapy, targeted
therapy, or immunotherapy. In fact, cancer cells can survive and adapt to cytotoxic
therapy-induced conditions. This process, called chemoresistance, introduces one of the
most significant complications of cancer therapy and is the leading cause of cancer-
related deaths.

Ovarian cancer (OVC) is the eighth most common cancer in females. In 2020 the
incidence was more than 300,000 patients, and the mortality was more than 200,000
worldwide [1]. The most common type of OVC is epithelial ovarian cancer (EOVC), with a
5-year survival rate of only 49%, irrespective of staging. Other subtypes of OVC,
stromal or germ cell tumors, are rare but have a much better 5-year survival exceeding
90% [2]. Apart from sporadic OVC, some of the hereditary cancer syndromes with a
deficiency in DNA repair pathways are associated with a high risk of OVC. For example,
the homologous recombination (HR) deficiency leading to a higher risk of OVC is caused
mainly by BRCA1/2 mutations but also by mutations in other HR genes, such as RAD50,
PALB2 [3], BRIP, RAD51C, RAD51D [4]. The higher risk of OVC is also connected with
mismatch repair deficiency in Lynch Syndrome [5].

The primary therapy regime in EOVC is cytoreductive surgery and platinum-based
chemotherapeutics [6]. Over 80% of OVC patients respond to the first-line therapy, but
almost 80% of initially responsive patients will develop resistance [7]. Therefore, the
chemoresistance to platinum derivates represents a severe therapeutic complication.
The cancer cell can acquire chemoresistance by several mechanisms, includingincreased
efflux of the therapeutics by, for example, modulation of ABCB1 and ATP7A membrane
transporters [8,9] or altered expression of pro-survival proteins [10]. As DNA is a main
target for platinum-based chemotherapeutics, DDR plays a critical role in the
chemoresistance mechanisms [11]. In the cell, platinum-based drugs travel to the
nucleus, where they cause intra- and inter-strand DNA crosslinks [12]. DNA intra-strand
crosslinks are repaired mainly by nucleotide excision repair (NER). In contrast, inter-
strand cross-links are repaired by activation of NER, HR, translational synthesis, and
Fanconi anemia (FA) pathways [13]. Therefore, upregulation of these pathways may
protect the cell from induced damage, as documented in the example with the
upregulation of ERCC1 from the NER pathway associated with chemoresistance to
platinum drugs [14].

HR is an important mechanism for repairing double-strand breaks (DSBs). HR-deficient
patients, represented by BRCA1/2 mutations, are also more sensitive to platinum drugs
[15]. Rescuing the efficiency of the HR is one of the critical mechanisms resulting in
chemoresistance. The secondary mutations in BRCA1/2 genes may restore the protein
expression and establish a resistance to platinum derivates [16]. Rescuing the protein
activity by secondary mutations can be observed in other proteins of HR as well, like
RAD51 [17]. HR deficiency also plays a role in targeted therapy. PARP inhibitors are one
of the first clinically approved drugs in the concept of synthetic lethality [18]. Inhibition
of PARP in HR-deficient tumors leads to cancer cell death. The critical step for
recognizing and repairing DSBs is forming the Mrel1-Rad50-Nbsl (MRN) complex.
MRE11, with its endo and exonuclease activity, is an essential component of this
complex. Impaired expression of MRE11 has been associated with developing colorectal



and gastric cancers and susceptibility to ovarian cancer [19]. Alblihy et al. showed that
MRE11 protein overexpression in epithelial ovarian cancers was associated with
aggressive phenotype and poor progression-free survival [20].

Mirin [Z-5-(4-hydroxybenzylidene)-2-imino-1,3-thiazolidin-4-one] is a small molecular
MRE11 inhibitor. Mirin prevents MRN-dependent activation of ATM without affecting
ATM protein kinase activity and inhibits MRE1l1l-associated exonuclease activity.
Consistent with its ability to target the MRN complex, Mirin abolishes the G2/M
checkpoint and homology-dependent repair in mammalian cells [21].

As stated above, surgery and platinum-based chemotherapy are the first therapy
choices in OVC. However, the frequent deficiencies in DNA repair pathways, mainly HR,
leave the tumors vulnerable to targeted cancer therapy [22]. Furthermore, acquired
resistance to chemotherapy and targeted therapy caused by the rescue of the function
of mutated proteins represents immense clinical complications [23]. Therefore,
inhibition of HR by small molecular inhibitors in HR-proficient tumors and acquired
resistance have been studied with the potential to add new drugs to the concept and
diminish the occurrence of acquired chemoresistance.

To study the effect of the HR inhibition by MRE11 inhibitor Mirin on the sensitivity of
carboplatin (CbPt) in OVC cell lines, we generated a cell line with the acquired resistance
to carboplatin. In our present study, we investigated the role of MRE11, an important
player in HR, in chemoresistance development and its overcoming. Describing more
possibilities and connections between HR inhibition and the therapy response will offer
additional options in personalized medicine and, consequently, may improve the
patient’s survival and quality of life.

2. Material and methods
2.1. Cell cultures

Human ovarian cancer cell lines OVCAR3 were kindly gifted from Dr. Vaclavikova from
Center of Health Safety of National Institute of Public Health. A resistant cell line to
carboplatin was created from maternal OVCAR3 by adding an increasing amount of
carboplatin, as described in the Coley protocol [24]. Cell lines were cultured in RPMI
medium (Merck, Germany) with 10% fetal bovine serum (Merck, Germany), 1 mM L-
glutamine (Biosera, Nuaille, France), 1 mM sodium pyruvate (Biosera, Nuaille, France)
and 1mM penicillin/streptomycin (Biosera, Nuaille, France), HEPES (Biosera, Nuaille,
France). All cells were cultured in a humidified incubator at 37°C, 5% COa-.

2.2, Mirin pretreatment

Mirin, obtained from Sigma-Aldrich® (Germany), was dissolved in dimethyl sulfoxide
(DMSO, Merck, Germany) at the concentration of 45mM and stored at -20°C.

To assess the MRE11 inhibition by Mirin, we used the protocol by Dupre et al. [21]. After
one hour of pretreatment with 100 uM solution of Mirin, the cells were washed with
PBS and followed by the treatment of carboplatin.



2.3. Carboplatin treatment

Carboplatin, obtained from Sigma-Aldrich®(Germany), was dissolved in DMSO (Merck,
Germany) at the concentration of 125mM and stored at -20°C.

To assess the chemosensitivity of paternal and carboplatin resistant OVCAR3 cells after
inhibition of MRE11, cells were treated with the 10 uM concentration of carboplatin
after the Mirin pretreatment. For the assessment of gene expression, viability,
proliferation, cell cycle and protein expression the 48hrs Carboplatin treatment was
used. For the growth curves the treatment was according to the time point (24hrs,
48hrs, 72hrs).

2.4. Isolation and reverse transcription of RNA from cell culture samples

Forty-eight hours after treatment, total RNA was extracted from cells using Qiagen
miReasy Mini Kit (Qiagen, Germany) according to the manufacturer's protocol. The
concentration of the total RNA was measured by Nanodrop™ 8000 Spectrophotometer
(Thermo Fisher Scientific, USA), and the integrity of mRNA (RIN) of each sample was
determined by Agilent RNA 6000 Nano Kit by Agilent Bioanalyzer 2100 (Agilent
Technologies). Reverse transcription was performed using the High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific, USA), according to the
manufacturer's protocol.

2.5. Quantitative PCR of cell culture samples

Expression levels of DDR and EMT genes were measured using a 7500 Real-Time PCR
System (Thermo Fisher Scientific, USA). Reaction contained 2 uL of a sample with 40 ng
of cDNA, 10 pL SYBR™ Green PCR Master Mix (Thermo Fisher Scientific, USA), 1 uL of
custom-made primers (supplementary table 1), and 7 pL of RNAse-free water. The
thermal protocol was: 50°C for 2min, 95°C for 10min, 40 cycles of 95°C for 15 s, and 62°C
for 60 s plus melting curve analysis. mRNAs expression was normalized to ACTB, GAPDH,
and RNU19, and all data were subsequently analyzed by the 2-AACt method.

2.6. Viability and proliferation assays

For clonogenicity potential assay (CFA), 500 cells per well were plated for colony
formation assay onto 6-well plates treated with appropriate drug concentrations for
24hrs. After 24hrs the medium was changed to a fresh one. Twelve days later, colonies
were fixed with 3% formaldehyde, stained with 1% crystal violet, and counted.

For proliferation assay, cells were plated onto 96-well plates in a density of 2x10* cells
per well. The metabolic activity of the cells was measured 48 hours after plating by
adding WST-1 solution into the media as recommended by the manufacturer (Merck,
Germany). Absorbance at 450 and 690 nm was measured on a BioTek ELx808
absorbance microplate reader (BioTek, USA).



2.7. Cell cycle analysis

Cells were seeded on 12 well plates (5x10° cells/ml), harvested, washed with PBS, and
centrifuged at 1000 rpm for 10 min. Then, 1 ml of Propidium iodide (PI) staining solution
(0.02 pg/ul PI, 0.02 mg/ml RNase, 0.05% Triton X-100) was added to the cell pellet, and
cells were incubated for 30 min at 37°C in the dark. After incubation, samples were
analyzed using a flow cytometer (Apogee A-50 micro, Apogee, Hertfordshire, UK).
Measured data were evaluated with Flowlogic software (Inivai Technologies, Mentone,
Australia).

2.8. Protein isolation

Forty-eight hours after treatment, the proteins were isolated from cells using RIPA lysis
buffer (Sigma-Aldrich®, USA) with added inhibitors of proteases (Roche, Germany). The
concentration of the proteins was measured by Bradford reagent (Sigma-Aldrich®, USA)
and BSA standards (BioRad Quick Start Set, USA)

2.9. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and
Western Blot analysis

Proteins (40ug) were loaded and separated in 10% SDS-PAGE gels at 15 mA for 60 min.
Then, the separated proteins were transferred to 0.45 pum Amersham Protran
Nitrocellulose Blotting Membrane (GE Healthcare, Life science) in methanol transfer
buffer using Mini Trans-Blot Cell (Bio-Rad Laboratories, CA, USA). The membranes were
blocked with 5% BSA in Tris-buffered saline containing Tween 20 (TBST; 20 mM Tris—HCl,
pH 7.4, 0.15 M NaCl, and 0.1% Tween 20) for 1 hour and incubated with anti-MRE11,
anti-yH2AX, anti-RAD51 (Cell Signalling, Leiden, The Netherlands) and anti-GAPDH
antibodies (Abcam, Cambridge, UK) at 4°C overnight, followed by incubation with goat
anti-rabbit secondary antibody conjugated with horseradish peroxidase (Abcam,
Cambridge, UK). Next, the membranes were then incubated with Immobilon western
Chemiluminescent HRP Substrate (EMD Millipore Corporation, MA, USA) and visualized
by Azure ¢600 (Azure Biosystems, Dublin, CA, USA).

2.10. The Cancer Genome Atlas data analysis

The transcriptional profile of MRE11 and clinical information were downloaded from
The Cancer Genome Atlas TCGA (https://portal.gdc.cancer.gov) using the cbioportal.org
website [25]. For the present study, data from the project TCGA-OV (Ovarian Serous
Cystadenocarcinoma) and filtered according to the following criteria: 1) the sample had
available expressions levels data of the MRE11 gene, 2) the sample had clinical data of
survival available, and 3) the patient was treated by platinum-based drugs. A total
number of 251 patients passed the filtering and were included in the survival analyses.

2.11. Statistical analysis

Statistical analyses were performed using GraphPad Prism8 (GraphPad Prisms,
GraphPad Software, La Jolla California USA, www.graphpad.com) and R programming




language and Rstudio with the help of libraries dplyr and ggplot2. The Shapiro test
assessed normality, and according to the results, a parametrical test (student t-test) or
non-parametrical test (Mann-Whitney test) was applied. The results represent the mean
value of three independent experiments +SD; boxplots show median and interquartile
range; the significance level was p<0.05 (“*”), p<0.01 (“**”) and p<0.001 (“***”).
Statistical analysis for TCGA data was performed using the survival and survminer
packages, and the survival significance was measured by a log-rank test with the
significance level of p<0.05.

3. Results
3.1 The expression level of MRE11 impacts patients’ overall survival

Initially we intended to see whether the expression level of MRE11 might impact the
survival of the OVC patients who were treated with platinum drugs. For that purpose,
we used the data from the TCGA database and stratified the samples by median into
groups with higher and lower expressions. The group of patients with the lower
expression levels of MRE11 had significantly better overall survival (OS) than the group
with the higher expression level (Fig 1, p < 0.05)
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Fig. 1 Survival analysis of TCGA samples

OS associated with MRE11 expression of OVC patients from TCGA database. Kaplan Meier
analysis of TCGA dataset showed that lower MRE11 expression is associated with better OS
(p<0.05).



3.2. Effect of Mirin on OVCARS3 cell line

As the MRN complex is essential for HR and may significantly impact cell line survival,
we first evaluated the effect of Mirin treatment on the accumulation of DNA damage
and the level of MRE11 expression. We adopted the protocol of Dupre et al. [21]. For
the combinatory effect of HR inhibition and carboplatin treatment, we performed one-
hour Mirin pretreatment. Mirin pretreatment does not significantly affect cell
proliferation (Fig 2A), clonogenic potential (Fig 2B) or cell growth (Fig 2C). As expected,
Mirin pretreatment leads to a decreased level of MRE11 (Fig 2D and E, p<0.05), mild
accumulation of DNA damage (Fig 2F) and mild S phase arrest on the cell cycle (Fig 2G).
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Fig. 2 Effect of Mirin pretreatment
Mirin pretreatment (1hr) does not significantly change A) cell proliferation measured by WST1
assay,



B) Clonogenic potential measured by colony-forming assay and C) cell growth. Mirin
pretreatment downregulates MRE11 D) on RNA level (p<0.05) and E) on protein level. It also
causes F) mild accumulation of DNA damage and G) mild S-phase arrest in cell cycle. Significance
level “*” is p < 0.05, “**” is p<0.01, “***” is p<0.001. Bars indicate mean +SD from three
individual experiments. Boxplots show median and interquartile range.

3.3. HR inhibition increased the sensitivity to carboplatin

We used proliferation and colony-forming tests to assess the impact of HR inhibition on
carboplatin sensitivity. Carboplatin itself moderately decreases the proliferation of the
OVCARS3 cells (Fig 3A, p < 0.05). However, after the Mirin pretreatment, the decrease in
viability of cancer cells is significantly pronounced (Fig 3A, p < 0.05). Moreover,
supporting the proliferation, we observe a similar effect on clonogenic potential (Fig 3B,
p <0.05) and cell growth (Fig 3C, p < 0.05).
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Fig. 3 Effect of Mirin pretreatment on OVCAR3 sensitivity to carboplatin

A) OVCAR3 proliferation is impaired by the CbPt treatment (48hrs) (p < 0.05), and Mirin
pretreatment

(1hr) led to the increase of the carboplatin effect (p < 0.05), measured by the WST1 assay. B)
CbPt treatment (48hrs) impaired the clonogenic potential measured by colony-forming assay (p
< 0.05), and Mirin pretreatment (1hr) further pronounced that effect (p < 0.05). C) Also, the cell
growth, measured by counting cells, was decreased by CbPt treatment (48hrs) (p < 0.05) and
also by a combination of Mirin pretreatment (1hr) and CbPt treatment (48hrs) (p < 0.05).
Significance level “*” is p<0.05, “**” is p<0.01, “***” is p<0.001. Bars indicate mean =SD from
three individual experiments.

3.4. Effect of HR inhibition and carboplatin treatment on DNA damage accumulation
and cell cycle

Carboplatin induces DNA damage, whereas Mirin inhibits DNA repair (MRE11 and NBS1
are downregulated after the Mirin pretreatment, supplementary Figure 1). Therefore,
we explored the option of DNA damage accumulation as a consequence of the Mirin



treatment. We can see the increase in yH2AX expression as a marker of DNA damage
(Fig 4A). Accumulation of DNA damage is associated with changes in the cell cycle. It
leads to the arrest in the S phase, where the replication machinery proceeds to repair
the damage. We have recorded the S phase arrest after the combinatory effect of
carboplatin treatment and Mirin pretreatment (Fig 4B).
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Fig. 4 Effect of combination treatment of Mirin and CbPt to DNA damage accumulation and cell
cycle

of OVCARS3 cell line A) Western Blot of accumulation of yH2AX level after Mirin pretreatment
and CbPt treatment. B) Cell cycle distribution of OVCARS3 cell line without treatment (black), with
carboplatin treatment (48hrs, dark grey) and Mirin pretreatment (1hrs) followed by carboplatin
treatment (48hrs, light grey). Bars indicate mean +SD from three individual experiments.

3.5. Differences between OVCAR3 and Carboplatin resistant cell line

To assess the potential of HR inhibition for overcoming the CbPt resistance, we have
established the carboplatin-resistant (CbPtR) cell line. The CbPtR cell line has
approximately 3.5x higher IC50, and it exhibits a changed morphology (Fig. 5B) than the
paternal OVCARS3 cell line (Fig. 5A).

CbPtR cell line also has extensive changes in the expression profile of many genes
involved in the repair of carboplatin-induced damage. Our analysis by gPCR showed
significant increases in HR-genes expression, including all members of the MRN complex
(MRE11, NBS1, and RADS50), its activation target ATM, and most of the HR effectors
genes. The resistant cell line also activated the error-prone but still very accurate NHEJ.
However, the fork to very inaccurate single-strand annealing is not activated (Fig. 5C).
Several other genes involved in autophagy and apoptosis, or the efflux transporter
MDR1, are also dysregulated (Supplementary table 1).



RAD50-

NBS14

MRE114

ATMA

RAD51+

RPA2+

RPA1+

BRCA2+

BRCA-

Ku80-

Ku70-

TP53BP14

RAD52+

i w
Hi
MRN complex FH.I |'.'| -
HEEH .
—HElH
Signal fork |'I'| e
i
g !
| .
g
HR effectors I' I'I "
I-' .
b
Hi
|
H
NHEJ fork lnll |'l| e
=
HElH !
o] &
T T T T
-20 -15 -10 -5

Relative expression (-dCt)

Fig. 5 Characteristics of carboplatin-resistant cell line
A) Morphology of maternal OVCAR3 cell line. B) Morphology of resistant cell line to carboplatin.
C) Difference of expression profiles of double-strand break repair genes between maternal (dark
grey) and resistant (light grey) cell lines. Overexpressed genes of MRN complex (MRE11, NBS1,
and RAD50) and their signaling target ATM (second row from the top). Overexpressed HR
downstream effectors (BRCA1/2, RPA1/2, RAD51) are in the third row, and NHEJ (TP53BP1,

'ﬂ]- Ovcar3

-.- Resistant cell line



Ku70, and Ku80) is in the fourth row from the top. RAD52, responsible for Single-strand
annealing, was unchanged (bottom row). Significance levels, “*” is p<0.05, “**” is p<0.01, “***”
is p<0.001. Boxplots show median and interquartile range.

3.6. Rescuing the sensitivity to carboplatin in a resistant cell line by Mirin

To explore the possible rescuing of the carboplatin sensitivity by MRE11 inhibition by
Mirin pretreatment, we performed the analysis of viability, cellular growth, and
clonogenic potential on the CbPtR cell line after Mirin pretreatment. Carboplatin-
resistant cell line proliferation was not impaired by the CbPt treatment. CbPtR
proliferation is significantly decreased after combining carboplatin treatment and Mirin
pretreatment (Fig 6A, p <0.05), as are clonogenic potential (Fig 6B, p < 0.05) and growth
curves (Fig 6C, p < 0.05). Mirin also decreased the expression of HR genes ATM and
RAD51 (Fig 6D, p < 0.05). Our results showed that HR inhibition leads to an increase in
the sensitivity to carboplatin.
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Fig. 6 Mirin rescued the resistant cell line sensitivity

A) Carboplatin-resistant cell line proliferation was not impaired by the CbPt treatment (48hrs).
Still,

Mirin (1hr) pretreatment led to rescuing of the sensitivity of the carboplatin (p < 0.05), measured
by the WST1 assay. B) CbPt treatment (48hrs) did not impair the clonogenic potential measured
by colonyforming assay, but Mirin pretreatment (1hr) rescued that effect (p < 0.05). C) Also, the
cell growth, measured by counting cells, was not decreased by CbPt treatment (48hrs), but the
combination of Mirin pretreatment (1hrs) and CbPt treatment (48hrs) decreased it (p <0.05) D)
Mirin pretreatment (1hr) led to the decreased expression of ATM (p <0.05) and RAD51 (p <0.05)



genes. Significance level “*” is p < 0.05, “**” is p<0.01, “***” is p<0.001. Bars indicate mean *SD
from three individual experiments. Boxplots show median and interquartile range.

4, Discussion

Chemoresistance is one of the major complications of OVC therapy, leading to treatment
failure, metastases, relapses, and consequently to patients’ death. Therefore,
discovering new targets and therapy combinations is necessary to improve treatment
options in personalized medicine and increase the chance of better patient survival.
Consequently, we focused on the chemoresistance of OVC cancer to carboplatin and
investigated the possibility of the tentative use of HR inhibition and a possible source of
at least partial rescue of the CbPt sensitivity in tumor cells. Alblihy et al. similarly
explored the MRE11 inhibition to increase cisplatin sensitivity and discovered that the
combination of XRCC1 deficiency and MRE11 inhibition is lethal in ovarian cancer cells
[20].

Our research demonstrated that inhibition of MRE11 by Mirin led to increased sensitivity
to carboplatin, DNA damage accumulation, and cell cycle arrest in the S phase.
Moreover, we demonstrated that MRE11 inhibition by Mirin successfully rescued the
sensitivity to carboplatin in carboplatin-resistant cell lines. Impairment of HR in OVC
treatment response has been previously studied, but it was mainly focused on
impairment via mutations in BRCA1 and BRCA2 genes. BRCA1 and BRCA2 mutations not
only lead to the possibility of using PARP inhibitors in the treatment but are also
connected to increased sensitivity to platinum-based drugs [26]. However, other genes
of the HR pathway are also related to the sensitivity to platinum-based drugs [27], like
RADS50 [28] and RAD51 [29]. We also documented on the dataset from the TCGA that
the lower MRE11 expression led to better survival of OVC patients who were treated
with platinum-based drugs. Mirin as an inhibitor was also previously shown to induce
cell death in multiple myeloma [30] and neuroblastoma through increasing replication
stress [31], otherwise Mirin’s potential anticancer effects are not much explored.
Overcoming resistance is a difficult task as chemoresistance is a complex process in
chemotherapy in general and in platinum-based chemotherapy in particular [32].
Changes during the chemoresistance development often lead to morphology changes
[33]. Our carboplatin-resistant cell model also exhibited morphology changes and
showed a distinct expression profile in DNA damage repair genes and known multidrug
resistance genes, such as the MDR1 transporter. However, ATP7A and ATP7B
transporters are responsible for transporting the carboplatin inside the cancer cells
[8,9]. Therefore, the upregulation of MDR1 might be reactive, but the main resistance
mechanism is the upregulation of DNA repair genes. We showed the upregulation of
most HR genes from sensing DNA damage by MRN complex through ATM signaling and
repair effectors like RAD51. Also, another pathway from the double-strand break repair
NHEJ was activated. However, the fork to the most error-prone single-strand annealing
is not activated. Inhibition of NHEJ was studied for synthetic lethality in p53 mutated
tumors [34]. It also increased the sensitivity of leukemic KRAS mutated cells to
chemotherapy [35]. Inhibition of HR by targeting MRE11 was previously explored to
increase the sensitivity to radiotherapy in several types of cancer (oral, breast, bladder,
rectal, or anal cancer) [36]. Moreover, Mirin itself was used in glioblastoma for that



purpose [37]. High expressions of MRE11 also correlated with worse survival in gastric
cancer [38], and it was a prognostic marker in left-sided colorectal cancer [39] or breast
cancer [40], where the high expression is also connected to more malignant behavior
and in forming metastases. Besides a role in DDR, MRE11 is essential for countering
oncogene-driven replication stress. The MRE11-ATM axis is also involved in pro-survival
signaling, epithelial-mesenchymal transition (EMT), invasion, and migration [41]. We
showed that in our carboplatin-resistant model, among others, MRE11 was upregulated,
and its inhibition by Mirin led to decreased expression of ATM and RAD51, consequently
sensitizing the cells to carboplatin.

Despite the successes of PARP inhibitors and other therapeutics of targeted therapy,
current treatment combinations are not universal for all cancers. In addition, not all
patients are eligible for treatment with currently used targeted inhibitors. Our results
suggest that MRE11 inhibition with Mirin represents a promising therapeutic approach.
Searching for novel therapeutic targets may lead to a better understanding of
chemoresistance mechanisms and bring new possibilities in cancer therapy to the table.
More therapy options will ultimately lead to better-personalized cancer therapy and
improvement of patients’ survival.
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Supplementary figure 1
Effect of Mirin pretreatment and carboplatin treatment to DNA repair genes expression

Mirin pretreatment (1hrs) led to decrease in A) MRE11 gene expression and B) NBS gene
expression. Significance levels, “*” is p<0.05, “**” is p<0.01, “***” is p<0.001. Boxplots show
median and interquartile range.
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AKT 0,521048 | 1,151177261
APEX1 0,03093 | 2,403736908
ATG5 0,000242 | 28,74995913
ATG7 0,079901 | 3,305835644
ATM 0,001049 | 51,89725523
ATR 2,22E-05 | 12,88980619
BAD 0,179343 | 1,637198973
BAK1 0,001742 | 0,328373133
BCL10 0,000235 | 47,82489845
BECLIN1 0,248177 | 1,396314573
BRCA 0,000532 | 6,252466113
BRCA2 0,000641 | 13,79893163
CASP9 0,079141 | 1,233128945
CMYC 0,014686 | 52,7253916

DAPK1 0,017971 | 1,888539117
DCLRE1C (ARTEMIS) 0,001269 | 32,14814673
DDB1 0,703861 | 1,046251241
DDB2 0,004484 | 0,296023647
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ERCC4/XPF 0,001766 | 17,55684044
ERCC6/CSB 0,260852 | 1,826216742
ERCC8/CSA 2,83E-06 | 60,98462521
H2AFX 0,001618 | 1,734386782
HIF1 0,000639 | 16,35505078
CHEK1 0,000586 | 62,64332998
CHEK2 0,029197 | 1,811692785
LC3 0,033266 | 8,998584003
LIG1 0,00554 | 2,430489104
LIG3 0,726534 | 1,103691267
MDB4 0,302322 | 0,780455168
MDR1 0,02352 | 50,44553471
MRE11 0,002651 | 34,47813103
MSH2 4,86E-06 | 44,68432729
MSH3 0,000976 | 30,42138645
MSH6 0,002238 | 1,557038913
MUTYH 0,01675 | 0,426211768
NBS1 0,001452 | 10,13493783
NEIL1 0,00057 | 0,491244899
NEIL2 0,325191 | 1,403573226
NEIL3 4,99E-06 | 85,06173244
NTH1 7,19E-06 | 0,136240355
PARP1 0,005125 | 5,064240782
PMS1 0,052608 | 7,85147296
PMS2 0,00175 | 16,87369472
POLB 4,98E-05 | 21,22483843
POLD1 0,581299 | 1,157093408
POLD2 0,088729 | 1,599343321
POLD3 0,001317 | 62,31756684
POLD4 0,82378 | 0,902184455
POLE1 0,001685 | 0,428267667
POLE2 0,000287 | 5,980451198
POLE3 9,04E-05 | 9,83822466
POLE4 0,004456 | 3,286153033
RAD21 0,002997 | 7,215626519
RAD23B 0,000921 | 3,760530853
RAD50 0,000359 | 8,513942421
RAD51 0,010453 | 2,238837265
RAD51C 0,000112 | 9,662668496
RAD51D 0,00036 | 4,612044181
RAD51L1 6,22E-05 | 4,710706126
RAD52 0,446686 | 0,890606883
RAD54L 0,00061 | 4,889409818
RPA1 0,021169 | 1,54877403
RPA2 0,003929 | 4,5134981




SMUG1 0,40636 | 0,829427431
SOD2 0,011322 | 1,32629221

TDG 0,000144 | 15,25385867
TDP1 0,884332 | 1,024843298
TOPBP1 9,2E-05 40,73745646
TP53 0,001242 | 0,283018252
TP53BP1 0,011785 | 8,209729379
UNG 0,916147 | 1,017847201
WIP1 2,98E-05 | 8,742785478
XPA 0,009901 | 45,17496777
XPC 0,00025 | 6,320041361
XRCC1 0,322148 | 0,916498654
XRCC2 0,133548 | 1,438501441
XRCC3 0,161924 | 2,238606053
XRCC4 4,27E-05 | 26,05575221
XRCC5 (KU80) 0,000299 | 39,30918825
XRCC6 (KU70) 0,000861 | 9,382495328

Supplementary table 1 Expression profile of DNA repair genes in Carboplatin resistant cell line
in comparison to maternal OVCAR3
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Colorectal cancer (CRC) therapy using conventional chemotherapeutics represents a considerable burden
for the patient's organism because of high toxicity while the response is relatively low. Our review
summarizes the findings about natural compounds as chemoprotective agents for decreasing risk of CRC. It
also identifies natural compounds which possess anti-tumor effects of various characteristics, mainly in
vitro on colorectal cell lines or in vivo studies on experimental models, but also in a few clinical trials. Many
of natural compounds suppress proliferation by inducing cell cycle arrest or induce apoptosis of CRC cells
resulting in the inhibition of tumor growth. A novel employment of natural substances is a so-called
combination therapy - administration of two or more substances - conventional chemothera-peutics
and a natural compound or more natural compounds at a time. Some natural compounds may sensitize
to conventional cytotoxic therapy, reinforce the drug effective concentration, intensify the combined
effect of both administered therapeutics or exert cytotoxic effects specifically on tumor cells. Moreover,
combined therapy by targeting multiple signaling pathways, uses various mechanisms to reduce the
development of resistance to antitumor drugs. The desired effect could be to diminish burden on the
patient's organism by replacing part of the dose of a conventional chemotherapeutic with a natural
substance with a defined effect. Many natural compounds are well tolerated by the patients and do not
cause toxic effects even at high doses. Interaction of conventional chemotherapeutics with natural
compounds introduces a new aspect in the research and therapy of cancer. It could be a promising
approach to potentially achieve improvements, while minimizing of adverse effects associated with
conventional chemotherapy.

© 2017 Elsevier Masson SAS. All rights reserved.

1. Introduction

in the world. According to a 2012 comparison of GLOBOCAN data,
the Czech Republic occupies the 3rd place. With the early detection

1.1. Colorectal cancer, prevalence and risk

Colorectal carcinoma (CRC) is a 3rd most common type of cancer
(after lung and breast cancer) and the fourth leading cause of
cancer death worldwide [1]. CRC occurs predominantly in persons
over 50 years of age, about 690,000 people annually die for this
disease. The Czech Republic, together with Slovakia (first in rank)
and Hungary (second in rank), is one of the worst affected regions

* Corresponding author. Institute of Experimental Medicine of the Czech Acad-
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Prague, Czech Republic. Tel.: p420 241 062 251.
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of the disease is a five-year survival of 80%, while at the diagnosis of
more advanced forms the prognosis is poor, the average survival
time is 11 months. Data from the National Oncological Registry for
2013 show the incidence of CRC in the Czech Republic of 52/100
thousand in men and 39/100 thousand for women [2]. Mortality for
2013 in men reached 23/100 thousand and 18/100 thousand in
women. From the long-term point of view, CRC mortality decreases
slightly due to early detection of the disease.

CRC predisposition is an inherited susceptibility with an esti-
mated risk 12e35% attributed to genetic factors [3] [4]. The genetic
risk factors vary between two extreme situations: rare high-
penetrance mutations which have significant increment of risk
for hereditary syndromes and common variants (polymorphisms)
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which have weak effects on sporadic risk in individuals without
family history in CRC [5]. Risk of CRC can be reduced with dietary
habits and lifestyle [6]. Diet appears to be one of the ways by which
various carcinogens challenge the DNA repair daily [7]. Dietary
habits also modulate the intensity of early colon carcinogenic
events [0]. Since genetic polymorphisms modulate the cancer risk
by the activity of enzymes metabolizing xenobiotics and DNA repair
proteins, it might be a critical step in the mutational process. Even
at high-risk population the risk of tumor development can be
modified by natural compounds. For example, in Chinese women
that are at a higher risk of breast cancer due to a genetic predis-
position, there has been reported that regular green tea con-
sumption is associated with reduced risk of breast cancer [8]. A
recent clinical trial phase II reported that in younger post-
menopausal women (50e55 years) at high risk of breast cancer, a
percent of mammographic density was significantly reduced by
440% with decaffeinated green tea extract supplementation as
compared with the placebo group [9].

1.2. Conventional treatment

Current treatment of CRC is based on surgery and chemo-
therapy. Chemotherapeutics interfere with the cell cycle, the most
sensitive are rapidly dividing cells and cells with reduced DNA
repair capacity [10]. The chemotherapeutic agents are classified
according to their mechanism of action on mitosis inhibitors, DNA
replication inhibitors, and other cytotoxic agents. Adjuvant
chemotherapy (therapy given in addition to the primary therapy to
maximize its effectiveness) is not recommended for rectal cancer
stage Il or III [11]. The most commonly used chemotherapeutic
agents are platinum derivatives (oxaliplatin), antimetabolites
(capecitabine, 5-fluorouracil), topoisomerase inhibitors (irinote-
can) and Tegafur/uracil (UFT), which inhibit the catabolism of 5-
fluorouracil. First line chemotherapy in advanced CRC is based on
5-fluorouracil (5-FU) with leucovorin (folinic acid), alone or in
combination with oxaliplatin [12]. In metastatic CRC the treatment
consists of 5-FU or its combination with irinotecan [13]. The overall
response rate to 5-FU monotherapy in advanced CRC is limited to
10e15% [14]. A potential way to improve therapy and postpone
adverse effects is combination or multicomponent therapy [15]. 5-
FU combined with other cytotoxic drugs could not only improve the
response rates, but also reduce the undesirable reaction of these
drugs [15]. In many cases, as described further, the combination
therapy shows a better outcome eenhancement of the cytotoxic
effect of the conventional therapy to cancer cells (for example
curcumin [16]). The other problem with chemotherapy is toxicity
and drug resistance.

The non-specific action of chemotherapeutics is connected with
a number of side effects. Chemotherapeutics affect not only the
tumor cells but also non-malignant cells. Chemotherapy destroys
rapidly dividing cells - tumor cells, but also hair follicle cells, mu-
cous membranes of the oral cavity and gastrointestinal tract,
erythrocytes and leukocytes [17]. The adverse effects of the treat-
ment differ among patients, depending on the type of used
chemotherapy. As mentioned above, the first line chemothera-
peutics in CRC therapy is 5-FU [12]. The most common adverse
effects of 5-FU are: nausea, vomiting, diarrhea, mucositis of the oral
cavity (mucosal and submucosal tissue damage), headaches, skin
pruritus, myelosuppression (suppression of hematopoietic function
of the bone marrow, leukopenia, pancytopenia and thrombocyto-
penia), anemia, cardiotoxicity, agranulocytosis, alopecia (hair loss),
photosensitivity, hand-foot syndrome, depression and anxiety [18]
[19].

For the capecitabine, a 5-FU precursor, which is enzymatically
metabolized in the body to effective 5-FU, some of the serious

adverse effects are occurring quite commonly (in more than 10% of
patients) [20]. Common side effects of oxaliplatin therapy are
neuropathy (peripheral nerve disorder resulting from drug neuro-
toxicity, starting with limb tingle), proprioceptive disorders (body
coordination), ototoxicity (loss of hearing), nausea, vomiting, diar-
rhea, neutropenia, hypokalemia (low concentration of potassium in
blood), rhabdomyolysis (acute skeletal muscle breakdown, fol-
lowed by renal failure) [21]. Adverse effects of cytotoxic therapy
impair the quality of patient's life and may adversely affect the
course of the treatment, the treatment outcome, and treatment
costs. We may hypothesize, that combination of conventional
chemotherapeutics with well tolerated natural non-toxic com-
pounds may contribute to better response to therapy and better
quality of patient's life.

1.3. Chemopreventive approaches, natural compounds in food,
antioxidant supplements, prebiotics and probiotics, healthy dietary
habits

Natural compounds (sometimes called phytochemicals or phy-
tonutrients) are biologically active substances present in plants
(pigments), such as carotenoids, flavonoids, anthocyanins or ter-
penoids. Some of these beneficial substances are not found only in
plants, but also in mushrooms, bacteria or marine organisms. Plants
are protected against external influences or against predators by
phytochemicals, mostly by antioxidant mechanisms. On the other
hand, some other plant-derived substances may be toxic to the
human body (phytotoxins), e. g. aristolochic acid [22]. For many
natural compounds a precise mechanism of their action is not
known and is being investigated. Many natural compounds that
show the chemopreventive effect on DNA we uptake with food, but
the ingested dose may not represent an effective amount. Food is
both a source of macronutrients (proteins, fats, carbohydrates) and
micronutrients (vitamins, minerals), but it also contain a large
number of natural compounds e a complex mixture of bioactive
compounds - of that our organism can benefit of [23].

The concept of so-called chemoprevention can be defined as the
use of natural substances capable of preventing or interacting with
the development of processes leading to the onset of neoplasia,
during its initiation, promotion and progression, or the capability to
discontinue its development [24]. Primary chemoprevention is an
approach focused on cancer risk in the high-risk population, for
example the prevention of lung tumors in smokers or the preven-
tion of breast cancer development in women with positive bio-
markers BRCA1 and BRCA2. Secondary chemoprevention focuses
on patients diagnosed with a pre-malignant lesion that could grow
into an invasive tumor. Tertiary chemoprevention is focused on
prevention of recurrence after experienced cancer [25] [26].

One of the studied chemopreventive approaches is based on
supplementation with compounds exhibiting antioxidant proper-
ties, as it is based on the assumption that oxidative stress and free
radical formation in normal cells are one of the causes of cancer
[27]. However, some clinical studies testing chemopreventive
strategies have provided controversial outcomes. The SELECT 2011
study (Selenium and Vitamin E Cancer Prevention Trial), in which
35.5 thousand of patients with positive prostate cancer markers
were administered with selenium, alpha-tocopherol (vitamin E),
both agents together, or placebo, had to be prematurely stopped
because it came out that vitamin E significantly increases the risk of
prostate cancer [28]. From the 2004 meta-analysis of beta-carotene,
vitamins A, C, E and selenium in cancer of the esophagus, stomach,
colon and rectum, pancreas and liver appears that antioxidant
supplementation has either no effect, or even increases mortality
[29]. A study from 2011 says that green tea polyphenols which
possess anti-cancer activity exhibit both antioxidant (radical
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scavenging) and pro-oxidant reactions (inhibition of cancer cell
viability and induction of apoptosis) [30].

Another chemopreventive approach presumes that dietary
modulation of intestinal microflora by prebiotics can help to pre-
vent the development of CRC. Prebiotics, as dietary natural com-
pounds that improve intestinal function, can modulate microbial
environment of the colon and thereby ensure a healthy gastroin-
testinal tract [31]. A study from 2013 was focused on effect of
natural prebiotic compound inulin on rats treated with dimethyl-
hydrazine to induce CRC development. Inulin significantly
decreased coliform counts, increased lactobacilli counts and
decreased the activity of b-glucuronidase. Inulin suppressed the
numbers of COX-2- and NF-kB-positive cells. The expression of IL-2,
TNFa, and IL-10 was also reduced [31]. This effect of inulin could
prevent pre-neoplastic changes and inflammation. A clinical study
from 2015 on CRC patients treated with combination of probiotics
(Bifidobacterium longum, Lactobacillus acidophilus and Enterococcus
faecalis) suggests that probiotics significantly reduce abundance of
mucosa-associated pathogens [32]. Prebiotics and probiotics intake
seems to be a very promising chemopreventive approach in CRC
incidence and development.

Studies concerning dietary effects on CRC risk and progression
agree on the increased risk of CRC when eating red and processed
meat and, on the contrary, the reduced risk associated with regular
physical activity [33] [24]. Calcium, fiber and whole grain have been
associated with a lower risk of CRC, saturated fats with its increased
risk (for rev see Ref. [34]). A recent epidemiological research sug-
gests that obesity has stronger associations with CRC in men than in
women [35]. The effect of cholesterol on CRC metastasis has also
been studied. The level of low-density lipoprotein cholesterol (LDL)
was positively correlated with liver metastases, and a higher level
of LDL receptor (LDLR) expression was associated with advanced
stages (Nodes and Metastases e N and M stages) of CRC [36].
Another study describes the various types of fruit and vegetables on
proximal and distal colon cancer risk. Risk of proximal colon cancer
and rectal cancer does not seem to be associated with intakes of
total fruit and vegetable, except for brassica vegetable. Distal colon
cancer risk was significantly decreased by intake of carrots,
pumpkin and apples [37].

Modulation of gut microbiota by probiotics and prebiotics,
either alone or in combination seems to be an effective chemo-
preventive approach, which could positively influence inflamma-
tion and CRC. The solely employed antioxidant supplements may
not the best curative option, the better approach seems to be a
conventional treatment in combination with natural compounds
that affect more signal pathways, may reinforce the effect of the
drug effective concentration and minimize adverse effects. For
example, Ganoderma lucidum extract polysaccharides can immu-
nity response, and Ganoderma lucidum triterpenes are capable to
enhance reactive oxygen species (ROS)-producing effect of
chemotherapeutic agent doxorubicine [38] [39].

At last but not least, the suitable dietary habits and moderate
physical activity also contribute to reduce the CRC risk.

2. Natural compounds in colorectal cancer treatment

Natural compounds have historically occurred in the treatment
of cancer, especially in traditional Chinese medicine or Indian Ay-
urveda. The term natural compound means chemical substances
found in plants, fungi, marine animals or those produced by bac-
teria, with significant pharmacological effects. Many current anti-
cancer drugs also originate from natural sources - irinotecan,
vincristine, etoposide and paclitaxel are classic examples of plant-
derived compounds. Actinomycin D and mitomycin C are from
Streptomyces and bleomycin is the first marine compound [23]. On

the other hand, many natural extracts are rather impure or may
contain additional compounds/contaminants, some of them toxic
(for example aflatoxin [40]). Consequently, not every so-called
natural compound would be beneficial to human health, unless
properly stated composition is provided. Some of the compounds
are already stated as safe to human, as they are enlisted in the WHO
list of essential medicines (artesunate an antimalarial medicine).
The future research in this field is still needed.

Some natural compounds have the ability to modulate signaling
pathways and regulate the expression of genes involved in cell
cycle regulation, cell differentiation and apoptosis [40]. At present,
the so-called combined therapy, the simultaneous therapy with
two substances, a conventional chemotherapeutics and a natural
compound, or two or more natural compounds together, is coming
to the forefront of interest. In addition, combined therapy, due to
the fact that it targets multiple metabolic pathways, uses various
mechanisms to reduce the development of resistance to anticancer
drugs, thereby also increasing the sensitivity to the effect of the
chemotherapeutics [41]. Some recent studies have highlighted the
importance of a combined approach and consider this therapy
more effective than using conventional chemotherapeutic agents
[42].

The effect of the combined approach in the treatment of tumors
can be divided into synergistic (increased), antagonistic (reduced),
or additive (identical) to their effect on separate administration and
can be mathematically determined by the Chou-Talay combination
index [43].

The resulting effect could be a reduction of the toxic burden for
the patient's organism by replacing part of the dose of a classical
chemotherapeutic agent with-well tolerated natural substance
with a defined effect [44].

Natural compounds can be classified according to their chemical
structure, function, or signaling pathways through which they act.
According to the chemical structure we can classify natural com-
pounds as follows: terpenes (artesunate), carotenoids (lycopene,
alpha and beta carotene), phenolic compounds - phenolic acids,
flavonoids, stilbenes (resveratrol), coumarins, tannins; alkaloids,
nitrogen compounds; organosulphates - isothiocyanates and
indoles, allylsulphates (contained, for example, in garlic). Flavo-
noids are further divided into chalcones (isoliquiritigenin), flava-
nones (naringenin), flavones (apigenin, luteolin), flavonols
(quercetin, kaempferol), flavanols (epigallokatechin), isoflavones
(genistein) and anthocyans. In some cases, extracts from whole
plants that contain a complex of natural compounds demonstrated
activity in in vivo or in vitro studies.

In the following paragraphs we summarized the most investi-
gated natural compounds related to CRC.

2.1. Curcumin

At present, one of the most studied natural compounds is the
phenolic acid derivative of turmeric (Curcuma longum), curcumin.
This compound is known for its chemopreventive effects [45].
Preclinical studies are consistent with its antitumor activity in vitro
in tumor cells of the breast, cervix, liver, leukemia, pancreas, colon,
epithelium of the mouth, ovary and prostate, and in vivo in animal
model organisms [45]. Curcumin possesses potent anti-
inflammatory, antioxidant ant anti-cancer properties [46]. It is
likely to have a great therapeutic potential due to the modulation of
tumor growth progression [47]. Curcumin probably acts on multi-
ple pathways. It suppresses colon cancer cell invasion via AMPK-
induced inhibition of NF-kB, uPA and MMP9 in human CRC cells
SW480 and LoVo cells [46]. Consequently, curcumin reduces the
production of TNF-a, COX-2 and IL-6, demonstrating anti-
inflammatory activity [48]. This compound also inhibits cell
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proliferation by increasing the activity of biotransformation en-
zymes and cell-cycle proteins (glutathione-S-transferases and p21)
[49]. It may also induce the expression of pro-apoptotic proteins
(Bax, Bim, Bak, Noxa) and the inhibition of anti-apoptotic proteins
(Bcl-2, Bel-xL) [50]. Finally, curcumin also reduces the expression of
VEGF and matrix metalloproteases to prevent the development of
metastases [51].

Curcumin enhances effect of conventionally used chemo-
terapeutics. Curcumin showed synergistic effect with dasatinib
(inhibitor of Src and Abl kinases) in HCT116 and HT-29 cell lines
under FOLFOX (5-FU, leucovorin, oxaliplatin) treatment [16]. In a
study from 2008, curcumin has been shown to potentiate the
proapoptotic and antimetastatic effects of capecitabine in HCT116
and HT-29 cells [52]. A turmeric ethanol extract (including curcu-
min) in a combinational therapy with bevacizumab (monoclonal
antibody which targets VEGF, vascular endothelial growth factor
inhibited tumor growth of HT-29 human xenografts in mice, which
inhibited tumor growth [53]. In a Phase I clinical trial, the combi-
nation of curcumin and FOLFOX demonstrated an antiproliferative
effect of tumor explants from CRC patients by reducing the overall
survival of CRC cells [54].

One of the obstacles on the way to the clinical use of curcumin is
its bioavailability. To improve its absorption by intestinal epithelial
cells, chitosan nanoparticle coating can be used. This approach has
ensured a sustained release profile of curcumin in combination
with 5-FU in blood for 4 days in mice [55].

2.2. Resveratrol

Another chemopreventive and chemotherapeutic natural com-
pound is resveratrol. From a point of view of structural chemistry, it
is a stilben, which naturally occurs in about 70 plant species, for
example in blueberries, raspberries, grapes, peanuts, or in a plant
Reynoutria japonica. Resveratrol is a natural inhibitor of cell pro-
liferation, synthesized by plants in response to a pathogenic inva-
sion [42]. In 1997 its chemopreventive effect was tested in mouse
skin tumor for a first time [56]. Resveratrol interacts with cyto-
chrome P450 isoenzymes, inhibits and downregulates cyclo-
oxygenase inflammation mediator enzymes, and reduces NF-kB
transcription factor binding activity to DNA which is usually
increased in cancer [57].

In addition to its chemopreventive effects, resveratrol can also
possess synergistic effects in combination with other chemother-
apeutics such as 5-FU, etoposide, mitomycin, oxaliplatin or another
natural compound, curcumin (as investigated on the colorectal line
HCT116 and xenograft models) [44]. Resveratrol sensitizes tumor
cell line HCT116 and p53-deficient HCT116 colorectal carcinoma
lines to the effect of 5-FU and induces apoptosis in both lines [58]. It
also sensitizes the SW620 and HT-29 lines to cytotoxic oxidative
stress caused by 5-FU by inhibiting endogenous antioxidant ca-
pacity [59]. Resveratrol has already been tested several times in
clinical studies on patients with CRC [60]. Approximately 70e80%
of the orally received resveratrol is rapidly absorbed by passive
diffusion into the enterocytes, rapidly producing conjugated de-
rivatives (glucuronides and sulfates). The limiting factor for its use
in clinical practice is the fact that only 2% of unmodified trans-
resveratrol can be found in the blood at maximum 30e60 min after
ingestion [61]. When administered orally 25 mg of resveratrol, only
trace amounts of unmodified resveratrol (less than 5ng/ml) are
found in serum [62]. Additionally, after ingestion of a higher dose
than 1 g daily, volunteers experienced gastrointestinal adverse ef-
fects [63]. However, the amount of resveratrol and its metabolites
found in colorectal tissue samples is higher than in the serum, so
resveratrol is a suitable chemopreventive agent in combination
with other chemotherapeutic agents at a dose of up to 1 g[64]. The

clinical trial proved that resveratrol was well tolerated and it
reduced tumor cell proliferation by 5% [64]. Another study from
2013 states that resveratrol metabolites inhibit human metastatic
colon cancer cells progression and synergize with chemothera-
peutic drugs to induce cell death [65].

2.3. Ganoderma lucidum

One of the mushrooms used in China, Japan and other Asian
regions for its anti-inflammatory and immunomodulating effects
and longevity is Ganoderma lucidum (GLC) or Reishi. GLC has also
been used as preventive agent and cancer therapeutics. The main
bioactive components of Ganoderma lucidum are polysaccharides
and triterpenoids.

The GLC extract shows anti-tumor and immunotherapeutic
properties. GLC has been shown to stimulate NK cell cytotoxicity by
increased expression of NKG2D and natural cytotoxicity receptors
(NCR), increased phosphorylation of intracellular MAPK, and per-
forin and granulysin secretion, which could explain the possible
molecular mechanism of antitumoral effects of GLC extract in
humans [66]. Ganoderma lucidum induces cell cycle arrest and
apoptosis in various human tumor cell lines. One of the charac-
teristics of highly metastatic tumor cells is the constitutive activa-
tion of transcription factors AP-1 and nuclear factor kappa B (NF-
kB). GLC has been shown to inhibit these factors, resulting in in-
hibition of expression of the urokinase plasminogen activator (uPA)
and its uPAR receptor [67].

Polysaccharides extracted from Ganoderma lucidum (GLP) show
anti-inflammatory, hypoglycemic, anti-tumor and immunostimu-
latory effects and inhibit the formation of reactive oxygen species
(ROS) and reduce oxidative DNA damage [68] [69] [66] [67]. Poly-
saccharides induced apoptosis in HCT116 by increasing caspase-8,
caspase-3 and Fas [70]. GLP also reactivated mutant p53 in HT29
and SW480 colorectal line alone in separate administration or
together with 5-FU as well [71].

More than 200 pharmacologically active triterpenoids have
been isolated from GLC, some of which are called ganoderic acids.
Ganoderic acids A and C inhibit farnesyl protein transferases, key
enzymes for activating the Ras oncoprotein responsible for cell
transformation [69]. The triterpene extract (GLT) suppresses the
proliferation of human HT-29 colon carcinoma cells and inhibits
tumor growth in the colon carcinoma xenograft model. This activity
is associated with cell cycle arrest in GO/G1 phase transition and
induction of apoptosis. GLT induces the formation of autophagous
vacuoles and increases the expression of Beclin-1 and LC-3 proteins
in cell lines and in the xenograft model. Autophagy is mediated by
inhibition of p38 MAPK (mitogen-activated p38 protein kinase)
[72].

2.4. Cannabinoids

Chinese medicine uses the effects of cannabis (Cannabis sativa)
to relieve pain and hallucinations for many centuries. This plant
contains three main classes of bioactive molecules - flavonoids,
terpenoids and more than 60 types of cannabinoids [73]. Canna-
binoids are commonly used in palliative treatment of chemo-
therapy in cancer patients [74]. However, several studies suggest
the use of cannabinoids in anti-cancer therapy as well [75]. Can-
nabinoids possess antitumor effects in vitro or in vivo in animal
models by various mechanisms - induction of apoptosis in tumor
cells, inhibition of proliferation and angiogenesis or anti-metastatic
effects by inhibition of tumor cell migration [76] [77] [78] [79] [80].
The most bioactive compound of this plant is the psychotropic D°-
tetrahydrocannabinol (D9-THC), which exhibits inhibition of tumor
growth, as well as several other cannabinoids. Several preclinical
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studies indicate that D°-THC and other naturally occurring canna-
binoids, synthetic cannabinoid agonists, and endocannabinoids
have in vitro anticancer effects in lung, glioma, thyroid epithelioma,
lymphoma, skin cancer, uterine carcinoma, breast cancer, prostate
carcinoma, pancreatic carcinoma and neuroblastoma [81].

2.4.1. Cannabidiol

Cannabidiol is the most represented ingredient in Cannabis
sativa extract. Cannabis sativa extract with high content of non-
psychotropic cannabidiol (CBD BDS, Cannabidiol botanical drug
substance) containing other components including THC, and even
CBD alone, showed the same antiproliferative effect in HCT116 and
DLD-1, while the proliferation of healthy cells was not affected [82].
In vivo CBD BDS extract reduced pre-neoplastic lesions and
azoxymethane induced polyps as well as tumor growth in the
colorectal carcinoma xenograft model [82]. In HCT116 and Caco-2
cell lines CBD showed the chemopreventive effect from oxidative
damage and decreased cell proliferation through CB1, TRPV1 and
PPARg [79]. Cannabidiol is already being administered as a Sativex
drug (or in the US Nabiximol) to patients with multiple sclerosis
[82].

2.5. Flavonoids

Flavonoids are the most abundant group of bioactive com-
pounds in plants that are essential for their morphology and
physiology. Flavonoids occur in plant stems, leaves, flowers and
seeds and they are constituents of their pigments. They participate
in growth and reproduction of plants and protect the plant from UV
rays and microbial infections. Flavonoids are powerful antioxidants
that are potent in protection of cells against the development of
cancer. Additionally, they have phytoestrogenic, antidiabetic, anti-
inflammatory, antibacterial and antiviral effects [83].

Individual flavonoid compounds are adressed below.

2.5.1. Epigallocatechin

Epigallocatechin-3-gallate (EGCG) is the main representative of
polyphenols that are contained in green tea, which antitumor ef-
fects are supported by many in vitro, in vivo and several clinical
trials [84]. EGCG inhibits several significant signaling pathways. It
blocks the proliferation and migration of CRC cells by inhibiting the
TF/VIla/PAR2 signaling pathway (Protease-Activated Receptor 2),
which mediates ERK1/2 phosphorylation and final activation of
proinflammatory NF-kB. Reduced NF-kB transcription factor activ-
ity induces increased expression of caspase-7 and decreased
expression of MMP-9 (matrix metalloproteinase 9) [85]. EGCG is
also a regulator of epigenetic processes - it contributes to the
degradation of DNMT3A (DNA methyltransferase 3A) and HDAC
(histone deacetylases) through the ubiquitination process in colo-
rectal cells sensitive to methylation [84] [86]. Furthermore, the
effect of EGCG was tested in combination with 5-FU, which
demonstrated the synergistic growth inhibition of DLD1, SW480
and COLO201 [87]. EGCG also potentiates the 5-FU effect by
downregulation of ABC transporter expression, resulting in a higher
intracellular concentration of 5-FU [88].

2.5.2. Genistein

Genistein is an isoflavone found in soy, beans, lentils, and
chickpeas. Soy and its products, such as tofu (fermented soy),
contain also other isoflavones - daidzein and glycine. Many
epidemiological studies confirm a negative correlation between the
incidence of CRC and a diet rich in soybeans. Genistein and other
soy isoflavones have a similar chemical structure as endogenous
estrogen, they are competitive estrogen receptor agonists. They
have anti-angiogenic and antiproliferative effects and inhibit

tyrosine kinases [89]. Genistein acts proapoptotically specifically on
tumor cells by following mechanisms: by increasing the expression
of Bax or p21 proteins in the HT-29 line, inhibiting NF-kB and
topoisomerase I, increasing expression of the antioxidant enzyme
glutathione peroxidase and by preventing metastases in CRC pa-
tients by inhibiting the metalloproteinase MMP2 [90] [91] [92] [93]
[94]. Genistein was tested on a 5-FU-resistant HT-29 colorectal cell
line, where in combination with 5-FU it decreased significantly
viability, inhibited cell growth inhibition by increased expression of
the pro-apoptotic p53 and p21 genes, and further inhibited the
expression of COX-2 [95]. In combination with cisplatin, genistein
inhibits synergistically cell growth and induces apoptosis [96].
However, a clinical trial from 2005 performed of 125 patients
concluded that supplementation with soy protein containing iso-
flavones does not reduce colorectal epithelial tumor cell prolifera-
tion [97].

2.5.3. Apigenin

Apigenin (4°,5,7-trihydroxyflavone) is one of the most wide-
spread flavones, found in Chinese cabbage, parsley, paprika, garlic
and celery. It exhibits chemopreventive and cytostatic properties,
reduces angiogenesis, induces inhibition of colorectal cell growth,
cell arrest, and apoptosis in vitro [98]. Apigenin increases the
expression of proapoptotic proteins NAG-1 and p53 and cell cycle
inhibitor p21 in colorectal cells in vivo and in vitro, reducing in-
testinal tumor load and number [99]. Apigenin is an inhibitor of
ABC receptors that increase the efflux of a chemotherapeutic agent
in colorectal epithelial cells, and therefore it increases their
bioavailability [100].

CD26 is a membrane protein that suppresses pathways
responsible for growth and metastasis and is usually down-
regulated in many types of cancer, including CRC. Apigenin in-
creases the number and activity of CD26 in the colorectal lines HT-
29 and HRT-18. Apigenin was found to potentiate activity of CD26
with the co-administration of irinotecan [101].

2.54. Chrysin

Another polyphenolic flavone is chrysin (5,7-dihydroxyflavone),
which is found in honey, propolis, chamomile and martyrs (Passi-
flora caerulea). Chrysin shows anti-tumor effects in various tumor
lines and seems to be a natural chemopreventive agent. Chrysin
induces cell apoptosis in HCT116, DLD-1 and SW&37 cells. This
compound also up-regulates Tumor necrosis factor (Tnf) @ and b
genes and activates TNF and AHR signaling pathways [102]. A study
on the colorectal line SW480 has demonstrated that chrysin in-
duces a cell cycle arrest at the G2/M transition, whereas the com-
bination with apigenin doubled the effect and restrained the
progression of the tumor [103]. Chrysin also protects cells against
induced cisplatin toxicity in vivo in a mouse model, which is related
to oxidative stress suppression by activation of p38MAPK, p53 and
apoptosis [104].

2.5.5. Isoliquiritigenin

Isoliquiritigenin is a chalk originating in liquorice (Glycyrrhiza
glabra), which has antioxidant and anti-tumor effects [105]. In a
study from 2010 there was tested isoliquiritigenin and another
flavonoid, formononetin. They inhibited the growth of HCT116 CRC
cells and promoted apoptosis, which was accompanied by caspase
activation and downregulation of the antiapoptotic proteins Bcl-2
and Bcl-x(L) [106]. In another study the synergistic effect of iso-
liquiritigenin and cisplatin was demonstrated in mouse CT-26
colorectal line xenografts, with a 79% tumor reduction. This com-
bination achieved a reduction of oxidative damage levels of nitric
oxide, lipid peroxidase and GSH in serum, in comparison to
cisplatin treatment alone [107].
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2.5.6. Kaempferol

Kaempferol is a flavonol, found in propolis, grapefruit, black tea
or broccoli. In the colorectal tumor lines, kaempferol demonstrated
antitumor activity. In the HT-29 line kaempferol induces apoptosis
and activity of CDK2, CDK4 and Cdc2, thereby causing cell cycle
arrest in the G1 and G2/M phase [108] [109]. Kaempferol increased
chromatin condensation and DNA fragmentation, and the number
of early apoptotic cells in HT-29 cell line. It also increased the levels
of cleaved caspase-9, caspase-3 and caspase-7. These mechanisms
indicate, that kaempferol induces the apoptosis of HT-29 cells via
events associated with the activation of cell surface death receptors
and the mitochondrial pathway [110]. It also induces apoptosis in
SW480 and DLD-1 colorectal cell lines, the higher effect is achieved
by TRAIL co-treatment (TNF-associated apoptosis-inducing ligand,
apoptosis-inducing ligand), kaempferol sensitizes cells to TRAIL
treatment [111].

2.5.7. Quercetin

Quercetin is a widespread flavonol, found in apples, onions, and
many other types of vegetables and fruits. Quercetin has anti-
proliferative effects - it inhibits the expression of RASA1 (RAS p21
protein activator) and thus prevents the activation of RAS in human
colon cancer cells Colo-205, Colo-320HSR, Colo-201, LS-174 and
WiDr [112]. Likewise, quercetin, as well as kaempferol, sensitizes
SW-620, HT-29 (both synergistic effects) and Caco-2 (additive ef-
fect) cells against TRAIL, causing their apoptosis [113]. In quercetin
treated HT29 cells, over expression of COX-2 and increased gener-
ation of reactive oxygen species (ROS) was observed [114]. Quer-
cetin also markedly decreased lung metastasis of colon cancer
CT26 cells in an experimental in vivo metastasis model. Migration
and invasion of CT26 cells were inhibited by quercetin through
expression of matrix metalloproteinases (MMPs) and tissue inhib-
itor of metalloproteinases (TIMPs) regulation. Therefore, quercetin
may be a potent therapeutic agent for the treatment of metastatic
CRC [115].

Other flavonoids with significant effects tested in vitro on
colorectal lines or in vivo are silymarin (Sylibum marianum), scu-
tellarin (Scutellaria barbata) and oroxylin (Scutellariae radix).

2.6. Terpenes

Terpenes include a large number of organic compounds, which
are constituents of essential oils. Terpenes are volatile fragrances
contained in leaves, fruits, flowers, rhizomes and plant roots.
Oxidized terpenes are called terpenoids, including limonene,
vitamin A, b-carotene and steroids.

Individual terpenes are adressed below.

2.6.1. Artesunate

Artesunate is a derivative of the sesquiterpen artemisinin, found
in the traditional Chinese wormwood annual herb (Artemisia
annua), used for treatment of fever and rheumatism [116]. The
major active ingredient artemisinin was identified and isolated in
the 1970s and traditionally it was used to treat malaria because it
increases the reactive oxygen species (ROS) in the Plasmodium
parasite [117]. The other compounds are not included on the WHO
list. There is still lack of clinical research data.

Artesunate also possesses antiproliferative activity, which
makes it potential anticancer agent. Artesunate is cytotoxic to
HCT116 colorectal carcinoma cells, inducing cell cycle arrest in the
G1 phase by reducing the expression of cyclin D1 and increasing
p21 expression. Artesunate creates more ROS in co-treatment with
oxaliplatin [116]. Another study was aimed to investigate the effect
of artesunate on tumor immunosuppression, which is the main
source of ineffective treatment on tumor. Artesunate, reverses the

immunosuppression from murine colorectal cancer cells Colon26
and human colorectal cancer cell RKO colorectal cancer cells by
decreasing TGF-b1 and IL-10 [118]. This is probably one of the anti-
tumor mechanisms of artesunate.

2.6.2. Geraniol

Geraniol is known primarily as a component of essential oils, it is
contained in the rose oil, palmarosa oil (Cymbopogon martinii,
palmarosa) or citronella oil, and is also found in geraniums (Pelar-
gonium). Geraniol represents a promising dietary chemopreventive
agent. Its chemopreventive effect was evaluated in colon tumor
induced by dimethylhydrazine in vivo in male Wistar rats. Number
of total aberrant crypt foci in the distal colon significantly
decreased and apoptosis level in the distal colon was significantly
higher [119]. In combination with 5-FU geraniol increased the
apoptosis of the Caco-2cell line in vitro. In xenografts of the
TC118 cell line, the combination with 5-FU caused a tumor reduc-
tion of up to 83% [120].

2.6.3. Ginsenosides

Ginsenosides are a subset of panaxosides, which are glycosides
with triterpenoid (steroidal) aglycone and one or more sugar resi-
dues. Panaxosides are effective saponins typical for ginseng (Panax
ginseng, Panax notoginseng). Ginseng has been used in chinese
traditional medicine over centuries. Panaxosides show antitumor
effects and target multiple signaling pathways. A notoginsenoside
R1 compound was tested in CRC line HCT-116 when metal-
loproteinase (MMP)-9 expression was reduced in comparison to
the control group. In the adhesion reaction assay, treatment with
R1 significantly decreased adhesion of the HCT-116 cells to endo-
thelial cells [121]. An another compound, Ginsenoside Rg3, inhibits
CRC cell migration by suppressing NF-kB activity in SW480 cells
[122]. Panaxadiol causes apoptosis in HCT116 cells [123] and pro-
topanaxadiol significantly enhances the effect of 5-FU treatment on
HCT116 cells and causes cell cycle arrest in the G1 phase, and this
data was confirmed in the model of murine xenograft [124].

2.6.4. Betulinic acid

Betulinic acid, together with betulin, belongs to the triterpene
class and both substances are found in the birch (Betula pubescens),
rosemary, Pseudocydonia sinensis, or Prunella vulgaris. Betulin is
found in parasitic mushrooms Piteroporus betulinus or Chaga
(Innonotus obliquus), which parasite on birch and other deciduous
trees. Despite the fact that betulin has been known for over 200
years, the crystal structures of this compound have been described
for the first time in 2010 [125]. Betulinic acid targets the mito-
chondrial pathway of apoptosis which makes it a promising po-
tential anticancer drug [126]. Betulin has a cytotoxic effect on the
SW707 human colorectal adenocarcinoma cell line, but higher
cytotoxic effects exert acetylene derivatives of betulin [61]. Betu-
linic acid has anti-inflammatory, antimalarial, antiretroviral and
anti-tumor effects by inhibiting topoisomerases and triggers
apoptosis in the colorectal line SNU-C5 by induction of caspase 3
[127]. There were generated resistance variants of this line against
5-FU, irinotecan and oxaliplatin, which were more sensitive to
betulinic acid than the original line. In addition, the combination of
5-FU and betulinic acid has been shown to induce apoptosis in 5-FU
resistant cells and this occurred similarly with a co-treatment of
betulinic acid and oxaliplatin in the oxaliplatin-resistant line. These
results imply that combination therapy has succeeded in bypassing
the obtained chemoresistance [128].

2.6.5. Carotenoids a xanthophylls
Terpenoid compounds with antitumor effects include a large
number of carotenoids such as lycopene (e.g., tomatoes, rose hips,
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grapefruits), alpha and beta carotene (carrots, apricots, mangoes) or
xanthophyll fucoxanthin. In plants, xanthophylls occur in green
plants and photosynthetic bacteria, we call them pigments.

Lycopene exhibits anti-inflammatory effects in vitro in SW480
CRC line. It inhibits the activation of NF-kB and JNK which cause
inflammation, and suppresses the expression of TNF-a (tumor ne-
crosis factor) and interleukins IL-1, IL-6, iNOS and COX-2 [129].
Lycopene also suppresses growth and progression of colorectal
carcinoma in vivo, as demonstrated in mouse xenografts. Lycopene
suppresses the expression of PCNA and b-catechins in tumor tissue,
plasma levels of matrix metalloproteinase 9 (MMP-9) in murine
xenografts negatively correlated with the inhibitory effect [130].

Fucoxanthin is a carotenoid, in terms of the chemical structure a
tetraterpenoid, which is found in the chloroplasts of an edible
seaweed Wakame (Undaria pinnatifida) and other seaweeds.
Fucoxanthin and its metabolite, fucoxanthinol, possess anticancer
effect which was demonstrated in studies on Caco-2, WiDr, HCT116,
and DLD-1 cell lines [131]. Studies on the Caco-2 cell line demon-
strated the induction of apoptosis by fucoxanthin due to the
reduction of Bcl-2 protein expression [132].

While alpha and beta carotene exhibit antiproliferative and
antioxidant effects in relation to breast and prostate tumors, data
regarding their effect on colorectal carcinomas are inconsistent.
The case-control study from 2015 among adult Chinese reports that
consumption of alpha-carotene and beta-carotene is indirectly
associated with a risk of colon cancer [133]. On the contrary, au-
thors of the meta-analysis of clinical studies from 2017 did not find
a significant association between the intake of carotenoids from
food sources and the overall risk of colorectal carcinoma [134].
In vitro, beta-carotene has been shown to reduce the expression of
COX-2 and PGE2 (prostaglandin E (2)) in adenocarcinoma cell line
LS174 and colon carcinoma cell line HCT116, which is a possible
mechanism of chemopreventive and antiproliferative effects of
beta carotene in tumor cells [135].

Other bioactive compounds with chemoprotective properties
from the terpenes family associated with colorectal carcinoma are
celastrol, triptolide (both from Tripterygium wilfordii), ursolic acid
(basil, rosemary) or irofulven (from the sponge Omphalotus illu-
dens) [44].

2.7. Gossypol

Gossypol is a natural phenolic aldehyde, and is found in cotton
plants (Gossypium). Gossypol toxicity has limited cottonseed use in
animal feed and the most common toxic effect was found to be the
impairment of male and female reproduction [136]. Therefore,
originally it has been tested as a male oral contraceptive in China in
clinical trials in 1972 [137]. Its antitumor effects have been studied
since 1980s. Gossypol inhibits the proliferation of tumor cells and
induces apoptosis in various colorectal lines [I138]. In mouse
HCT116 xenografts gossypol inhibited cell growth [139]. Gossypol
also exhibited a synergistic effect with 5-FU in the HCT116, HT-29
and RKO cell lines [140]. Gossypol down-regulates thymidylate
synthase and cyclin D1 expression was decreased after the treat-
ment, suggesting an additional mechanism of the observed anti-
proliferative synergistic interactions [141]. In a study from 2010 the
authors found that gossypol treatment induced DNA damage and
activated p53 in prostate cancer cell lines [142]. Gossypol has
completed Phase IIb multi-center clinical trials for treating prostate
cancer and small lung cancer [60]. Both gossypol and AT-101
molecule, derived from gossypol, have been found to be well
tolerated by humans with a low incidence of serious adverse effects
[143] [144].

2.8. Isothiocyanates and indoles

For a group of cruciferous vegetables (broccoli, cauliflower,
cabbage, brussels sprout, etc.), some meta-analyzes documented a
decrease in the incidence of colorectal carcinoma by 18% due to the
high concentration of phytochemicals [145]. These substances are
isothiocyanates (sulforaphane, phenethyl isothiocyanate, benzyl
isothiocyanate) and indole-3-carbinol, both belonging to the group
of organosulfate compounds. Above compounds modulate PI3K/
Akt/mTOR, two key signaling pathways that affect many physio-
logical aspects of cell growth and survival, but also pathological
conditions including carcinogenesis. Their antitumor effect consists
of blocking activation of carcinogen in phase I metabolic trans-
formation e they block cytochromes P450 and, on the contrary,
induce phase Il detoxification enzymes, glutathione S-transferases,
to accelerate the elimination of carcinogen from the organism
[146]. One compound from the isothiocyanate group, sulforaphane,
induced cell death through G2/M phase arrest and induced
apoptosis in HCT 116 CRC cell line [147]. Another compound, allyl
isothiocyanate, inhibits cell metastasis by inhibiting invasive and
migratory ability of HT29 cells and downregulating the protein
levels of matrix metalloproteinase-2 (MMP-2), MMP-9 and
mitogen-activated protein kinases (MAPKs) [148].

2.9. Allylsulfates

The second group of substances belonging to the group of
organosulfates are allylsulfates, which are included in garlic, onion,
shallot, but also in chive or leek (Alliaceae). One of the most
important bioactive compounds in this group of vegetables is dia-
llyltrisulfide (DTS), which suppresses proliferation and induces
apoptosis of human colon carcinoma cells (HCT-15 and DLD-1) via
oxidative modification of beta-tubulin [149]. Diallyl trisulfide also
inhibits growth of mouse colon tumor in a mouse CT-26 cell
alloimplant model in vivo [150]. It also increases the production of
reactive oxygen species (ROS) in human primary CRC cells and in-
duces apoptosis [151].

2.10. Ginkgo biloba

The Ginkgo biloba extract contains over 60 biologically active
substances, the most important of which are terpentins, flavonoids,
carboxylic acids and L-ascorbic acid. Ginkgo biloba EGb 761 extract
inhibits the progression of the HT-29 cell line, and its effect may be
related to increased caspase-3 activity, elevated p53 expression,
and decreased expression of bcl-2 [152]. EGb was also tested in
Phase II clinical research in combination with 5-FU, the authors of
the study would recommend this approach as second-line treat-
ment in patients with metastatic CRC [153]. On the contrary, in
2013 National Toxicology Program conducted a 2- year gavage
studies on one Ginkgo biloba leaf extract and concluded there was a
strong evidence of carcinogenic activity of this extract in mice
based on increased incidence of hepatocellular carcinoma and
hepatoblastoma [154]. According to International Agency of
Research on Cancer [1], Ginkgo biloba extract (EGb) has been clas-
sified as a possible carcinogen since 2016 (Group 2B) [155].

3. Bioavailability

Some natural compounds have already been tested in clinical
trials. Unfortunately, these trials revealed several limitations
related to that sometimes administration of these substances result
in low levels in blood (curcumin, resveratrol) [156] [64]. Experi-
mental cell cultures or laboratory animals are generally controlled
and homogenous, while in clinical trials the patients form a
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Compound Experimental model Main effect Reference
Curcumin HCTI116, HT-29 Potentiates effect of dasatinib& FOLFOX, capecitabine 16] [52]
HT-29 mice xenograft in comb. with bevacizumab inhibits tumor growth [53
Resveratrol HCTI116, HCT116 p53/ Sensitizes to effect of 5-FU [58]
SW620, HT-29 Sensitizes to oxidative stress caused by 5-FU [59]
Ganoderma HCTI116 induced apoptosis in HCT116 and increased caspase-8, caspase-3 and Fas [70]
lucidum
-polysacharides HT-29, SW480 Reactivated mutant p53 alone in separate administration or together with 5-FU [71
-triterpenes HT-29 Suppresses the proliferation, inhibits tumor growth in the colon carcinoma xenograft model [72]
Cannabidiol HCTI116, DLD-1 Antiproliferative effect [82]
HCTI116, Caco-2 chemopreventive effect from oxidative damage [82]
HCTI116 mice xenograft reduced pre-neoplastic lesions and azoxymethane induced polyps [82]
Genistein HT-29 Pro-apoptotic effect - increases expression of Bax or p21 proteins; inhibits NF-kB and topoisomerase II, in [90] [91]
comb. with cisplatin inhibits cell growth and induces apoptosis
5-FU-resistant HT-29 Decrease in viability in comb. with 5-FU, cell growth inhibition [95] [96]
Apigenin HT-29 and HRT-18 Increases activity of CD26, more in comb. with irinotecan [101]
HT-29, HCT116 Increases expression of NAG-1, p53, p21 [99]
Chrysin SW480 Cell cycle arrest at C2/M, co-treatment with apigenin doubled the effect [103]
HCTI116, DLD-1 and SW837 Induces cell apoptosis, upregulates Tnf a and b [102]
Isoliquiritigenin HCTI116 Inhibits growth, induces apoptosis [106]
CT-26 mice xenograft Synergistic effect with cisplatin [107]
Kaempferol HT-29 Induces cell cycle arrest in G1 and G2/M, induces apoptosis [108]
[109]
[110]
SW480, DLD-1 Induces apoptosis, higher effect by TRAIL co-treatment [111]
Quercetin SW-620, HT-29, Caco-2 Sensitizes cells against TRAIL, causing apoptosis, generating of ROS [113]
[114]
Colo-205, Colo-320HSR, Colo- Inhibits expression of RASAI [112]
201, LS-174 and WiDr
in vivo CT26 model decreased lung metastasis, migration and invasion [115]
Artesunate HCTI116 induces cell cycle arrest in the G1 phase, in comb. With cisplatin creates ROS [116]
Geraniol Caco-2 Increased apoptosis comb. with 5-FU [120]
TC-118 mice xenografts In comb. with 5-FU tumor volume reduction [120]
in vivo Wistar rats CRC Increased apoptosis of tumor cells, decreased no. of aberrant crypt foci [119]
Panaxadiol HCTI116 Apoptosis induction [123]
Protopanaxadiol HCTI116 mice xenograft Enhances effect of 5-FU, cell cycle arrest in the G1 phase [124]
notoginsenoside HCTI116 Induced apoptosis [121]
R1
Inhibits migration by suppressing NF-kB activity [122]
Ginsenoside Rg3 SW480
Betulinic acid SNU-C5 Triggers apoptosis by induction of caspase 3 [127]
5-FU/oxaliplatin resistant SNU- Induces apoptosis in 5-FU and oxaliplatin resistants [128]
C5
Lycopene SW480 Acts anti-inflammatory suppresses the expression of PCNA and b-catechins [129]
Mouse xenograft Suppresses growth and progression of CRC [130]
Fucoxanthine Caco-2 Induction of apoptosis by reduction of Bcl-2 protein expression [132]
Beta-karotene LS-174, HCT116 Chemopreventive and antiproliferative effect by reduction the expression of COX-2 and PGE2 [135]
Gossypol HCT116 mice xenograft Inhibition of cell growth [139]
HCT116, HT-29 and RKO Synergistic effect with 5-FU [140]
Sulforaphane HCTI116 Induces cell death through G2/M phase arrest, induces apoptosis, induces generation of ROS [147]
Allyl HT29 Inhibits cell metastasis [148]
isothiocyanate
Diallyltrisulfide HCT-15, DLD-1 Suppresses proliferation and induces apoptosis [149]
CT-26 cell mouse alloimplant Inhibits mouse colon tumor, increases production of ROS [150]
Human primary CRC cells Induces apoptosis, increased ROS [151]
Ginkgo biloba HT29 Inhibits progression of the tumor, increases caspase-3 activity, elevates p53 expression, and decreases [152]

expression of bcl-2
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Table 2

An overview of clinical trials with natural compounds.

Compound Phase Dosing No. Of Main effect Reference
patients
Curcumin Phase Ila 2 gor 4 gper day for 30 days 41 significant 40% reduction in aberrant crypt foci number occurred with the 4 g dose [161]
Phase 1 0.45 and 3.6 g per day/4 months 15 3,6 g decreases in inducible PGE; production in blood [162]
Resveratrol Phase I 0,5-1 g/8 times per day for 8 days 20 resveratrol reduced tumor cell proliferation by 5% [64]

Phase 5 gper day 10e21 days preoperatively

caspase-3, a marker of apoptosis, was significantly increased by 39% in malignant [157]

hepatic tissue

Artesunate Clinical 200 mg per day/14 days preoperatively 20

Apoptosis was of 13% higher than in control group. Artesunate has anti-proliferative [163]

Pilot properties in CRC
study
Ginkgo Phase II 350 mg GBE 761 ONC on days le6 44 progression of disease in 22 patients, no change in 8 patients and a partial response [164]
biloba followed by 500 mg 5-FU on days 2e6 in 2 patients. Second line treatment in metastatic colorectal cancer

heterogeneous group with various genetic background, lifestyle
and dietary habits. Oral bioavailability is known only for a smaller
group of natural compounds. For some compounds there is also
possible to use subcutaneous administration, but the data for nat-
ural compounds are rare. To increase the oral bioavailability there
are several obstacles to be considered: poor solubility in water
(lipophilic nature), poor absorption or conversion to conjugates
(metabolites). To enhance the bioavailability, there is possibility to
consider the use of nano-carriers, for example incorporation into
polymers (proteins, phospholipids, liposomes) or to create less
polar derivates [24]. In a clinical trial with resveratrol, the
bioavailability was increased by micronization, which allowed to
increase drug absorption [157].

4. Discussion

Dietary habits modulate the intensity of early colon carcinogenic
events [6]. Since genetic polymorphisms modulate the cancer risk
by the activity of enzymes metabolizing xenobiotics, it might be a
critical step in the mutational process. This review identifies nat-
ural compounds found in plants, fruits, vegetables or other natural
sources, their groups or extracts of natural substances in which
chemopreventive and also anti-tumor effects of various types have
been observed. Antiproliferative, antimetastatic effects of natural
compounds, in vitro or in vivo involving colorectal tumors are
summarized in Table 1. Effects of natural compounds are mainly
reported in vitro or in vivo using animal models. There is still a
scarcity of clinical trials. The overview of natural compounds a their
effects in clinical trials is summarized in Table 2.

Natural compounds and their potential use in clinical practice
have undoubtedly many advantages. With regard to anticancer
properties, they possess antioxidant (chemoprotective) and even
prooxidant (pro-apoptotic) properties that affect proliferation,
growth, angiogenesis, tumor metastasis or induce tumor cell
apoptosis [158]. Moreover, a lot of natural compounds are well
tolerated by humans. Although natural compounds may be very
helpful in tackling chronic diseases, a priori contentwise and
effectwise characterization is inevitable.

Conventional chemotherapy therapy represents a considerable
burden for the patient's body. A number of studies has been
investigating the use of natural substances to reduce the toxic
burden of a patient's organism by a dose-substitution of a classical
chemotherapeutic agent such as 5-FU or oxaliplatin with a natural
compound with a well-defined effect. Some natural compounds are
well tolerated and do not exert toxic effects even at high doses e e.
g. 8 g of curcumin by oral administration [159]. Moreover, some
natural compounds may increase susceptibility to conventional
therapy via cytotoxicity, mutually reinforce the combined effect of
both administered therapeutics (e. g. EGCG and sunitinib [160]) or

act cytotoxically on tumor cells only.

Combined therapy, due to the fact that it targets multiple
signaling pathways, uses various mechanisms to reduce the
development of resistance to antitumor drugs. In some cases, the
addition of natural compound to conventional therapy may over-
come altered regulatory cell pathways which may be responsible
for drug resistance mechanism. Interaction of conventional che-
motherapeutics substances introduces
perspective in the research and therapy of cancer. It could be a
promising approach to potentially achieve improvements in mini-
mizing of adverse effects associated with conventional
chemotherapy.

with natural a new

5. Conclusion

Our review presents a summary of previously published works
of natural compounds in CRC therapy, mainly in vitro on colorectal
cell lines or in vivo studies on experimental models. While there is
still a long way to go, natural compounds are promising chemo-
protective agents and supplements to conventional cancer therapy.
Many of them are multitargeted agents, which induce apoptosis of
CRC cells, inhibit cell or tumor growth, suppress proliferation or
induce cell cycle arrest. The most interesting approach is to
combine natural compounds with another compound, mainly 5-
fluorouracil or platinum derivatives, to modify chemotherapy
burden. Some of the natural compounds have been tested in clinical
trials, but there is still lack of evidence and further of them are
needed, after overcoming the problems like low solubility and a
connected problem with bioavailability. Therefore, the deep
investigation of targeted signaling pathways is still needed.
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Abstract: There is ample evidence for the essential involvement of DN A repair and DNA damage
response in the onset of solid malignancies, including ovarian cancer. Indeed, high-penetrance
germline mutations in DNA repair genes are important players in familial cancers: BRCAL,
BRCA2 mutations or mismatch repair, and polymerase deficiency in colorectal, breast, and ovarian
cancers. Recently, some molecular hallmarks (e.g., TP53, KRAS, BRAF, RAD51C/D or PTEN mutations)
of ovarian carcinomas were identified. The manuscript overviews the role of DN A repair machineryin
ovarian cancer, its risk, prognosis, and therapy outcome. We have attempted to expose molecular
hallmarks of ovarian cancer with a focus on DN A repair system and scrutinized genetic, epigenetic,
functional, and protein alterations in individual DN A repair pathways (homologous recombination,
non-homologous end-joining, DN A mismatch repair, base- and nucleotide-excision repair, and direct
repair). We suggest that lack of knowledge particularly in non-homologous end joining repair pathway
and the interplay between D N A repair pathways needs to be confronted. The most important genes of
the DN A repair system are emphasized and their targeting in ovarian cancer will deserve further
attention. The function of those genes, as well as the functional status of the entire DN A repair
pathways, should be investigated in detail in the near future.

Keywords: ovarian cancer; DN A repair; carcinogenesis; prognosis; therapy response

1. Introduction

Recent reports highlight the importance of DNA repair and DNA damage response (DDR),
involved in the genomic instability that accompanies tumorigenesis and cancer progression [1-3].
Pearl et al. [4] found that every DDR process was functionally impaired to some extent in one or
more cancer types. Among eector pathways of DDR, genomic alterations in DNA repair genes
represent substantial changes underlying the genetics of many solid cancers e.g., breast, colorectal,
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and ovarian cancer (OvC) [5,6]. This paradigm is particularly pronounced in familial cancers with
known germline mutations of high penetrance in DN A repair genes, e.g., breast cancer 1 and 2 (BRCA1
and 2) mutations in breast cancer; MutL homolog 1 (MLH1), MutS homolog 2 (MSH2), MutS homolog 6
(MSH6), PMS1 homolog 2 (PMS2), and DN A polymerase epsilon (POLE) mutations linked to mismatch
repair or polymerase deficiency in colorectal and ovarian cancers; RAD51 paralog C and paralog D
(RAD51C and D) deleterious mutations and BRCA1 mutation in OvC [6-9]. The present review article
addresses the role of DN A repair machinery in OvC.

OvC is the 9th most common type of cancer and the 8th leading cause of death among female
malignant diseases with an estimated annual incidence of 295,400 new cases and 184,800 deaths
worldwide [10]. The majority (90%) of OvC is designated as epithelial ovarian carcinomas (EOCs) [11],
divided into two major subtypes; (i) type | is composed of endometrioid, mucinous, clear cell and
low grade serous ovarian carcinomas and (ii) type Il includes high-grade serous ovarian carcinomas
(HGSOCs) as histological dominant subtype [12]. It exhibits aggressive behavior and accounts
for 70-80% of OvC deaths [13-15]. The other type Il ovarian carcinomas present carcinosarcomas
and undierentiated carcinomas [14,16]. The present standard of care for EOC consists of optimal
cytoreductive surgery and chemotherapy that includes platinum-based chemotherapy usually in
combination with taxanes [17,18]. In most cases, new therapeutic approaches are tested directly against
molecular targets and pathways, e.g., poly(ADP-ribose) polymerase inhibitors (PARPi) such as olaparib,
rucaparib or niraparib; anti-angiogenic agents such as bevacizumab or pazopanib; inhibitors of growth
factor signaling or folate pathway inhibitors; protein kinase B (AKT) signaling inhibitors; and many
immunotherapeutic approaches [19,20]. Despite the advent of new treatments, long term outcomes
have not significantly improved in the past 30 years with the latest five-year survival rates largely
falling between 30% and 50% across the globe [21,22]. At present, the main attention is dedicated to
the improvement of the overall survival (0S) of OvC patients. As stated above, the functional status
of DNA repair along with DDR determines cancer onset and impacts prognosis and ecacy of
chemotherapy (often acting via DN A damage generation).

2. Main Molecular Hallmarks of Ovarian Cancer and Association with DN A Repair System

The whole systemm of DNA repair system is encoded by more than 150 genes and
well-characterized [23]. Among existing DNA repair pathways, six pathways are implicated in
OvC. In general, defective homologous recombination repair (HR), non-homologous end-joining
(NHEJ), mismatch repair (MMR), base excision repair (BER), and disorders in nucleotide excision
repair (NER) are typically reflected in OvC origin, pathogenesis and response to chemotherapy [20,24],
whereas direct reversal of lesions is in connection with OvC addressed scarcely. Interestingly, there is
sucient evidence on the participation of all DN A repair pathways in ovarian tumorigenesis due to
complex exposures from environment [25,26]. Main DN A repair pathways relevant in ovarian
carcinogenesis and their role in cellular biology are illustrated in Figure 1.

In general terms of genetic profiles, tumor protein p53 (TP53) somatic mutations, chromosomal
instability, and frequently defective HR are typical for the most usual and aggressive type |l category of
ovarian carcinomas largely composed of HGSOC [14]. TP53 is a tumor suppressor which, in response to
various cellular stresses (such as DN A damage, oxidative stress or hypoxia), binds to the promoter
region of many genes controlling cell proliferation, apoptosis, DN A repair, etc., hereby regulates their
expression [27].

Somatic mutations of TP53 occur in more than half of human tumors, making it the most frequent
cancer-related gene [28]. HGSOC bears TP53 mutations in 96% of cases and about 50% of these tumors
displayed defective HR due to germline and somatic BRCA mutations, epigenetic inactivation of BRCA,
and abnormalities of DN A repair genes [15].
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@é@ G2/M checkpoint
NHEJ, BER, HR
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@é@ NHEJ, BER, NER
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Figure 1. DN A repair pathways and implications in cell biology. DN A damage in the G1/S checkpoint is repaired by non-homologous end-joining repair (NHEJ),
base excision repair (BER) and nucleotide excision repair (NER). In the S phase checkpoint, DNA damage is repaired by mismatch repair (MMR), homologous
recombination (HR), NHEJ, BER. G2/M checkpoint DN A damage repair pathways are NHEJ, BER, HR. [29-32].
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The deficiencies in MMR and BRCA1 mutations are important hallmarks for OvC [7,8,33].
BRCA1/2 germline mutations are estimated as risk factors of 10-20% of EOC [15]. Type | EOCs
including low grade serous and mucinous carcinomas are typically Kirsten rat sarcoma viral oncogene
homolog (KRAS)- and v-Raf murine sarcoma viral oncogene homolog B (BRAF)-mutated. Frequent
mutations were also found in AT-rich interactive domain A1 (ARID1A), catenin beta 1 (CTNNB1),
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit (PIK3CA), phosphatase and tensin
homolog (PTEN) genes [14]. Other recently found genes in women diagnosed for EOC and associated
with the risk of EOC onset are BRCA1l-interacting protein C-terminal helicase (BRIP1), RAD50 homolog
(RAD50), RAD51C, RAD51D, BRCAl-associated RING domain 1 (BARD1), checkpoint kinase 2 (CHEK2),
meiotic recombination 11 homolog A (MRE11A), partner and localizer of BRCA2 (PALB2) and ataxia
telangiectasia mutated (ATM) gene (as summarized in [20]).

Particularly, deleterious mutations in RAD51C and RAD51D (genes involved in HR) have been
shown to confer the risk of EOC implicating their use alongside BRCA1 and BRCA2 in routine clinical
genetic testing [9]. Except for the association of DN A repair genes variations with modulating EOC risk,
some recent studies overviewed the involvement of DN A damage repair pathways in EOC progression
and therapeutic response. For instance, deficiency in HR, often occurring in OvC, was associated
with worse outcomes in other solid cancers [34]. Nevertheless, except for the U.S. Food and
Drug Administration (FDA) agency-approved treatment of germline BRCA-mutated OvC or
maintenance treatment of platinum-sensitive relapsed BRCA-mutated EOC patients by PARPi [35],
other DN A repair genes and pathways are not used as therapeutic targets in clinical practice at
present. Recent period witnessed approaches with utilization of dierent kinds of DN A damage
(repaired by dierent DN A repair pathways) induced simultaneously in frame of combinational
chemotherapy (e.g., radiation and chemotherapy, the use of natural compounds in parallel with
cytostatics [36]). These concepts are believed to diminish adverse eects of chemotherapeutics and
postpone the advent of resistance. The role of genes and pathways of DN A repair system in ovarian
carcinogenesis, prognosis, therapy response, and their potential as possible therapeutic targets are
the main focuses of this review.

3. DN A Repair Pathways Involved in the Onset, Progression and Prognosis of Ovarian Cancer

3.1. Homologous Recombination Repair

HR is an essential high-fidelity DN A repair pathway, which provides template-dependent repair of
complex DN A damage including DN A gaps, DNA double-strand breaks (DSBs), and DN A inter-strand
crosslinks (repair mechanism is illustrated in Figure 2). It has also a prominent role in DN A replication
and telomere maintenance. HR is active during S and G2 phases of the cell cycle when the sister
chromatid is available and serves as a template. Normal cellular processes during DN A replication
(due to replication fork collapse or arrest) and meiosis (during the process of crossing-over) may
also produce DN A damage, taken care of HR. However, a variety of exogenous agents can induce
DNA damage employing HR such as radiation, UV light, and crosslinking agents (e.g., platinum
derivatives) [37,38].

Unrepaired DSBs are considered to be the most deleterious and fatal for DN A integrity. Defects
in HR may result in deletions, translocations, duplications, loss of heterozygosity or aneuploidy [39].
Consequently, defective HR is linked to various types of cancers, especially OvC and breast cancer.

The defective HR pathway is found in about 50% of HGSOCs. However, non-serous histological
types including clear cell, endometrioid, and carcinosarcomas have also been shown to harbor
alterations in HR [40]. In OvC, HR deregulation is driven mostly by somatic and germline mutations in
high-penetrance susceptibility genes BRCA1/2 [41,42].



Cancers 2020, 12, 1713 5 of 37

l dsDNA break

MRN complex (Mre11l — RAD50 — Nsb1)

ATM, RPA, ATRIP, ATR, CHK, CtIP

o ®
—i# @

# 4
BRCA1, BRCA2, RAD51

e ¢
Em— O e

-
-

e FPE

DNA ligase

Figure 2. Homologous recombination. Simplified scheme of homologous recombination in
double-strand DNA breaks and DNA inter-strand crosslinks (gene alternations in OvC in bold,
therapeutic interventions considered in OvC therapy marked by a red star (PARP inhibitors), purple
star (check-point inhibitors)) [43]. Protein names: meiotic recombination 11 (MRE11), RAD50
homolog (RAD50), Nijmegen breakage syndrome 1 (NBS1), Ataxia telangiectasia mutated (ATM),
replication protein A (RPA), Ataxia telangiectasia and RAD3 related-interacting protein (ATRIP), Ataxia
telangiectasia and RAD3 related (ATR), checkpoint kinases (CHEK), retinoblastoma binding protein 8
(CtIP), breast cancer 1 and 2 (BRCA1 and 2), RAD51 homolog 1 (RAD51), BRCAl-interacting protein
C-terminal helicase (BRIP1), partner and localizer of BRCA2 (PALB2) [44].

BRCA1 and BRCA?2 proteins play crucial roles in repairing DBSs. The deficiency of BRCA1 or
2 is caused by germline or somatic loss of function mutations (mainly deletions) in BRCA1/2 genes
or by hypermethylation of the BRCA1 promoter. BRCA1 is active in the early phases of HR and
binding sites for multiple proteins acts as a scaold that organizes other repair proteins to the site of
the repair. BRCA2 acts later and is responsible for the loading of RAD51 onto replication protein A
(RPA)-coated DNA.

Mutations in BRCA1 and BRCA2 genes are associated with a high risk of hereditary breast cancer
and OvC. From a current prospective study of 9856 BRCA mutation carriers, the cumulative risk
for OvC to age 80 was 44% for BRCA1 mutation carriers and 17% for BRCA2 mutation carriers [45].
BRCA1 mutation carriers develop OvC earlier compared to BRCA2 mutation carriers (mean age at the
diagnosis for BRCA1l-mutation carriers is 51.3y, for BRCA2-mutation carriers 61.4y) [46], while typical
age at the diagnosis for the general population is about 63 years [47,48]. The risk for OvC varies also
with the type and the location of BRCA gene mutations. Results suggest that there are “ovarian
cancer cluster regions” (OCCRs) that lie in or near exons 11 of both genes and mutations in these
regions are
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associated with OvC rather than with breast cancer [49]. Additionally, “breast cancer cluster regions”
(BCCRs) were identified in both genes as well, predisposing mainly to breast cancer and suggesting
dierent mutation spectrum for ovarian and breast cancer [49].

Pooled analysis of several OvC studies revealed that BRCA1/2 mutation carriers exhibit significantly
improved survival compared to non-carriers. This eect is pronounced in BRCA2-mutation carriers.
The five-year survival rate in non-carriers was 36%, 44% for BRCA1-mutation carriers, and 52% for
BRCA2-mutation carriers [50]. The survival advantage may be partly related to their enhanced
sensitivity to platinum-based chemotherapy, which is conventionally used as a first-line OvC
chemotherapy. Interestingly, epigenetic silencing of BRCA1 through promoter hypermethylation was
not associated with better response to platinum-based chemotherapy and with improved survival in
HGSOC patients [51]. However, BRCA1/2-mutated tumors are more likely to develop distant
metastases. This may be partly related to the high degree of genomic instability present in these
tumors [52].

Patients with HR-deficient OvC exhibit significantly higher response rates and prolonged
progression-free survival (PFS) following platinum-based chemotherapy [50,53]. Even after disease
recurrence, HR-deficient OvCs exhibit good response for other lines of platinum chemotherapy,
while other OvCs often acquire chemo-resistance [54]. Nowadays, several PARPi are used in the
treatment of BRCA-mutated OvC. Their cytotoxic eect is based on the synthetic lethality principle,
where PARPi kill cancer cells with defective HR. The response to olaparib, the first FDA-approved
PARPi, is the best in germline BRCA-mutated platinum-sensitive OvC and the worst in wild-type
(wt) BRCA platinum-resistant OvC [55]. However, patients with BRCA-mutated OvC may develop
resistance towards PARPi through multiple mechanisms including somatic reversion mutations of
BRCA genes, reversion of BRCA-promoter methylation, overexpression of hypomorphic BRCA,
decreased poly(ADP-ribose) polymerase 1 (PARP1) expression due to de novo mutations, drug eux,
acquisition of new mutations in/silencing of other DN A repair genes. These mechanisms lead to either
restoration of HR or protection of replication fork [56].

Other HR pathway alterations include medium penetrance mutations in several Fanconi anemia
genes (mainly PALB2 and Fanconi anemia complementation group A, C, |, and L (FANCA, -C, I,
and -L), in RAD genes (such as RAD50, RAD51 homolog 1 (RAD51), RAD51C, RAD51D and RAD54-like
(RAD54L)), and in DDR genes involved in HR (ATM, Ataxia telangiectasia and RAD3 related (ATR),
checkpoint kinase 1 (CHEK1), and CHEK?2) [43].

In particular, mutations in RAD51C and RAD51D have been associated with the risk of EOC,
having potential use in routine clinical genetic testing [9]. RAD51 homolog genes are considered to be
moderate penetrance OvC susceptibility genes, responsible for about 1% of OvC cases. Both proteins
are important parts of the complex named BCDX2 (together with RAD51 paralog B(RAD51B) and X-
ray repair cross-complementing 2 (XRCC2)) which is required for the formation of RAD51 foci in
response to DN A damage. Biallelic mutations in RAD51C gene are present in Fanconi anemia-like
syndrome [57]. Mutations in RAD51 genes are usually of deleterious type or hypermethylation of the
RAD51C promoter [58].

Various studies disclosed strikingly elevated risk for OvC, reflected by odds ratio for RAD51C
mutations ranging from 5 to 12 [59,60]. Similar odds ratios (5 to 12) have been assessed for mutations in
RAD51D [9,61-63]. The lifetime risk for developing OvC for RAD51D mutation carriers is estimated to
be 10-15% [62].

In the recent study, the median age at diagnosis in RAD51C and RAD51D mutation carriers was
39 and 32.5 years respectively, suggesting the involvement of RAD51 genes mutations in earlier onset
of OvC [60].

Available results demonstrate that RAD51Cand RAD51D are OvC predisposition genes, but further
studies should evaluate their exact contribution to the OvC risk and onset.

Current studies suggest that mutations in RAD51 paralogs predispose ovarian tumors to be
sensitive to PARPI. In vivo study on the patient-derived xenograft mice model revealed that RAD51C
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promoter methylation predisposes to the sensitivity of ovarian tumors to niraparib (PARPi) [64].
Primary mutations in RAD51C and RAD51D confer to PARPi rucaparib sensitivity and, on the other
hand, reverse secondary mutations in these genes contribute to acquired PARPi resistance [65].

RADS5O0 is a part of the so-called MRN complex (consisting of meiotic recombination 11 (MRE11),
RADS50, and Nijmegen breakage syndrome 1 (NBS1)) which is essential for response to DSB damage
and HR initiation. Heeke et al. identified mutations in HR genes in several types of solid tumors
including OvC and found that RAD50 is mutated in about 0.12% of tumors [66]. Interestingly,
immunohistochemical detection of MRN complex revealed that 41% of epithelial low-grade OvC
lacked MRN complex and 10.3% of tumors lacked RAD50 specifically. The role of RAD50 mutation on
OvC risk and onset must, therefore, be further evaluated [67].

Kessous et al. correlated the survival of OvC patients with expression profiles of dierent HR
genes and found that expression of RAD50 correlates with better PFS [68]. In BRCA-wt OvC patients,
18% of patients exhibit RAD50 copy number deletion which was associated with significantly better
OS and PFS [69].

According to an in vitro study from Zhang et al. [69], knockdown of RAD50 gene expression in
OvC cell lines was associated with better response to PARPi (olaparib and rucaparib). Further research
may help to better define the group of patients who may profit from PARPi, even if they are BRCA-wt
but simultaneously have deficient other steps of HR pathway.

PALB2 is another important member of HR, interacting with BRCA2 as well as with BRCA1
and several members of the DDR family [70]. Its mutations are associated with an elevated risk
of developing several cancers including breast cancer [71]. A polish study on 460 BRCA-wt OvC
patients revealed that 1.5% of patients had germline deletion in the PALB2 gene [72]. A recent study
on 524 families from 21 countries harboring pathogenic variants of the PALB2 gene estimated the
relative risk of OvC to be nearly 3. The estimated risk of developing OvC to age 80 is almost 5% [73].

Studies of therapy outcome suggest that PALB2-deficient ovarian tumors, similarly to other HR
deficient OvC, may benefit from PARPi therapy [74]. In vivo study on pediatric cancers suggests that
PALB2 mutations are associated with exceptional response to talazoparib in mouse xenografts [75].

BRIP1 is another member of HR pathway with ATPase and helicase activity known for its role
in OvC predisposition. It was previously associated with breast cancer risk [76—79] however, results
from these studies are inconsistent and several other studies found no association of BRIP1 mutations
and breast cancer risk [80,81]. It is one of the most common OvC susceptibility genes with 0.9-2.5%
frequency in all patients carrying a mutation in this gene [62,82-84]. A study from Weber-Lassalle et al.
on the loss of function BRIP1 mutations found that these mutations confer a high OvC risk in familial
OvC patients as well as in late-onset OvC patients (OR = 20.97 and 29.91 respectively) [83]. Another
study assessed the relative risk (RR) of EOC being 11.22 (95% confidence interval [CI] = 3.22 to 34.10,
P =1 10 %) and cumulative risk of developing EOC by age 80 years to 5.8% (95% C| = 3.6% to 9.1%)
making it a moderate risk factor for OvC [82].

Similarly, as in other members of HR pathway, mutations in BRIP1 are believed to predispose
OvC tumors to better respond to both PARPi and platinum [55].

The overall DN A repair system is tightly coordinated with cell cycle checkpoints as an essential
part of DDR. A large recent genome-wide association study (GWAS) identified an association of
CHEK2 gene variants with EOC risk. CHEK?2 is a serine-threonine kinase which, in response to DSB,
phosphorylates serine 988 in BRCA1 [85]. This phosphorylation is required for the formation of
BRCA1-PALB2—-BRCA2 eector complex critical in RAD51-mediated HR [86,87]. According to the
GWAS, the strongest association showed CHEK?2 single-nucleotide polymorphism (SNP) rs17507066
with serous EOC. The authors reported an additional association of CHEK2 rs6005807 with HGSOC.
Both SNPs, i.e., rs17507066 and rs6005807 showed linkage disequilibrium r? = 0.84 [88]. Additionally,
CHEK?2 gene variant rs6005807 was associated with EOC risk (irrespective of BRCA1/BRCA2 mutations)
in an independent, large GWAS study of Phelan et al. (for detailed description of SNPs discussed in
our review see Table 1) [89].
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Table 1. List of OvC-associated SNPs. Symbols: " means higher, or better; # means lower. Gene names: checkpoint kinase 2 (CHEK2), 8-oxoguanine DN A glycosylase

1 (OGG1), apurinic/apyrimidinic endonuclease 1 (APE1), X-ray repair cross-complementing 1 (XRCC1).

Odds Ratio (OR), Hazard Ratio

Gene SNP Functionality Eect (HR), Confidence Interval (CI) Population Reference
rs17507066 Intron variant " risk of serous EOC OR: 0.86; 95% Cl: 0.81-0.91 15,397 patients, 30,816 controls [88]
CHEK2 " risk of EOC OR: 1.12, 95% Cl: 1.07-1.18 15,397 patients, 30,816 controls [88]
rs6005807 Intron variant
" risk of serous EOC OR: 1.17,95% Cl: 1.11-1.23 25,509 patients, 40,941 controls [89]
" risk OR: 2.89; 95% Cl: 2.47-3.38 720 patients, 720 controls [90]
rs1052133 Missense variant, Ser326Cys
0GG1 " risk type Il EOC OR: 1.66; 95% ClI: 1.26-2.17 420 patients, 840 controls [91]
rs2304277  Intron variant " risk for BRCA1/2 carriers  HR: 1.12, 95% Cl: 1.03-1.21 Stage | 1782 mutations carriers [92]
Stage Il 23,463 mutations carriers
APE1 rs1130409 Missense variant, Asp148Glu #risk OR: 0.486; 95% CI: 0.344-0.688 124 patients, 141 controls [93]
" risk OR: 2.54; 95% CI: 1.22-5.29 50 patients, 78 controls [94]
rs25487 Missense variant, Arg399GIin
XRCC1 " risk of death HR: 1.98; 95% Cl: 1.09-3.93 195 patients [95]
rs1799782 Missense variant, Arg194Trp " 0S HR: 0.61, 95% Cl: 0.34-0.96 229 patients [96]
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3.2. Non-Homologous End-Joining

NHEJ is a most robust pathway which repairs DSBs in DNA. Unlike HR, DNA lesions are directly
ligated without a need of a homologous template. Since it doesn’t require sister chromatid (available
during S and G2 phases), it may be executed throughout the entire cell cycle (repair mechanism is
illustrated in Figure 3). In fact, NHEJ appears to repair almost all DBSs outside the S and G2 phases of
the cell cycle and about 80% during the S and G2 phases [97]. However, since the process involves
losses of sequences during the junction formation, NHEJ is a potentially a mutagenic process. Apart
from its key role in repairing DSBs, NHEJ is an essential part of adaptive immunity during V(D)J
recombination, giving rise to a highly diverse repertoire of immunoglobulins and T cell receptors.

1 dsDNA break

Ku70/Ku80

DNA-PK complex

. . MRN complex

Artemis

XLF, XRCC4
<L D

Ligase IV

Figure 3. Non-homologous end-joining repair. Simplified scheme of non-homologous end-joining repair
of double strand DN A breaks (gene alterations in OvC in bold) [32]. Protein names: DN A end-binding
proteins Ku70/Ku80 (Ku70/Ku80), DNA-dependent protein kinase (DNA-PK), MRE11-RAD50-NBS1
complex (MRN complex), artemis (DCLRE1C), X-ray repair cross complementing-like factor. (XLF),
X-ray repair cross complementing 4 (XRCC4), DNA ligase 4 (LIG4) [44].

Germline mutations in genes involved in NHEJ are associated with severe immunodeficiency
and developmental abnormalities [98,99], genomic instability as well as with dierent cancers, such as
leukemias or bladder cancer [100-103]. Whereas excessive research has been done on HR and OvC,
less is known about the relationship between mutations in NHEJ genes and OvC. McCormick et al.
assessed NHEJ in a panel of OvC cell lines and 47 primary OvC cell cultures. This study shows that
about 40% of OvC cell lines and primary cultures were defective in NHEJ, independently of HR [104].
Interestingly, NHEJ-deficient cell lines and cell cultures were resistant to rucaparib (PARPi). Sensitivity
to this PARPi was observed only in NHEJ-competent/HR-deficient cultures, potentially explaining
why some HR-deficient tumors are resistant to PARPi.

Probably because of its predominant role in DSBs repair, mutations in NHEJ genes are less common
and only a minor part of human cancers are associated with their loss or alterations. X-ray repair
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cross-complementing 4 (XRCC4) and DNA ligase 4 (LIG4) were two members of the NHEJ pathway
studied in association with OvC.

XRCC4 protein is involved in the ligation phase of NHEJ pathway. Mutations in XRCC4 have
been linked mainly to developmental disorders as microcephaly and dwarfism [105]. However,
high expression of XRCC4 has been linked also to the poor outcome of OvC patients, making it one of the
candidate biomarkers for OvC [106].

LIG4 is an essential protein in NHEJ, making a complex with XRCC4. Mutations in LIG4 are
a cause of rare autosomal recessive LIG4 syndrome. Polymorphisms in the LIG4 gene have been
associated with increased risk for several cancers [107]. Currently, there is insucient evidence that
LIG4 gene variants are involved in OvC risk or prognosis. A SNP rs1805386 in LIG4 was believed to
be associated with OvC risk, but this association was later dismissed [108].

3.3. Mismatch Repair

Besidesthe BRCA1 and BRCA2 mutations, MMR deficiency is the most common cause of hereditary
OvC [109]. MMR system corrects DN A base mismatches in newly replicated DN A which were not
recognized by DN A replication machine, or insertion/deletion mispairs as is illustrated in Figure 4.
MMR acts mainly in the S phase of the cell cycle [110].

’ 2 .
(DDA e ovveenon

MLH1/PMS1
MSH2/MSH3 &E
or
MSH2/MSH6 MLH]'C{::MSZ
‘ ) MLH1/MLH3

S/

- RPA
EXO1 -

RFC1, Pol 6, Ligase |

Figure 4. Mismatch repair. Simplified scheme of mismatch repair of DNA mismatches or
insertion/deletions mispairs (gene alternations in OvC in bold) [111]. Protein names: MutS homolog 2
(MSH2), MutS homolog 3 (MSH3), MutS homolog 6 (MSH6), MutL homolog 1 (MLH1), PMS1 homolog 1
(PMS1), PMS1 homolog 2 (PMS2), MutL homolog 3 (MLH3), replication protein A (RPA), exonuclease 1
(EXO1), replication factor C subunit 1 (RFC1), DN A polymerase delta (POLD), DNA ligase 1 (LIG1) [44].

In humans, seven genes are implicated in the MMR system. Mismatch recognition is mediated by a
heterodimer, composed of MSH2 and MutS homolog 3 (MSH3), or MSH2 and MSH6. This heterodimer
then interacts with another heterodimer, composed of MutL homologs MLH1 and PMS1 homolog 1
(PMS1), MLH1 and PMS2, or MLH1 and MutL homolog 3 (MLH3), which forms single-stranded nicks
on either side of the mismatch [112].
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Germline mutations in MMR genes MLH1, MSH2, MSH6, and PMS2 or loss of expression of MSH2
cause Lynch syndrome, also known as hereditary non-polyposis colorectal cancer [113]. Depending on
the particular MMR gene, this multi-cancer syndrome increases the cumulative lifetime risk of OvC
from 6% to 12% [114].

Characteristic molecular signature occurring as a result of inactivation of the DNA MMR is
called microsatellite instability (MSI) [115]. It is a hypermutable phenotype manifested through
alterations in the size of repetitive D N A sequences. Tumor profiling for MSI serves as a measure for
the personalized management of several cancers [116,117]. Regarding OvC, MSI occurs in a limited
percentage of the tumors (2-20%) and aects predominantly endometrioid (19.2%), mucinous (16.9%),
clear cell (11.2%), and serous (7.9%) subtypes [118,119]. Both endometrioid and clear cell subtypes
with MSI show increased levels of tumor-infiltrating lymphocytes and thus may be susceptible to
immune checkpoint inhibitor monotherapy [120]. In a very recent study of 478 OvCs by Fraune et al.,
MMR deficiency occurred almost exclusively in endometrioid subtype (8 of 32) and also in one of 358
serous carcinomas. MMR of other subtypes (mucinous, clear cell, carcinosarcomas of Mullerian origin,
and mixed carcinosarcomas) was functional [121]. Whereas all MMR-deficient endometrioid cancers
were MSI and showed loss of MLH1/PMS2 proteins in five of 32 cases, MSH2/MSH®6 in two of 32 cases,
and isolated MSH®6 in one of 32 cases; the MMR-deficient serous carcinoma was microsatellite stable
and showed PMS2 protein loss and an altered pattern of MLH1 with putative partial MLH1 protein
loss [121].

Earlier studies suggested the role of MMR in signaling that triggers apoptotic activity [122].
This was further confirmed by the proof that MMR-deficient cells can continue to proliferate despite
DN A damage [123]. The chemical nature of platinum derivatives may explain the resistance as well.
They induce, by attacking -SH, -NH and -OH nucleophilic centers of DN A bases, either monofunctional
N7-guanine adducts (minor product) or the bifunctional adducts resulting in guanine-guanine
intrastrand crosslinks, guanine-adenine intrastrand crosslinks (both representing a majority of lesions)
and guanine-guanine interstrand crosslinks of two nonadjacent guanines. Arising crosslinks have
inhibitory eects on transcription and replication. Platinum derivatives may also bind to nucleophilic
centers of proteins, forming various crosslinks that aect further their function [2,124].

Epigenetic events underlying MMR deficiency have also been investigated. As for sporadic
cancers (OvC included), compromised MMR function due to promoter hypermethylation is known in
MLH1 and MSH2. Resistance to platinum in EOC has been associated with hypermethylation of the
MSH?2 upstream region [125]. Thus, lower expression of MSH2 may indicate the poor prognosis in
EOC patients [125]. In secondary EOC, MLH1 hypermethylation was found to be a cause of acquired
platinum resistance as well, and it occurred more frequently in tumors treated with four or more
courses of platinum-based chemotherapy [126]. The exact role of MLH1 and MSH?2 in the platinum
resistance is not yet clear. Watanabe et al. suggest that methylation of MLH1 during the platinum
chemotherapy may be a temporary change protecting cancer cells from cytotoxic agent-induced
apoptosis because after a platinum-free interval of 6- to 12- months, they become sensitive to platinum
agents again [126]. Moreover, Zhao et al. reported that a sucient MMR system, defined in their
study by high mRNA levels of MSH6, MLH1, and PMS2, may indicate better OS in OvC treated with
platinum-based chemotherapy [127].

3.4. Base Excision Repair

BER is an essential part of DN A repair machinery, which is responsible for repairing small base
lesions (alkylations, oxidations, deaminations, depurinations or single-strand breaks (SSBs)) resulting
from endogenous (products of metabolism) as well as exogenous (radiation, chemicals, drugs) sources
of damage. BER consists of several components; DN A glycosylases, apurinic endonucleases (such as
apurinic/apyrimidinic endonuclease 1 (APE1)), DNA polymerases (such as DNA polymerase beta
(POLB)), Flap endonuclease 1 (FEN1) and DNA ligase (DNA ligase 1 or 3 (LIG1 or 3)). Other important
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players participating in BER are PARP1 or X-ray repair cross-complementing 1 (XRCC1) (asis illustrated

in Figure 5).
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Figure 5. Base excision repair. Simplified scheme of base excision repair of small base lesions (gene
alternations in OvC in bold, therapeutic interventions considered in OvC therapy marked by red star
(PARP inhibitors)) [128]. Protein names: single-strand selective monofunctional uracil DN A glycosylase
(SMUG), uracil DNA glycosylase (UNG), 8-oxoguanine DNA glycosylase 1 (OGG1), endonuclease
VlIlI-like (NEIL), MutY DNA glycosylase (MUTYH), apurinic/apyrimidinic endonuclease 1 and 2 (APE1
and 2), poly(ADP-ribose) polymerase 1 (PARP1), DN A polymerase beta, delta and epsilon (POLB, -D, -
E), DNA ligase 1 and 3 (LIG1 and 3), X-ray repair cross-complementing 1 (XRCC1), replication factor
C (RFC), Flap endonuclease 1 (FEN1), proliferating cell nuclear antigen (PCNA) [44].

DNA glycosylases (e.g., single-strand selective monofunctional uracil DN A glycosylase (SMUG),
uracil DN A glycosylase (UNG), 8-oxoguanine DNA glycosylase 1 (OGG1) or endonuclease VllI-like
(NEIL) DNA glycosylases) initiate the BER pathway. Depending on the type of lesion, one of the 11
glycosylases is used to excise the aected base. Impairment of these glycosylases is often linked with
various cancers, such as colorectal, oesophageal, gastric, ovarian or lung cancer [129,130]. In the term
of OvC, SNPs in the OGG1 gene were described to increase the risk of OvC (for more details see Table
1). OGG1 is responsible for the excision of 8-oxoguanine, which is the result of damage caused by
reactive oxygen species. Polymorphism Ser326Cys (rs1052133) was identified as a risk factor in 720 OvC
patients compared to 720 healthy controls from Poland [90] and in a Chinese population using 420
patients and 840 controls, where they also linked it with type Il EOC [91]. It is also known that
Ser326Cys is linked with decreased repair capacity to oxidative damage [131]. Another polymorphismin
OGG1 (rs2304277) increased the risk of OvC in BRCA1 mutations carriers [92]. In the following work
they described rs2304277 role in OGG1 downregulation and a possible contribution to telomere
shortening [132]. Other studies support that OGG1 downregulation leads to telomere shortening [133].
MutY DNA glycosylase (MUTYH) excises adenine, which is inappropriately paired. It is known
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especially forits role in an increased risk of colorectal cancer [134], but its biallelic mutation is also a risk
factor for OvC [135]. The role of DN A glycosylases in the therapy outcome of OvC remains unknown.

APE1 and apurinic/apyrimidinic endonuclease 2 (APE2) cleave the apurinic/apyrimidinic sites left
by the glycosylases or by spontaneous depurination [136,137]. APE1 is the major apurinic endonuclease
in humans with more than 95% total cellular activity leaving the rest for APE2 [138]. There was
identified SNP (rs1130409), which was significantly associated with risk for OvC [93]. The higher level of
APE1 was reported in serous and mucinous tumors. Moreover, APE1-positive cases had a lower
chance of ideal debulking surgery with consequent worse OS, implicating a more aggressive
phenotype [139]. Cellular localization of APE1 had its impact on disease prognosis as well.
Cytoplasmatic localization was higher in EOCs stages Il and IV in comparison with lower stages
in FIGO classification and it was, also, linked with lower survival rate [140]. Moreover, the
abnormal cytoplasmatic level of APE1 with an abnormal level of nucleophosmin (NPM1) is
associated with poor prognosis and higher chemoresistance of HGSOC [141].

XRCC1 is a scaolding protein, which interacts with PARP1 and LIG3 in BER pathway. It has no
enzymatic activity but acts as a scaold allowing other repair proteins to carry out their enzymatic
work [138]. Several studies studied OvC risk and polymorphisms in the XRCC1 gene.
Polymorphism Arg399Gin (rs25487) is linked with higher susceptibility to OvC development [94].
Association between the same polymorphism [95] along with Arg194Trp (rs1799782) [95,96] and worse
clinical outcome and prognosis was also found. The expression of XRCC1 was significantly linked
with a higher stage of the iliness, serous histological type of tumor, sub-optimal debulking surgery,
and platinum resistance. All of these lead to a higher risk of death and worse prognosis [142].

PARP1 has become one of the major topics in BER in the last decade. Its role in BER is the
detection of single-strand breaks and PARP1 acts as a signal for the repair machinery, which consists of
scaolding protein XRCC1, LIG3, and POLB. In 2014, PARPi were approved by FDA and European
Medicine Agency (EMA) for usein OvC. PARPi eect is mediated by its synthetic lethality conceptin HR
deficient cells. Inhibition of PARP1 promotes SSBs, which, if unrepaired, consequently lead to DSBs.
HR deficiency causes reliance on error-prone NHEJ pathway, therefore with PARPi together lead to
genetic damage followed by cell death [143]. As for OvC, present approved application of PARPi
is for patients with germline BRCA1/2 mutations, for patients with germline or somatic mutation
BRCA1/2 with relapsed illness or patients with relapsed illness sensitive to platin-derivate
chemotherapy regardless to BRCA status. Other indications are under clinical trials and have not
been approved yet. There is a growing number of studies pointing out the potential benefit of PARPi
treatment in other DDR genes deficiency outside BRCA mutations (e.g., ATM, ATR, BARD1, BRIP1,
CHK1, CHK2, PALB2, RAD51 or FANC) or combination treatment with other chemotherapeutics and
targeted therapy. For more information, the reader is referred to other excellent up to date reviews
focused on PARP and its inhibitors [144-148]. However, in vitro and in vivo evidence suggest that
mutations in PARP1 abolishing the DN A binding cause the resistance towards PARPi [149].

3.5. Nucleotide Excision Repair

NER recognizes bulky, helix distorting DNA damage, the main of which include UV photoproducts,
polycyclic aromatic hydrocarbons, aromatic amines, platinated products, and several others (repair
mechanism is illustrated in Figure 6). The deficiency of several proteins in the NER pathway is tied to
three rare autosomal recessive syndromes: Cockayne syndrome, Xeroderma pigmentosum and the
photosensitive form of the trichothiodystrophy [150]. Cockayne syndrome is a neurodegenerative
disease caused by the mutation in either Cockayne syndrome A (CSA/ERCC8) or Cockayne syndrome B
(CSB/ERCC6) genes, which leads to impaired transcription-coupled NER [151]. Xeroderma
pigmentosum, characterized by extreme photosensitivity to UV radiation, results from the mutationsin
any of genes xeroderma pigmentosum complementation group A, B, C, D, E, F, G (XPA, -
B/ERCC3, -C, -D/ERCC2, -E, -F/ERCC4, -G), xeroderma pigmentosum variant (XPV), or excision
repair cross-complementation group 1 (ERCC1) [152]. Trichothiodystrophy belongs to ectodermal
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disorders. About half of the patients are photosensitive because they bear the mutation in XPB/ERCC3,
XPD/ERCC2, or general transcription factor |IH subunit 5 (GTF2H5) [153].

¢ helix distorting DNA damage

| transcription-coupled | | global excision

DDB2, XPC CSB,CSA, RNA pol. I

ERCC1-XPF, XPA, XPD, XPB, XPG,
_x RPA, TFIIH
PARP1

PCNA, RPA, ERCC1-XPF, XPG

PCNA, DNA polymerase §/¢, RPA

- Ligase |

Figure 6. Nucleotide excision repair. Simplified scheme of nucleotide excision repair of bulky lesions
and helix distorting DN A damage DN A (gene alternations in OvC in bold, therapeutic interventions
considered in OvC therapy marked by a red star (PARP inhibitors)) [150]. Protein names: damage

specific DNA binding protein 2 (DDB2), xeroderma pigmentosum complementation group A, B, C,
D, F, G (XPA, -B/ERCC3, -C, -D/ERCC2, -F/ERCC4, -G), Cockayne syndrome A and B (CSA and B),
RNA polymerase Il (RNA pol. Il), excision repair cross-complementation group 1 (ERCC1), replication
protein A (RPA), transcription factor Il Human (TFIIH), poly(ADP-ribose) polymerase 1 (PARP1),
proliferating cell nuclear antigen (PCNA), DNA polymerase delta and epsilon (POLD and E), DNA ligase
1 (LIG1) [44].

Zhao etal. analysed 17 SNPs in NER genes XPA, XPC, XPD/ERCC2, XPF/ERCC4, XPG, and ERCC1
in 89 OvC cases and 356 controls, and their results suggested that ERCC1, XPC, and XPD/ERCC2 may
be linked to OvC susceptibility [154]. Although this study for the first time explored the association of
core genes in NER pathway with OvC, it should be pointed out that the sample size was insucient to
link OvC susceptibility to particular genetic variations and further, authors were not able to measure
the mRNA expression of ERCC1, XPC, and XPD/ERCC2 to validate their findings. However, the study
by Sun et al. associated higher XPC mRNA expression with poor OvC prognosis [155]. ERCC1 is a
non-catalytic subunit of 5° endonuclease which in complex with XPF/ERCC4 (a catalytic subunit) incises
the damaged D N A strand on the 5° side of the lesion. XPC initiates NER reaction by detecting the
DNA damage. XPD/ERCC2 is a helicase that, as a part of TFIIH core complex, unwinds (together with
other TFIIH helicase XPB/ERCC3) DN A around the site of the lesion to enable its subsequent incision.

Cisplatin regimen is a standard chemotherapeutic procedure for OvC patients [156]. The most
prominent damage the cisplatin introduces in DN A are 1,2- and 1,3-intrastrand crosslinks, which can
be removed by NER. It is hardly surprising, therefore, that upregulation of NER mediates resistance to
cisplatin-based therapy [2,157]. Ishibashi et al. reported that in OvC cell lines, tyrosine kinase with
immunoglobulin-like and EGF like domains 1 (TIE1) promotes XPC-dependent N ER and this leads to
decreased susceptibility to cisplatin-induced cell death [158]. Last but not least, a study in 559
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EOC patients showed an association of ERCC1 polymorphisms rs11615 and rs3212986 with cisplatin
resistance [159]. Beyond the PARP1 well-established role in BER, this protein is also known to regulate
the NER system by its association with XPA (for more details, see Section 4) [160].

3.6. Direct Repair

Unlike other DN A repair mechanisms, a direct reversal of a lesion represents a relatively simple
way to remove some DNA and RNA modifications, e.g., at guanine 0° position, without incision
of phosphodiester backbone, DN A synthesis, and ligation. The base damage is eliminated in single
enzyme reactions, allowing error-free repair (illustrated in Figure 7). The most common modifications
involve DN A alkylation damage or RN A methylation arising by epigenetic mechanisms [44,161].

alkylation damage UW light induced photolesions M-alkylated base adducts

Ob-alkylguanine DMNA
alkeyl reancforace

photolyasa AlKB dioxygenass
Oe-methylguanine DNA family
methyltransferase
[(MGMT)

AP

Figure 7. Direct repair. Simplified scheme of direct lesion reversal removing alkylation and UV-induced
damage, and N-alkylated base adducts (gene alternations in OvC in bold) [162]. Protein names:

0%-methylguanine DNA methyltransferase (MGMT), alpha-ketoglutarate-dependent dioxygenase
AlkB (AlkB) [44].

As an alternative to complex NER mechanism works photoreactivation [163]. This direct repair
mechanism is mediated by photolyases and removes ultraviolet light-induced modifications of
DNA, namely cyclobutane pyrimidine dimers and pyrimidine-pyrimidone photoproducts. Placental
mammals possess however no class of photolyases and are reliant only on NER [164].

In humans, enzymes directly employed in DNA repair of alkylation damage are
0%-methylguanine DNA methyltransferase (MGMT), which erases alkylations at the 0°
position of guanine and thus prevents DNA cross-links, and alpha-ketoglutarate-dependent
dioxygenase AlkB (AlkB) homologs, which oxidatively dealkylate e.g., N-methyladenine,
Né-methyladenine or N3-methylcytosine [161,165].

Downregulation of MGMT expression due to hypermethylation of its CpG islands located in
the promoter region of MGMT and its probable relation to OvC carcinogenesis was firstly described
by Roh et al. [166]. MGMT promoter hypermethylation was detected in 12 of 86 (14.0%) EOCs
and strongly negatively correlated with MGMT expression. These data suggest that in sporadic
OvC, MGMT is repressed mainly due to methylation of its promoter. Meta-analysis of 10 studies
comprising 910 ovarian tissue samples by Qiao et al. concluded that the inactivation of MGMT might
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be associated with carcinogenesis in specific histological types of EOC [26]. Aberrant MGMT promoter
methylation appears also in other human cancers such as cervical cancer [167], lung cancer [168],
and glioblastoma [169].

As aDNA repair protein, MGMT seems to be also implicated in OvC chemoresistance. It was found
to transcriptionally activate deubiquitinating enzyme 3 (DUB3) which stabilizes myeloid cell leukemia
1 (MCL1), an anti-apoptotic protein belonging to B-cell ymphoma 2 (BCL2) protein family
[170]. This upregulation of MCL1 prevents apoptosis and is essential for tumors to evade anti-cancer
drugs and become resistant. To suppress the growth of MGMT-DUB3-MCL1-overexpressing cells may
be useful a combined therapy with histone deacetylase inhibitors and O®-(4-bromothenyl)guanine
(PaTrin-2).

Altered expression of some members of the AlkB human homolog family, the latter mentioned group
of dealkylating enzymes, has been related to OvC at the level of post-transcriptional modification to
mMRNA. Methyl modifications to mRNA allow post-transcriptional control of gene expression by altering
the mRNA interactions with other cell components [171]. Demethylation of the N atom of adenine by
AlkB homolog 3 (AlkBH3) was found to increase the half-life of colony-stimulating factor 1 (CSF1)
mRNA without affecting the translation efficiency [172]. The expression of cytokine CSF1 predicts poor
prognosis in ovarian and breast tumors [173]. Also, another AlkB homolog 5 (AIkBH5) was found to
enhance the stability of BCL-2 mRNA through demethylation of N® atom of adenine in EOC [174].

4. Interplay of DN A Repair Pathways

In our recent review, we have presented DN A repair as a complex biological process that ensures
cellular integrity and genomic stability [3]. It has been known for long that DN A repair consists of
several distinct pathways restoring dierent types of DNA damage [175]. In recent years, there is
growing evidence of interactions among proteins involved in distinct DN A repair pathways. Regarding
OvC, these interactions are illustrated in Figure 8.

DNA methylation
PARPI + BRCA1/2 mutation NHEJ

8-oxoguanine
XPA-PARP1
APELi, XRCC1 loss of '

function + ATM inhibition XPC

06-methylguanine
adducts

Figure 8. Interplay of DN A repair pathways. Simplified scheme of interactions between proteins
from distinct DN A repair pathways (genes interacting in OvC in bold). Gene names: breast cancer 1
and 2 (BRCA1 and 2), X-ray repair cross-complementing 1 (XRCC1), Ataxia telangiectasia mutated
(ATM), xeroderma pigmentosum complementation group A and C (XPA and C), poly(ADP-ribose)
polymerase 1 (PARP1). Protein inhibitors: apurinic/apyrimidinic endonuclease 1 inhibitors (APE1i),
poly(ADP-ribose) polymerase inhibitors (PARPi).

As postulated by Nagel et al., no single pathway eciently repairs all types of DNA lesions and
some lesions serve as substrates for more than one pathway [176]. Another evidence of the interplay of
dierent DN A repair pathways was found for O-methylguanine adducts, which may be removed by
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both direct reversal repair or converted by MMR in DSBs [124]. Furthermore, Melis et al. indicated
that XPC is involved in the initiation of several DN A damage-induced cellular responses and functions
in the removal of DN A oxidation damage, redox homeostasis, and cell cycle control [177]. In our study
on chromosomal aberrations in healthy individuals, we documented several DN A repair gene—gene
combinations evinced either in enhanced or decreased frequencies of chromosomal aberrations [178].
In the frame of OvC, the attention is paid mainly to PARP1. Interestingly, polymerase PARP1 that
detects SSBs within BER, has been found to regulate the NER system by its association with XPA [160].
The XPA-PARP1 non-covalent interaction reduces the XPA binding anity to DNA, whereas XPA
directly stimulates PARP1 enzymatic activity. On the other hand, PARP1 inhibition suppressed the
recruitment of XPA to sites of laser-induced damage [179]. Likewise, PARPi decrease PARP1-XPA
associations and reduce chromatin binding of XPA, suggesting the close relationship of both BER
and NER pathways [160]. There is emerging evidence of extensive interactions among proteins
involved in distinct DN A repair pathways and it needs to be reflected when evaluating the cancer
etiology, prognostic and predictive factors based on DN A repair and DDR [180,181]. Although the
concerted action of various DN A repair pathways in tumorigenesis is postulated, there is however
scarce experimental evidence on this interplay.

The interaction of various D N A repair pathways found its application in cancer therapy [182].
Targeted therapy based on inhibiting DN A repair/DDR pathways enables tailoring the treatment
of patients with tumors lacking functions in above pathways (e.g., inhibition of a complementary
DDR pathway selectively kills cancer cells with a defect in a particular DN A repair pathway, i.e.,
concept of synthetic lethality; [183]). The concept of synthetic lethality has been utilized mostly in
BRCA1/2 mutated OvC patients, treated with PARPi [184]. The complexity of DNA repair/DDR,
as nicely illustrated by Brown et al. 2017 [185], oers the use of other inhibitors as well. For instance,
inhibitors of CHK1 and CHK2 appeared as promising therapeutics for OvC, both as monotherapy or
in combination with PARPi [186,187]. The other example is based on the interaction of ATM inhibition
in combination with APE1 inhibitors (APE1i) or XRCC1 loss of function [188,189]. Furthermore,
nicotinamide adenine dinucleotide may aect D N A methyltransferase 1 through the regulation of
BRCA1 in OvC [190]. A contemporary study provides evidence that oxidative DN A damage can cause
dynamic changesin DN A methylation in the BRCA1 gene due to the crosstalk between BER and de
novo DN A methylation [191]. Interactions between D N A repair and D N A methylation may impact
cellular regulatory mechanisms and epigenetic regulations in general and their understanding may
contribute to the understanding of the carcinogenic process. The interaction of various D N A repair
pathways and also D NA methylation present very promising applications in cancer therapy and OvC
treatment in particular.

5. Therapeutic Perspectives—Targeting of DN A Repair System in Ovarian Cancer

As stated earlier, first-line treatment of OvC is based on surgery, followed by combination
therapy of platinum derivatives and taxanes (usually carboplatin with paclitaxel) [17,18]. However,
despite the initial remission of the disease, 70-85% of patients will experience relapse with a median
survival of the recurrent OvC being 12-24 months [192]. Currently, new therapeutic approaches are
directly aimed at molecular targets and pathways, e.g., anti-angiogenic agents such as bevacizumab or
pazopanib, inhibitors of growth factor signaling, folate receptor inhibitors, inhibitors of AKT signaling,
immunotherapeutic approaches and PARPi [19,20]. Targeting DN A repair has become a contemporary
treatment optionin OvC anditis aimed at DN A damage sensing, coordination of D N A repair, initiation of
sighaling pathways to promote cell cycle checkpoint activation, and triggering apoptosis [185].

PARPi have recently emerged as a promising class of new anti-cancer therapeutic agents.
The employment of PARPi is a modern example of a synthetic lethality concept, based on alterations in
D N A repair pathways. For instance, inhibition of PARP1 enzyme, a part of BER, results in persistent
SSBs, the subsequent collapse of the replication fork, and the ultimate formation of DSBs. If this
inhibition is applied in OvC tumors with defective HR, tumor cells utilize error-prone NHEJ, leading
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to the accumulation of DN A damage and cell death [144]. Since 2014, three PARPi have been approved
by FDA and EMA for use in OvC—olaparib, rucaparib, and niraparib [144]. Another PARPi—veliparib
and talazoparib—are showing promising clinical results and facing FDA and EMA approvals in the
treatment of OvC shortly [193-195].

Among the other DN A repair system targets, cell cycle checkpoints as an essential part of DDR
machinery are the most promising targets. They provide cell cycle arrest during which cells activate
appropriate DN A repair mechanisms and efficiently repair damaged DNA. Since defectsin DN A repair
pathways are a prominent feature of OvC tumors, targeting DDR is nowadays one of the most extensively
studied therapeutic approaches. However, the current lack of impressive clinical responses to DDR
inhibitors, in general, would presumably make DDR inhibitors a part of cancer combination therapy (with
either pharmacological treatment and/or radiotherapy), with only limited use as single agents [185,196].

Into common DN A damage caused by irradiation comprises base damage, crosslinks, SSBs and
mostly DSBs. Therefore, targeting DDR may lead to potentiation of radiotherapy. There are several
studies showing the potential of combination therapy based on irradiation and various DDR inhibitors
(DNA-dependent protein kinase (DNA-PK), ATM/ATR, LIG4, PARP1, CHK1) but mainly in other types
of cancer [197]. Radiotherapy is one of the least used therapeutic methods in OvC treatment at present.
Although majority of the OvC is radiosensitive, the topographical position of ovaries in peritoneal
cavity with other organs, which are rather radiosensitive, limits the applications of radiotherapy.
High rates of both acute and chronic toxicity, especially gastrointestinal, lead to abandoning the
treatment. With the discoveries of more potent chemotherapy drugs, radiotherapy is left forinoperable
chemoresistant cases or for metastases [198].

Over 96% of HGSOC tumors are harboring gain-of-function or loss-of-function mutations in TP53
(encoding p53 protein) leading to the disfunction of the G1/S phase checkpoint [199]. HGSOC tumors
cells than heavily rely on G2/M checkpoint making it a possible target of anti-cancer therapy [186].
Inhibition of essential proteins involved in G2/M checkpoint may be exploited in anti-cancer therapy.
Disabling of cell cycle arrest followed by mitosis may result in a mitotic catastrophe due to the lack of
D N A repair and excessive DN A damage. Several DDR inhibitors have been studied in connection to
OvC therapy, encompassing CHK1, ATR, ATM or Weel-like protein kinase 1 (WEE1) inhibitors.

CHEK1 is a serine/threonine protein kinase which phosphorylates several downstream eectors
including various proteinsinvolved in cell cycle arrest, p53, D N A repair proteins, and proteinsinvolved in
cell death and transcription inhibition [200]. CHEK1 is an essential part of the G2/M checkpoint
signaling pathway and it is overexpressed in almost all HGSOC [201], suggesting a need of cancer cells
for G2/M checkpoint and arrest to essential DN A repair. Therefore, CHEK1 inhibitors (CHEK1i) are one of
the most promising new therapeutic agents as suggested in Table 2. The CHEK1i V158411, PF-477736 and
AZD7762 revealed eciency in ovarian carcinoma cell lines [202,203]. In vitro and in vivo (on patient-
derived xenograft mice models) studies revealed an extensive activity of the other potent CHEK1
(and CHEK2) inhibitor prexasertib in HGSOC, both as a monotherapy and in combination with
PARPi olaparib, with anti-tumor activity even in olaparib-resistant models [204]. At present,
prexasertib is being clinically tested as a therapeutic for OvC [187,201].

ATR is a central checkpoint kinase activated by DNA SSBs which may also result from the
processing of DSBs and stalled replication fork. After activation, ATR phosphorylates a series of
substrates promoting a wide array of cellular responses including activation of cell cycle checkpoints
(via CHEK1 and WEE1), cell cycle arrest, DN A repair, and eventually apoptosis [205]. Several potent
small molecules have been discovered to be used as ATR inhibitors (ATRi). In vitro study on ATRi
(VE-821, VE-822, AZ20) shows that inhibition of ATR may resensitize PARPi-resistant cell lines to
PARPi [206]. Recent in vitro study on PARPi-resistant OvC cell lines from Burgess et al. [207] confirms
these results with ATR inhibitor VE-821, making treatment with ATRi a new promising approach to
overcome PARPi-resistance in HR-deficient OvC. ATR inhibitor AZD6738 in combination with PARPi
has revealed higher eciency than PARPi alone [208,209].
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Table 2. Current promising therapeutic approaches targeting DN A repair system in OvC.

DNA Repair Pathway

Gene Targets

In Vitro/In Vivo Eciency

Pre-Clinical/Clinical Studies

Base Excision Repair

PARPi

Talazoparib and veliparib are in advanced clinical trials at the moment.
Clinically available PARPi olaparib, rucaparib and niraparib are currently
approved for the therapy of OvC on the basis of their BRCA1/2 status
(summarized in [210])

Olaparib-approved by FDA and EMA for use in OvC therapy [144]
Rucaparib-approved by FDA and EMA for use in OvC therapy [144]
Niraparib-approved by FDA and EMA for use in OvC therapy [144]
Veliparib—advanced clinical trials in combination with carboplatin and
paclitaxel. Veliparib induction therapy followed by veliparib
maintenance therapy led to significantly longer PFS than carboplatin
plus paclitaxel induction therapy alone [193,194]
Talazoparib—ongoing advanced clinical trials [194,195]

Cell cycle checkpoints

CHEK1i

The CHEK1i V158411, PF-477736 and AZD7762 inhibited the proliferation of
OvC cells [202]

AZD7762 in combination with cisplatin suggested synergistic eects in
ovarian clear cell carcinoma cell lines in vitro and suppressed growth of
tumors in vivo [203]

Prexasertib—eective in monotherapy in PARPi-resistant HGSOC cell lines and
mouse xenografts [204]

Combination of prexasertib mesylate monohydrate (LY2606368), a CHEK 1
and CHEK?2 inhibitor, and a PARPi, olaparib synergistically decreased cell
viability in HGSOC cell lines (OVCAR3, OV90, PEO1 and PEO4) cell lines and
induced greater DN A damage and apoptosis than the control and/or
monotherapies [204,211]

Prexasertib—eective in clinical phase Il study in recurrent HGSOC [201]

ATRi

ATRi (VE-821, VE-822, AZ20) resensitized PARPi-resistant BRCAl-mutated
human OvC cell line to PARPi [206]

AZD6738 ecient in in ATM-deficient cells and in vivo in PDX mouse models
with complete ATM loss [208]

Combination PARPi with ATRi (AZD6738) and CHEK1i (MK8776) is more
eective than PARPi alone in reducing tumor burden in BRCA1/2 mutated
HGSOC cells and PDX models [209]

Ongoing clinical Phasell CAPRI Study of ATRi AZD6738 (ceralasertib) in
combination with PARPi olaparib in HGSOC patients [212]

ATMi

ATMi KU55933 enhanced the response to ionizing radiation in A2780 and
OVCAR3 OvC cells [213]

WEELi

Adavosertib (AZD 1775 alias MK1775)—ecient in vitro in SKOV-3 and ID8
OvC cell lines, ecient in vivo in ID8 ovarian tumors in monotherapy
independent on TP53 or BRCA1 status [214]

AZD1775-active in phase | clinical study of monotherapy in OvC
patients carrying BRCA mutations [215]

AZD1775-combination therapy with AZD1775 enhanced carboplatin
ecacy in TP53-mutated ovarian tumors in phase Il clinical study [216]
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Several clinical trials on the use of ATRi alone or in combination therapy (with PARPi or
conventional chemotherapeutics) of OvC are in early initiation phases (for more see e.g., [212], Table 2)
with results expecting in next few years.

By the presence of DSBs, ATM is activated as an essential part of DDR machinery.
ATM phosphorylates hundreds of substrates to activate G1/S checkpoint, to induce intra-S and G2/M
cell cycle arrest, DN A repair, chromatin remodeling, transcription, and apoptosis [205]. Mutations in
ATM are known to cause Ataxia telangiectasia syndrome, a multisystem disorder characterized by
progressive neurological impairment, immunodeficiency, hypersensitivity to X-rays, and predisposition
to several cancers. Somatic mutations in ATM are present in several cancers including hematologic
malignancies (e.g., are present in about 45% of mantle cell ymphoma cases), hepatocellular cancer,
CRC, skin cancer, BC and others, however, only rarely mutated in OvC [217].

ATM inhibition has been shown to be synthetic lethal in vitro in combination with APE1i or
functional loss of XRCC1 [188,189]. ATM inhibitors (ATMi) are known potent radio-sensitizers,
studied currently on in vitro and in vivo models mainly for its potential use in brain-tumors cancer
therapy [218-220]. However, in vitro results show that ATMi sensitize dierent gynecological cancer
cell lines (e.g., A2780 and OVCAR3 ovarian cancer cells, Table 2) to ionizing radiation as well [213].
Additionally, a recent study from Riches et al. shows that AZD0156 (ATMi) enhances the eects of
olaparib in lung, gastric and breast cancer cell lines and on triple negative breast cancer xenograft
models [221], making it a potential tool in PARPi combination therapy in gynecological carcinomas.
AZDO0156 is currently being evaluated in phase | studies [221]. However, there is a limited amount
of studies performed on OvC and further research is needed.

WEE1 mediates the activation of CDK1 and CDK2 kinases. Its increased gene expression has
been observed in several cancers including OvC. High WEE1 protein levels are associated with poor
survival in OvC patients with post-chemotherapy eusions, suggesting WEE1 inhibition may be a
novel therapeutic approach in OvC [222]. Several in vitro studies on the role of a specific WEE1
inhibitor (WEE1i) adavosertib (AZD1775, MK1775) in combination therapies of several cancer models
have been conducted [223,224]. Preclinical models showed a possible benefit of using WEE1i also
with PARPi [225]. A recent study from Zhang et al. documented anti-tumor eects of adavosertib as a
single agentin OvC therapy both in vitro and in vivo [214]. Still, the potential benefits of using WEE1i in
OvC therapy have not been well established. Those data of recent studies suggest a high potential of
various playersin DNA repair/DDR pathways in OvC therapy.

6. Conclusions and Future Perspectives

Long term outcomes for OvC remains unsatisfactory (with five-year survival rates ranging from
30% to 50%) irrespectively of the advent of new treatment strategies. Based on the recent research
activities it is completely clear that DN A repair machinery is involved in the risk of OvC development,
the profile of the disease, and also in the prediction of therapeutic outcome. The functional status
of DN A repair along with DDR determines cancer onset and impacts prognosis and ecacy of
chemotherapy (often acting via DN A damage generation). The high-throughput genetic profile of DN A
repair system genes allows us to identify and select crucial genetic variants important for prognosis
and therapeutic response of OvC. However, the information on the prediction of therapeutic ecacy
remains still fragmental, since many elements in the complex puzzle are missing. We have recorded
that scarce studies address DN A repair in relation to the disease prognosis.

Our current review disclosed the following gaps in our understanding of the role of DNA
repair/DDR in the onset, development, and management of OvC:

(i)  We are facing the lack of systematic knowledge of DNA repair at various levels (i.e., genetic,
epigenetic, protein, and functional) and their dynamic in the course of the disease. No available
complex functional studies are characterizing any of the DN A repair pathways, as they do exist
for other malignancies [226-228].
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(ii) Although genetic alterations in HR repair pathway and their role in OvC are characterized decently,
very little is known about the main pathway restoring DSBs, NHEJ. What is its importance in
OvC onset, prognosis, and prediction? In the context of the previous point, further studies are
needed on mechanisms (involvement of DSB repair?) underlying chromosomal instability in
OVvC (such as amplifications, deletions, translocations).

(iii) There is limited knowledge on the interaction of MMR (substantial in OvC etiology) with
other DN A repair pathways. In this context, generally, more eort should be dedicated to the
links between MMR (and other DN A repair pathways?) with immune response and with the
microenvironment. These aspects may impact the patient’s prognosis, as they do in colon cancer.

(iv) In general, there is a poor understanding of interactions among individual DDR players.

(v) Contemporary studies illuminated interesting links between DNA damage, DNA repair,
and DN A methylation/demethylation. This important aspect may exert future implications and
consequences (epigenetic regulations).

(vi) Epigenetic regulation of DN A repair/DDR via non-coding RNAs should further be addressed in
relation to the disease onset, prognosis, and therapy outcome.

(vii) There is a need to characterize OvC patients with a good and poor response with respect to the
DN A repair system and its changes. Disclosure of critical determinants in DNA repair/DDR
machinery could significantly contribute to the improvement of therapy success in OvC patients
with multidrug-resistant tumors.

The imminent perspectives depend on addressing the above-listed points. The scientists/clinicians
may reflect the axioms that alterations in DN A repair pathways (HR, MMR for instance) play a role in
OvC, and targeting of DN A repair in a concept of synthetic lethality represents a beneficial therapeutic
option. The most important genes of the DN A repair system in OvC (as illustrated in Figure 9 and described
in Table 3) and their targeting in the frame of OvC will deserve further attention. The function of newly
identified targets of DN A repair system in OvC therapy needs to be further defined. After that identification,
targeted D N A repair gene manipulation may enable us to improve present clinically used regimens.

APEL

PARP1

XRCC1

MUTYH

3 \
/' BRCA2 BRCAL % ogG1
’ RA \

/

/. rapstD
e

BRIPL Y\
\

RADS1C

PALB2

Figure 9. The most important genes involved in DN A repair pathways in ovarian cancer. Scheme of
DN A damage and the most important genes playing role in ovarian carcinogenesis, prognosis and
therapy response NER (nucleotide excision repair), BER (base excision repair), NHEJ (non-homologous
end-joining repair), MMR (mismatch repair), HR (homologous recombination), DR (direct repair)).
Protein names: PMS1 homolog 2 (PMS2), MutS homolog 6 (MSH6), MutL homolog 1 (MLH1),
apurinic/apyrimidinic endonuclease 1 (APE1), poly(ADP-ribose) polymerase 1 (PARP1), X-ray repair
cross-complementing 1 (XRCC1), MutY DNA glycosylase (MUTYH), 8-oxoguanine DNA glycosylase 1
(OGG1), breast cancer 1 and 2 (BRCA1 and 2), BRCAl-interacting protein C-terminal helicase
(BRIP1), RAD50 homolog 1 (RAD50), RAD51 paralog C and paralog D (RAD51C and D), partner and
localizer of BRCA2 (PALB2), alpha-ketoglutarate-dependent dioxygenase AlkB (AlkB), 0°-
methylguanine DN A methyltransferase (MGMT), DN A ligase 4 (LIG4), X-ray repair cross-
complementing 4 (XRCC4), excision repair cross-complementation group 1 (ERCC1), xeroderma
pigmentosum complementation protein C and D (XPC and D/ERCC2).
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Table 3. Overview of the most important D N A repair genes, their predisposition and prognostic impact and potential therapeutic use in targeted therapy for OvC.
Symbols: " means higher, or better; # means lower, or worse. Protein names: breast cancer 1 and 2 (BRCA1 and 2), RAD51 paralog C and paralog D (RAD51C and D),
RAD50 homolog 1 (RAD50), partner and localizer of BRCA2 (PALB2), BRCAl-interacting protein C-terminal helicase (BRIP1), PMS1 homolog 2 (PMS2), X-ray repair
cross-complementing 4 (XRCC4), DNA ligase 4 (LIG4), MutS homolog 6 (MSH6), MutL homolog 1 (MLH1), PMS1 homolog 2 (PMS2), 8-oxoguanine DN A glycosylase
1 (0OGG1), MutY DNA glycosylase (MUTYH), apurinic/apyrimidinic endonuclease 1 (APE1), X-ray repair cross-complementing 1 (XRCC1), poly(ADP-
ribose) polymerase 1 (PARP1), xeroderma pigmentosum complementation protein C and D (XPC and D/ERCC2), excision repair cross-complementation group 1
(ERCC1), Ob-methylguanine DN A methyltransferase (MGMT), alpha-ketoglutarate-dependent dioxygenase AlkB (ALKB).

DN A Repair Pathway Gene

Predisposition Impact

Prognostic Impact

Therapeutic Potential (or Use)

Mutations associated with " risk [45] and

Better response to platinum-based chemotherapeutics

BRCA1l " . - i 50
earlier onset [46] OS vs. non-carriers [50] [50,53], response to PARPi [55,229]
Mutations associated with " risk [45] and " . Better response to platinum-based chemotherapy [50,53],
BRCA2 earlier onset [46] OS vs. non-carriers [50] response to PARPi [55,229]
RADS51C Mut‘atlons associated with * risk [59,60] and N/A Response to PARPI (in vivo and in vitro evidence) [64,65]
earlier onset [60]
Homologous Mutati iated with " risk [9,61-63]
S . utations associated wi ris —
recombination repair RAD51D . ! N/A Response to PARPI (in vivo and in vitro evidence) [65]
and earlier onset [60]
. Copy number deletion associated with " In vitro knock-down associated with better response to
RAD 129
50 Mutated in about 0.12% of tumors [66] 05 and PFS [69] PARPI [69]
PALB2 Mutations associated with " risk [73] N/A Response to PARPI (in vivo and in vitro evidence) [74,75]
Likel i h PARPI lati
BRIP1 Mutations associated with " risk [62,82—-84] N/A ikely to predispose the re.sponse to tand platinum
[55]-needs further evaluation
XRCC4 N/A " expression associated with # OS [106] N/A
Non-homologous . R
end joining LG4 Possible |nvolvt.ement of SNPs needs N/A N/A
further evaluation
MSH6 N/A N/A eﬁf:lency predisposes to platinum sensitivity in clear cell
carcinoma [230]
. R Mutations associated with " risk of Lynch # expression associated with " OS and
Mismatch repair MLH1 N/A
P syndrome-associated OvC [231] PFS [232] /
PMS2 Germline mutation associated with " risk of N/A N/A

Lynch syndrome-associated OvC [233]
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DN A Repair Pathway Gene Predisposition Impact Prognostic Impact Therapeutic Potential (or Use)
0OGG1 SNPs associated with " risk [90,91,132] N/A N/A
MUTYH Biallelic mutation associated with " risk [135] N/A N/A
" expression [139] and cytoplasmatic
APE1 SNP associated with " risk [93] localization [140,141] have # prognosis N/A
and OS
iai i . . . NPs [95,96,234,235] and " expression
Base excision repair XRCC1 NP h" risk [94 S ,96,234, N/A
cc S associated wit risk [54] [142] associated with # prognosis /
PARPi approved application for patients with germline
BRCA1/2 mutations, with germline or somatic mutation
PARP1 N/A N/A BRCA1/2 with relapsed illness or with relapsed illness
sensitive to platin-derivate chemotherapy regardless to
BRCA status (FDA and EMA guidlines)
XPC N/A SNPs associated with " PFS [236] N/A
XPD/ . . . . . . SNP associated with severe neutropenia in patients
. - " 5
Nucl.eotlde excision ERCC2 SNP associated with " risk [237] SNPs associated with prognosis [238] treated by cisplatin-based chemotherapy [239]
repair
. . SNP associated with " risk of nephrotoxicity in patients
" 2
ERCCl N/A SNPs associated with " OS [240] treated by cisplatin-based chemotherapy [239]
MGMT N/A N/A Likely to drive chemoresistance [170]
Direct repair ALKB N/A N/A ALKBHS5 downregulation contributes to PARPI resistance

in BRCA-deficient EOC [241]
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Abbreviations

APE1i APE1 inhibitors

ATMi ATM inhibitors

ATRi ATR inhibitors

BER base excision repair

CHEK1i CHEK1 inhibitors

DDR DN A damage response

DSB double-strand break

EMA European Medicine Agency

EOC epithelial ovarian carcinoma

FDA Food and Drug Administration U.S. agency
GWAS genome wide association study
HGSOC high-grade serous ovarian carcinoma
HR homologous recombination repair
MMR mismatch repair

MSI microsatellite instability

NER nucleotide excision repair

NHEJ non-homologous end joining

OvC ovarian cancer

oS overall survival

PARPi poly(ADP-ribose) polymerase inhibitors
PFS progression-free survival

SNP single-nucleotide polymorphism
SSB single-strand break

WEELi WEE1 inhibitors

wt wild-type

References

1. Reilly, N.M.; Novara, L.; Di Nicolantonio, F.; Bardelli, A. Exploiting DN A repair defects in colorectal cancer.
Mol. Oncol. 2019, 13, 681-700. [CrossRef] [PubMed]

2. Vodicka, P.; Vodenkova, S.; Buchler, T.; Vodickova, L. DN A repair capacity and response to treatment of
colon cancer. Pharmacogenomics 2019, 20, 1225-1233. [CrossRef] [PubMed]

3. Vodicka, P.; Vodenkova, S.; Opattova, A.; Vodickova, L. DN A damage and repair measured by comet assay
in cancer patients. Mutat. Res. 2019, 843, 95-110. [CrossRef]

4, Pearl, L.H.; Schierz, A.C.; Ward, S.E.; Al-Lazikani, B.; Pearl, F.M. Therapeutic opportunities within the DN A
damage response. Nat. Rev. Cancer 2015, 15, 166—180. [CrossRef] [PubMed]

5. Goyal, G.; Fan, T.; Silberstein, P.T. Hereditary cancer syndromes: Utilizing DNA repair deficiency as
therapeutic target. Fam. Cancer 2016, 15, 359-366. [CrossRef] [PubMed]

6. Grady, W.M.; Markowitz, S.D. The molecular pathogenesis of colorectal cancer and its potential application
to colorectal cancer screening. Dig. Dis. Sci. 2015, 60, 762—772. [CrossRef]


http://dx.doi.org/10.1002/1878-0261.12467
http://www.ncbi.nlm.nih.gov/pubmed/30714316
http://dx.doi.org/10.2217/pgs-2019-0070
http://www.ncbi.nlm.nih.gov/pubmed/31691643
http://dx.doi.org/10.1016/j.mrgentox.2019.05.009
http://dx.doi.org/10.1038/nrc3891
http://www.ncbi.nlm.nih.gov/pubmed/25709118
http://dx.doi.org/10.1007/s10689-016-9883-7
http://www.ncbi.nlm.nih.gov/pubmed/26873719
http://dx.doi.org/10.1007/s10620-014-3444-4

Cancers 2020, 12, 1713 25 of 37

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Niskakoski, A.; Pasanen, A.; Porkka, N.; Eldfors, S.; Lassus, H.; Renkonen-Sinisalo, L.; Kaur, S.; Mecklin, J.P;
Butzow, R.; Peltomaki, P. Converging endometrial and ovarian tumorigenesis in Lynch syndrome: Shared
origin of synchronous carcinomas. Gynecol. Oncol. 2018, 150, 92-98. [CrossRef]

Nielsen, F.C.; van Overeem Hansen, T.; Sorensen, C.S. Hereditary breast and ovarian cancer: New genes in
confined pathways. Nat. Rev. Cancer 2016, 16, 599-612. [CrossRef]

Song, H.; Dicks, E.; Ramus, S.J.; Tyrer, J.P.,; Intermaggio, M.P.; Hayward, J.; Edlund, C.K.; Conti, D.;
Harrington, P.; Fraser, L.; et al. Contribution of Germline Mutations in the RAD51B, RAD51C, and RAD51D
Genes to Ovarian Cancer in the Population. J. Clin. Oncol. 2015, 33, 2901-2907. [CrossRef]

Ferlay, J.; Colombet, M.; Soerjomataram, |.; Mathers, C.; Parkin, D.M.; Pineros, M.; Znaor, A.; Bray, F.
Estimating the global cancer incidence and mortality in 2018: GLOBOCAN sources and methods. Int. J.
Cancer 2019, 144, 1941-1953. [CrossRef]

Matulonis, U.A.; Sood, A.K.; Fallowfield, L.; Howitt, B.E.; Sehouli, J.; Karlan, B.Y. Ovarian cancer. Nat. Rev.
Dis. Prim. 2016, 2, 16061. [CrossRef] [PubMed]

Rojas, V.; Hirshfield, K.M.; Ganesan, S.; Rodriguez-Rodriguez, L. Molecular Characterization of Epithelial
Ovarian Cancer: Implications for Diagnosis and Treatment. Int. J. Mol. Sci. 2016, 17. [CrossRef] [PubMed]
Bowtell, D.D.; Bohm, S.; Ahmed, A.A.; Aspuria, PJ.; Bast, R.C., Jr.; Beral, V.; Berek, J.S.; Birrer, M.J.; Blagden, S.;
Bookman, M.A.; et al. Rethinking ovarian cancer |I: Reducing mortality from high-grade serous ovarian
cancer. Nat. Rev. Cancer 2015, 15, 668-679. [CrossRef] [PubMed]

Kurman, R.J.; Shih le, M. The Dualistic Model of Ovarian Carcinogenesis: Revisited, Revised, and Expanded.
Am. J. Pathol. 2016, 186, 733-747. [CrossRef] [PubMed]

Testa, U.; Petrucci, E.; Pasquini, L.; Castelli, G.; Pelosi, E. Ovarian Cancers: Genetic Abnormalities,
Tumor Heterogeneity and Progression, Clonal Evolution and Cancer Stem Cells. Medcines 2018, 5, 16.
[CrossRef] [PubMed]

Kurman, R.J.; Shih le, M. Molecular pathogenesis and extraovarian origin of epithelial ovarian cancer—shifting
the paradigm. Hum. Pathol. 2011, 42, 918-931. [CrossRef]

Markman, M. Optimizing primary chemotherapy in ovarian cancer. Hematol. Oncol. Clin. N. Am. 2003, 17,
957-968. [CrossRef]

Davis, A.; Tinker, A.V.; Friedlander, M. “Platinum resistant” ovarian cancer: What is it, who to treat and how
to measure benefit? Gynecol. Oncol. 2014, 133, 624-631. [CrossRef]

Cortez, A.J.; Tudrej, P.; Kujawa, K.A.; Lisowska, K.M. Advances in ovarian cancer therapy. Cancer Chemother.
Pharmacol. 2018, 81, 17-38. [CrossRef]

Lisio, M.A.; Fu, L.; Goyeneche, A.; Gao, Z.H.; Telleria, C. High-Grade Serous Ovarian Cancer: Basic Sciences,
Clinical and Therapeutic Standpoints. Int. J. Mol. Sci. 2019, 20, 952. [CrossRef]

Allemani, C.; Weir, H.K.; Carreira, H.; Harewood, R.; Spika, D.; Wang, X.S.; Bannon, F.; Ahn, J.V.; Johnson, C.J.;
Bonaventure, A.; et al. Global surveillance of cancer survival 1995-2009: Analysis of individual data for
25,676,887 patients from 279 population-based registries in 67 countries (CONCORD-2). Lancet 2015, 385,
977-1010. [CrossRef]

The World Ovarian Cancer Coalition Atlas, Global Trends in Incidence, Mortality and Survival. Available
online: https://worldovariancancercoalition.org/wp-content/uploads/2018/10/THE-WORLD-OVARIAN-
CANCER-COALITION-ATLAS-2018.pdf (accessed on 18 March 2020).

DNA Repair Genes Pertinent Cancer Susceptibility (Version 1.1). Available online: https://panelapp.
genomicsengland.co.uk/panels/256/ (accessed on 27 May 2020).

Mirza-Aghazadeh-Attari, M.; Ostadian, C.; Saei, A.A.; Mihanfar, A.; Darband, S.G.; Sadighparvar, S.;
Kaviani, M.; Samadi Kafil, H.; Yousefi, B.; Majidinia, M. DN A damage response and repair in ovarian cancer:
Potential targets for therapeutic strategies. DN A Repair 2019, 80, 59-84. [CrossRef] [PubMed]

Gee, M.E.; Faraahi, Z.; McCormick, A.; Edmondson, R.J. DN A damage repair in ovarian cancer: Unlocking
the heterogeneity. J. Ovarian Res. 2018, 11, 50. [CrossRef] [PubMed]

Qiao, B.; Zhang, Z.; Li, Y. Association of MGMT promoter methylation with tumorigenesis features in patients
with ovarian cancer: A systematic meta-analysis. Mol. Genet. Genom. Med. 2018, 6, 69—76. [CrossRef]
Chang, H.H.Y.; Pannunzio, N.R.; Adachi, N.; Lieber, M.R. Non-homologous DN A end joining and alternative
pathways to double-strand break repair. Nat. Rev. Mol. Cell Biol. 2017, 18, 495-506. [CrossRef]

Branzei, D.; Foiani, M. Regulation of DN A repair throughout the cell cycle. Nat. Rev. Mol. Cell Biol. 2008, 9,
297-308. [CrossRef]


http://dx.doi.org/10.1016/j.ygyno.2018.04.566
http://dx.doi.org/10.1038/nrc.2016.72
http://dx.doi.org/10.1200/JCO.2015.61.2408
http://dx.doi.org/10.1002/ijc.31937
http://dx.doi.org/10.1038/nrdp.2016.61
http://www.ncbi.nlm.nih.gov/pubmed/27558151
http://dx.doi.org/10.3390/ijms17122113
http://www.ncbi.nlm.nih.gov/pubmed/27983698
http://dx.doi.org/10.1038/nrc4019
http://www.ncbi.nlm.nih.gov/pubmed/26493647
http://dx.doi.org/10.1016/j.ajpath.2015.11.011
http://www.ncbi.nlm.nih.gov/pubmed/27012190
http://dx.doi.org/10.3390/medicines5010016
http://www.ncbi.nlm.nih.gov/pubmed/29389895
http://dx.doi.org/10.1016/j.humpath.2011.03.003
http://dx.doi.org/10.1016/S0889-8588(03)00058-3
http://dx.doi.org/10.1016/j.ygyno.2014.02.038
http://dx.doi.org/10.1007/s00280-017-3501-8
http://dx.doi.org/10.3390/ijms20040952
http://dx.doi.org/10.1016/S0140-6736(14)62038-9
https://worldovariancancercoalition.org/wp-content/uploads/2018/10/THE-WORLD-OVARIAN-CANCER-COALITION-ATLAS-2018.pdf
https://worldovariancancercoalition.org/wp-content/uploads/2018/10/THE-WORLD-OVARIAN-CANCER-COALITION-ATLAS-2018.pdf
https://panelapp.genomicsengland.co.uk/panels/256/
https://panelapp.genomicsengland.co.uk/panels/256/
http://dx.doi.org/10.1016/j.dnarep.2019.06.005
http://www.ncbi.nlm.nih.gov/pubmed/31279973
http://dx.doi.org/10.1186/s13048-018-0424-x
http://www.ncbi.nlm.nih.gov/pubmed/29925418
http://dx.doi.org/10.1002/mgg3.349
http://dx.doi.org/10.1038/nrm.2017.48
http://dx.doi.org/10.1038/nrm2351

Cancers 2020, 12, 1713 26 of 37

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Li, G.M. Mechanisms and functions of DN A mismatch repair. Cell Res. 2008, 18, 85-98. [CrossRef]
Brandsma, I.; Gent, D.C. Pathway choice in DN A double strand break repair: Observations of a balancing
act. Genome Integr. 2012, 3, 9. [CrossRef]

Silwal-Pandit, L.; Langerod, A.; Borresen-Dale, A.L. TP53 Mutations in Breast and Ovarian Cancer. Cold
Spring Harb. Perspect Med. 2017, 7. [CrossRef]

Leroy, B.; Anderson, M.; Soussi, T. TP53 mutations in human cancer: Database reassessment and prospects
for the next decade. Hum. Mutat. 2014, 35, 672—688. [CrossRef]

Hernandez, G.; Ramirez, M.J,; Minguillon, J.; Quiles, P.; Ruiz de Garibay, G.; Aza-Carmona, M.; Bogliolo, M.;
Pujol, R.; Prados-Carvajal, R.; Fernandez, J.; et al. Decapping protein EDC4 regulates DNA repair and
phenocopies BRCA1. Nat. Commun. 2018, 9, 967. [CrossRef] [PubMed]

Knijnenburg, T.A.; Wang, L.; Zimmermann, M.T.; Chambwe, N.; Gao, G.F.; Cherniack, A.D.; Fan, H.; Shen, H.;
Way, G.P,; Greene, C.S.; et al. Genomic and Molecular Landscape of DN A Damage Repair Deficiency across
The Cancer Genome Atlas. Cell Rep. 2018, 23, 239-254. [CrossRef] [PubMed]

O’Sullivan Coyne, G.; Chen, A.P.; Meehan, R.; Doroshow, J.H. PARP Inhibitors in Reproductive System
Cancers: Current Use and Developments. Drugs 2017, 77, 113-130. [CrossRef] [PubMed]

Rejhova, A.; Opattova, A.; Cumova, A.; Sliva, D.; Vodicka, P. Natural compounds and combination therapy
in colorectal cancer treatment. Eur. J. Med. Chem. 2018, 144, 582-594. [CrossRef]

Jeggo, P.A.; Geuting, V.; Lobrich, M. The role of homologous recombination in radiation-induced
double-strand break repair. Radiother. Oncol. 2011, 101, 7-12. [CrossRef]

Covo, S.; Ma, W.; Westmoreland, J.W.; Gordenin, D.A.; Resnick, M.A. Understanding the origins of
UV-induced recombination through manipulation of sister chromatid cohesion. Cell Cycle 2012, 11, 3937-3944.
[CrossRef]

Reliene, R.; Bishop, A.J.; Schiestl, R.H. Involvement of homologous recombination in carcinogenesis. Adv.
Genet. 2007, 58, 67—87. [CrossRef]

Pennington, K.P.; Walsh, T.; Harrell, M.l.; Lee, M.K.; Pennil, C.C.; Rendi, M.H.; Thornton, A.; Norquist, B.M,;
Casadei, S.; Nord, A.S.; et al. Germline and somatic mutations in homologous recombination genes predict
platinum response and survival in ovarian, fallopian tube, and peritoneal carcinomas. Clin. Cancer Res. 2014,
20, 764-775. [CrossRef]

Moynahan, M.E.; Chiu, J.W.,; Koller, B.H.; Jasin, M. Brcal controls homology-directed DN A repair. Mol. Cell
1999, 4, 511-518. [CrossRef]

Moynahan, M.E.; Pierce, A.J.; Jasin, M. BRCA?2 is required for homology-directed repair of chromosomal
breaks. Mol. Cell 2001, 7, 263-272. [CrossRef]

Konstantinopoulos, P.A.; Ceccaldi, R.; Shapiro, G.I.; D’Andrea, A.D. Homologous Recombination Deficiency:
Exploiting the Fundamental Vulnerability of Ovarian Cancer. Cancer Discov. 2015, 5, 1137-1154. [CrossRef]
[PubMed]

Yi, C.; He, C. DN A repair by reversal of DNA damage. Cold Spring Harb. Perspect. Biol. 2013, 5, a012575.
[CrossRef] [PubMed]

Kuchenbaecker, K.B.; Hopper, J.L.; Barnes, D.R.; Phillips, K.A.; Mooij, T.M.; Roos-Blom, M.J.; Jervis, S.;
van Leeuwen, F.E.; Milne, R.L.; Andrieu, N.; et al. Risks of Breast, Ovarian, and Contralateral Breast Cancer
for BRCA1 and BRCA2 Mutation Carriers. JAMA 2017, 317, 2402-2416. [CrossRef] [PubMed]

Kotsopoulos, J.; Gronwald, J.; Karlan, B.; Rosen, B.; Huzarski, T.; Moller, P.; Lynch, H.T.; Singer, C.F.; Senter, L.;
Neuhausen, S.L.; et al. Age-specific ovarian cancer risks among women with a BRCA1 or BRCA2 mutation.
Gynecol. Oncol. 2018, 150, 85-91. [CrossRef]

Doufekas, K.; Olaitan, A. Clinical epidemiology of epithelial ovarian cancer in the UK. Int. J. Womens Health
2014, 6, 537-545. [CrossRef]

SEER Cancer Statistics Review (CSR) 1975-2015. Available online: https://seer.cancer.gov/csr/1975 2017/
(accessed on 18 March 2020).

Rebbeck, T.R.; Mitra, N.; Wan, F,; Sinilnikova, O.M.; Healey, S.; McGuog, L.; Mazoyer, S.; Chenevix-Trench, G.;
Easton, D.F.; Antoniou, A.C.; et al. Association of type and location of BRCA1 and BRCA2 mutations with
risk of breast and ovarian cancer. JAMA 2015, 313, 1347-1361. [CrossRef]

Bolton, K.L.; Chenevix-Trench, G.; Goh, C.; Sadetzki, S.; Ramus, S.J.; Karlan, B.Y.; Lambrechts, D.; Despierre, E.;
Barrowdale, D.; McGuog, L.; et al. Association between BRCA1 and BRCA2 mutations and survival in
women with invasive epithelial ovarian cancer. JAMA 2012, 307, 382—-390. [CrossRef]


http://dx.doi.org/10.1038/cr.2007.115
http://dx.doi.org/10.1186/2041-9414-3-9
http://dx.doi.org/10.1101/cshperspect.a026252
http://dx.doi.org/10.1002/humu.22552
http://dx.doi.org/10.1038/s41467-018-03433-3
http://www.ncbi.nlm.nih.gov/pubmed/29511213
http://dx.doi.org/10.1016/j.celrep.2018.03.076
http://www.ncbi.nlm.nih.gov/pubmed/29617664
http://dx.doi.org/10.1007/s40265-016-0688-7
http://www.ncbi.nlm.nih.gov/pubmed/28078645
http://dx.doi.org/10.1016/j.ejmech.2017.12.039
http://dx.doi.org/10.1016/j.radonc.2011.06.019
http://dx.doi.org/10.4161/cc.21945
http://dx.doi.org/10.1016/S0065-2660(06)58003-4
http://dx.doi.org/10.1158/1078-0432.CCR-13-2287
http://dx.doi.org/10.1016/S1097-2765(00)80202-6
http://dx.doi.org/10.1016/S1097-2765(01)00174-5
http://dx.doi.org/10.1158/2159-8290.CD-15-0714
http://www.ncbi.nlm.nih.gov/pubmed/26463832
http://dx.doi.org/10.1101/cshperspect.a012575
http://www.ncbi.nlm.nih.gov/pubmed/23284047
http://dx.doi.org/10.1001/jama.2017.7112
http://www.ncbi.nlm.nih.gov/pubmed/28632866
http://dx.doi.org/10.1016/j.ygyno.2018.05.011
http://dx.doi.org/10.2147/IJWH.S40894
https://seer.cancer.gov/csr/1975_2017/
http://dx.doi.org/10.1001/jama.2014.5985
http://dx.doi.org/10.1001/jama.2012.20

Cancers 2020, 12, 1713 27 of 37

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Ruscito, I.; Dimitrova, D.; Vasconcelos, |.; Gellhaus, K.; Schwachula, T.; Bellati, F.; Zeillinger, R.;
Benedetti-Panici, P.; Vergote, |.; Mahner, S.; et al. BRCA1 gene promoter methylation status in high-grade
serous ovarian cancer patients—A study of the tumour Bank ovarian cancer (TOC) and ovarian cancer
diagnosis consortium (OVCAD). Eur. J. Cancer 2014, 50, 2090-2098. [CrossRef]

Gourley, C.; Michie, C.0.; Roxburgh, P,; Yap, T.A.; Harden, S.; Paul, J.; Ragupathy, K.; Todd, R.; Petty, R.;
Reed, N.; et al. Increased incidence of visceral metastases in scottish patients with BRCA1/2-defective ovarian
cancer: An extension of the ovarian BRCAness phenotype. J. Clin. Oncol. 2010, 28, 2505-2511. [CrossRef]
Yang, D.; Khan, S.; Sun, Y.; Hess, K.; Shmulevich, I.; Sood, A.K.; Zhang, W. Association of BRCA1 and BRCA?2
mutations with survival, chemotherapy sensitivity, and gene mutator phenotype in patients with ovarian
cancer. JAMA 2011, 306, 1557-1565. [CrossRef]

Alsop, K.; Fereday, S.; Meldrum, C.; deFazio, A.; Emmanuel, C.; George, J.; Dobrovic, A.; Birrer, M.J,;
Webb, P.M.; Stewart, C.; et al. BRCA mutation frequency and patterns of treatment response in BRCA
mutation-positive women with ovarian cancer: A report from the Australian Ovarian Cancer Study Group. J.
Clin. Oncol. 2012, 30, 2654-2663. [CrossRef] [PubMed]

Jiang, X.; Li, X.; Li, W.; Bai, H.; Zhang, Z. PARP inhibitors in ovarian cancer: Sensitivity prediction and
resistance mechanisms. J. Cell Mol. Med. 2019, 23, 2303-2313. [CrossRef]

D’Andrea, A.D. Mechanisms of PARP inhibitor sensitivity and resistance. DN A Repair 2018, 71, 172-176.
[CrossRef] [PubMed]

Vaz, F.; Hanenberg, H.; Schuster, B.; Barker, K.; Wiek, C.; Erven, V.; Neveling, K.; Endt, D.; Kesterton, |.;
Autore, F.; et al. Mutation of the RAD51C gene in a Fanconi anemia-like disorder. Nat. Genet. 2010, 42,
406—409. [CrossRef] [PubMed]

Cunningham, J.M.; Cicek, M.S.; Larson, N.B.; Davila, J.; Wang, C.; Larson, M.C.; Song, H.; Dicks, E.M.;
Harrington, P.; Wick, M.; et al. Clinical characteristics of ovarian cancer classified by BRCA1, BRCA2,
and RAD51C status. Sci. Rep. 2014, 4, 4026. [CrossRef]

Loveday, C.; Turnbull, C.; Ruark, E.; Xicola, R.M.; Ramsay, E.; Hughes, D.; Warren-Perry, M.; Snape, K.; Breast
Cancer Susceptibility, C.; Eccles, D.; et al. Germline RAD51C mutations confer susceptibility to ovarian
cancer. Nat. Genet. 2012, 44, 475-476. [CrossRef]

Arvai, K.J.; Roberts, M.E.; Torene, R.l.; Susswein, L.R.; Marshall, M.L.; Zhang, Z.; Carter, N.J.; Yackowski, L.;
Rinella, E.S.; Klein, R.T.; et al. Age-adjusted association of homologous recombination genes with ovarian
cancer using clinical exomes as controls. Hered. Cancer Clin. Pract. 2019, 17, 19. [CrossRef]

Thompson, E.R.; Rowley, S.M.; Sawyer, S.; Eccles, D.M.; Trainer, A.H.; Mitchell, G.; James, P.A.; Campbell, |.G.
Analysis of RAD51D in ovarian cancer patients and families with a history of ovarian or breast cancer. PLoS
ONE 2013, 8, e54772. [CrossRef]

Norquist, B.M.; Harrell, M.l.; Brady, M.F.; Walsh, T.; Lee, M.K.; Gulsuner, S.; Bernards, S.S.; Casadei, S.; Yi, Q,;
Burger, R.A.; et al. Inherited Mutations in Women With Ovarian Carcinoma. JAMA Oncol. 2016, 2, 482-490.
[CrossRef]

Loveday, C.; Turnbull, C.; Ramsay, E.; Hughes, D.; Ruark, E.; Frankum, J.R.; Bowden, G.; Kalmyrzaev, B.;
Warren-Perry, M.; Snape, K.; et al. Germline mutations in RAD51D confer susceptibility to ovarian cancer.
Nat. Genet. 2011, 43, 879-882. [CrossRef]

AlHilli, M.M.; Becker, M.A.; Weroha, S.J.; Flatten, K.S.; Hurley, R.M.; Harrell, M.l.; Oberg, A.L.; Maurer, M.J.;
Hawthorne, K.M.; Hou, X.; et al. In vivo anti-tumor activity of the PARP inhibitor niraparib in homologous
recombination deficient and proficient ovarian carcinoma. Gynecol. Oncol. 2016, 143, 379-388. [CrossRef]
[PubMed]

Kondrashova, O.; Nguyen, M.; Shield-Artin, K.; Tinker, A.V.; Teng, N.N.H.; Harrell, M.l.; Kuiper, M.J.;
Ho, G.Y.; Barker, H.; Jasin, M.; et al. Secondary Somatic Mutations Restoring RAD51C and RAD51D
Associated with Acquired Resistance to the PARP Inhibitor Rucaparib in High-Grade Ovarian Carcinoma.
Cancer Discov. 2017, 7, 984-998. [CrossRef] [PubMed]

Heeke, A.L.; Pishvaian, M.J,; Lynce, F.; Xiu, J.; Brody, J.R.; Chen, W.J.; Baker, T.M.; Marshall, J.L.; Isaacs, C.
Prevalence of Homologous Recombination-Related Gene Mutations Across Multiple Cancer Types. JCO
Precis Oncol. 2018, 2018. [CrossRef] [PubMed]

Brandt, S.; Samartzis, E.P.; Zimmermann, A.K.; Fink, D.; Moch, H.; Noske, A.; Dedes, K.J. Lack of
MRE11-RAD50-NBS1 (MRN) complex detection occurs frequently in low-grade epithelial ovarian cancer.
BMC Cancer 2017, 17, 44. [CrossRef]


http://dx.doi.org/10.1016/j.ejca.2014.05.001
http://dx.doi.org/10.1200/JCO.2009.25.1082
http://dx.doi.org/10.1001/jama.2011.1456
http://dx.doi.org/10.1200/JCO.2011.39.8545
http://www.ncbi.nlm.nih.gov/pubmed/22711857
http://dx.doi.org/10.1111/jcmm.14133
http://dx.doi.org/10.1016/j.dnarep.2018.08.021
http://www.ncbi.nlm.nih.gov/pubmed/30177437
http://dx.doi.org/10.1038/ng.570
http://www.ncbi.nlm.nih.gov/pubmed/20400963
http://dx.doi.org/10.1038/srep04026
http://dx.doi.org/10.1038/ng.2224
http://dx.doi.org/10.1186/s13053-019-0119-3
http://dx.doi.org/10.1371/journal.pone.0054772
http://dx.doi.org/10.1001/jamaoncol.2015.5495
http://dx.doi.org/10.1038/ng.893
http://dx.doi.org/10.1016/j.ygyno.2016.08.328
http://www.ncbi.nlm.nih.gov/pubmed/27614696
http://dx.doi.org/10.1158/2159-8290.CD-17-0419
http://www.ncbi.nlm.nih.gov/pubmed/28588062
http://dx.doi.org/10.1200/PO.17.00286
http://www.ncbi.nlm.nih.gov/pubmed/30234181
http://dx.doi.org/10.1186/s12885-016-3026-2

Cancers 2020, 12, 1713 28 of 37

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Kessous, R.; Octeau, D.; Klein, K.; Tonin, P.N.; Greenwood, C.M.T.; Pelmus, M.; Laskov, I.; Kogan, L.;
Salvador, S.; Lau, S.; et al. Distinct homologous recombination gene expression profiles after neoadjuvant
chemotherapy associated with clinical outcome in patients with ovarian cancer. Gynecol. Oncol. 2018, 148,
553-558. [CrossRef]

Zhang, M.; Liu, G.; Xue, F,; Edwards, R.; Sood, A.K.; Zhang, W.; Yang, D. Copy number deletion of RAD50 as
predictive marker of BRCAness and PARP inhibitor response in BRCA wild type ovarian cancer. Gynecol.
Oncol. 2016, 141, 57-64. [CrossRef]

Nepomuceno, T.C.; De Gregoriis, G.; de Oliveira, F.M.B.; Suarez-Kurtz, G.; Monteiro, A.N.; Carvalho, M.A.
The Role of PALB2 in the DN A Damage Response and Cancer Predisposition. Int. J. Mol. Sci. 2017, 18, 1886.
[CrossRef]

Antoniou, A.C.; Casadei, S.; Heikkinen, T.; Barrowdale, D.; Pylkas, K.; Roberts, J.; Lee, A.; Subramanian, D.;
De Leeneer, K.; Fostira, F.; et al. Breast-cancer risk in families with mutations in PALB2. N. Engl. J. Med. 2014,
371, 497-506. [CrossRef]

Kluska, A.; Balabas, A.; Piatkowska, M.; Czarny, K.; Paczkowska, K.; Nowakowska, D.; Mikula, M.;
Ostrowski, J. PALB2 mutations in BRCA1/2-mutation negative breast and ovarian cancer patients from
Poland. BMC Med. Genom. 2017, 10, 14. [CrossRef]

Yang, X.; Leslie, G.; Doroszuk, A.; Schneider, S.; Allen, J.; Decker, B.; Dunning, A.M.; Redman, J.; Scarth, J.;
Plaskocinska, I.; et al. Cancer Risks Associated With Germline PALB2 Pathogenic Variants: An International
Study of 524 Families. J. Clin. Oncol. 2020, 38, 674—-685. [CrossRef]

Poti, A.; Gyergyak, H.; Nemeth, E.; Rusz, O.; Toth, S.; Kovacshazi, C.; Chen, D.; Szikriszt, B.; Spisak, S.;
Takeda, S.; et al. Correlation of homologous recombination deficiency induced mutational signatures with
sensitivity to PARP inhibitors and cytotoxic agents. Genome Biol. 2019, 20, 240. [CrossRef] [PubMed]

Smith, M.A.; Hampton, O.A.; Reynolds, C.P.; Kang, M.H.; Maris, J.M.; Gorlick, R.; Kolb, E.A.; Lock, R.;
Carol, H.; Keir, S.T.; et al. Initial testing (stage 1) of the PARP inhibitor BMN 673 by the pediatric preclinical
testing program: PALB2 mutation predicts exceptional in vivo response to BMN 673. Pediatr. Blood Cancer
2015, 62, 91-98. [CrossRef] [PubMed]

Buys, S.S.; Sandbach, J.F.; Gammon, A.; Patel, G.; Kidd, J.; Brown, K.L.; Sharma, L.; Saam, J.; Lancaster, J.;
Daly, M.B. A study of over 35,000 women with breast cancer tested with a 25-gene panel of hereditary cancer
genes. Cancer 2017, 123, 1721-1730. [CrossRef] [PubMed]

Seal, S.; Thompson, D.; Renwick, A.; Elliott, A.; Kelly, P.; Barfoot, R.; Chagtai, T.; Jayatilake, H.; Ahmed, M,;
Spanova, K.; et al. Truncating mutations in the Fanconi anemia J gene BRIP1 are low-penetrance breast
cancer susceptibility alleles. Nat. Genet. 2006, 38, 1239-1241. [CrossRef]

Thompson, E.R.; Rowley, S.M.; Li, N.; Mclnerny, S.; Devereux, L.; Wong-Brown, M.W.; Trainer, A.H.;
Mitchell, G.; Scott, R.J.; James, P.A.; et al. Panel Testing for Familial Breast Cancer: Calibrating the Tension
Between Research and Clinical Care. J. Clin. Oncol. 2016, 34, 1455-1459. [CrossRef]

Couch, FJ.; Shimelis, H.; Hu, C.; Hart, S.N.; Polley, E.C.; Na, J.; Hallberg, E.; Moore, R.; Thomas, A.;
Lilyquist, J.; et al. Associations Between Cancer Predisposition Testing Panel Genes and Breast Cancer. JAMA
Oncol. 2017, 3, 1190-1196. [CrossRef]

Easton, D.F.; Lesueur, F.; Decker, B.; Michailidou, K.; Li, J.; Allen, J.; Luccarini, C.; Pooley, K.A.; Shah, M.;
Bolla, M.K.; et al. No evidence that protein truncating variants in BRIP1 are associated with breast cancer
risk: Implications for gene panel testing. J. Med. Genet. 2016, 53, 298—309. [CrossRef]

Slavin, T.P.; Maxwell, K.N.; Lilyquist, J.; Vijai, J.; Neuhausen, S.L.; Hart, S.N.; Ravichandran, V.; Thomas, T.;
Maria, A.; Villano, D.; et al. The contribution of pathogenic variants in breast cancer susceptibility genes to
familial breast cancer risk. NPJ Breast Cancer 2017, 3, 22. [CrossRef]

Ramus, S.J.; Song, H.; Dicks, E.; Tyrer, J.P.; Rosenthal, A.N.; Intermaggio, M.P,; Fraser, L.; Gentry-Maharaj, A.;
Hayward, J.; Philpott, S.; et al. Germline Mutations in the BRIP1, BARD1, PALB2, and NBN Genes in Women
With Ovarian Cancer. J. Natl. Cancer Inst. 2015, 107. [CrossRef]

Weber-Lassalle, N.; Hauke, J.; Ramser, J.; Richters, L.; Gross, E.; Blumcke, B.; Gehrig, A.; Kahlert, A.K.;
Muller, C.R.; Hackmann, K.; et al. BRIP1 loss-of-function mutations confer high risk for familial ovarian
cancer, but not familial breast cancer. Breast Cancer Res. 2018, 20, 7. [CrossRef]

Moyer, C.L.; lvanovich, J.; Gillespie, J.L.; Doberstein, R.; Radke, M.R.; Richardson, M.E.; Kaufmann, S.H.;
Swisher, E.M.; Goodfellow, P.J. Rare BRIP1 Missense Alleles Confer Risk for Ovarian and Breast Cancer.
Cancer Res. 2020, 80, 857-867. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.ygyno.2018.01.017
http://dx.doi.org/10.1016/j.ygyno.2016.01.004
http://dx.doi.org/10.3390/ijms18091886
http://dx.doi.org/10.1056/NEJMoa1400382
http://dx.doi.org/10.1186/s12920-017-0251-8
http://dx.doi.org/10.1200/JCO.19.01907
http://dx.doi.org/10.1186/s13059-019-1867-0
http://www.ncbi.nlm.nih.gov/pubmed/31727117
http://dx.doi.org/10.1002/pbc.25201
http://www.ncbi.nlm.nih.gov/pubmed/25263539
http://dx.doi.org/10.1002/cncr.30498
http://www.ncbi.nlm.nih.gov/pubmed/28085182
http://dx.doi.org/10.1038/ng1902
http://dx.doi.org/10.1200/JCO.2015.63.7454
http://dx.doi.org/10.1001/jamaoncol.2017.0424
http://dx.doi.org/10.1136/jmedgenet-2015-103529
http://dx.doi.org/10.1038/s41523-017-0024-8
http://dx.doi.org/10.1093/jnci/djv214
http://dx.doi.org/10.1186/s13058-018-0935-9
http://dx.doi.org/10.1158/0008-5472.CAN-19-1991
http://www.ncbi.nlm.nih.gov/pubmed/31822495

Cancers 2020, 12, 1713 29 of 37

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Zhang, J.; Willers, H.; Feng, Z.; Ghosh, J.C.; Kim, S.; Weaver, D.T.; Chung, J.H.; Powell, S.N.; Xia, F.
Chk2 phosphorylation of BRCA1 regulates DNA double-strand break repair. Mol. Cell Biol. 2004, 24, 708-718.
[CrossRef] [PubMed]

Buisson, R.; Masson, J.Y. PALB2 self-interaction controls homologous recombination. Nucleic Acids Res. 2012,
40, 10312-10323. [CrossRef] [PubMed]

Roy, R.; Chun, J.; Powell, S.N. BRCA1 and BRCA2: Dierent roles in a common pathway of genome
protection. Nat. Rev. Cancer 2011, 12, 68-78. [CrossRef] [PubMed]

Lawrenson, K.; lversen, E.S.; Tyrer, J.; Weber, R.P.; Concannon, P.; Hazelett, D.J.; Li, Q.; Marks, J.R.;
Berchuck, A.; Lee, J.M.; et al. Common variants at the CHEK2 gene locus and risk of epithelial ovarian
cancer. Carcinogenesis 2015, 36, 1341-1353. [CrossRef]

Phelan, C.M.; Kuchenbaecker, K.B.; Tyrer, J.P,; Kar, S.P.; Lawrenson, K.; Winham, S.J.; Dennis, J.; Pirie, A.;
Riggan, M.J.; Chornokur, G.; et al. Identification of 12 new susceptibility loci for dierent histotypes of
epithelial ovarian cancer. Nat. Genet. 2017, 49, 680—691. [CrossRef]

Michalska, M.M.; Samulak, D.; Romanowicz, H.; Bienkiewicz, J.; Sobkowski, M.; Ciesielski, K.; Smolarz, B.
Single nucleotide polymorphisms (SNPs) of hOGG1 and XRCC1 DN A repair genes and the risk of ovarian
cancer in Polish women. Tumour Biol. 2015, 36, 9457-9463. [CrossRef]

Chen, X.; Liu, X.; Wang, J.; Guo, W.; Sun, C.; Cai, Z.; Wu, Q.; Xu, X.; Wang, Y. Functional polymorphisms of the
hOGG1 gene confer risk to type 2 epithelial ovarian cancer in Chinese. Int. J. Gynecol. Cancer 2011, 21, 1407—
1413. [CrossRef]

Osorio, A.; Milne, R.L.; Kuchenbaecker, K.; Vaclova, T.; Pita, G.; Alonso, R.; Peterlongo, P.; Blanco, |.; de
la Hoya, M.; Duran, M.; et al. DNA glycosylases involved in base excision repair may be associated with
cancer risk in BRCA1 and BRCA2 mutation carriers. PLoS Genet. 2014, 10, e1004256. [CrossRef]

Zhang, X.; Xin, X.; Zhang, J.; Li, J.; Chen, B.; Zou, W. Apurinic/apyrimidinic endonuclease 1 polymorphisms
are associated with ovarian cancer susceptibility in a Chinese population. Int. J. Gynecol. Cancer 2013, 23,
1393-1399. [CrossRef]

Malisic, E.J.; Krivokuca, A.M.; Boljevic, I.Z.; Jankovic, R.N. Impact of RAD51 G135C and XRCC1 Arg399GIn
polymorphisms on ovarian carcinoma risk in Serbian women. Cancer Biomark. 2015, 15, 685—691. [CrossRef]
[PubMed]

Miao, J.; Zhang, X.; Tang, Q.L.; Wang, X.Y.; Kai, L. Prediction value of XRCC 1 gene polymorphism on the
survival of ovarian cancer treated by adjuvant chemotherapy. Asian Pac. J. Cancer Prev. 2012, 13, 5007-5010.
[CrossRef] [PubMed]

Li, K.; Li, W. Association between polymorphisms of XRCC1 and ADPRT genes and ovarian cancer survival
with platinum-based chemotherapy in Chinese population. Mol. Cell Biochem. 2013, 372, 27-33. [CrossRef]
[PubMed]

Pannunzio, N.R.; Watanabe, G.; Lieber, M.R. Nonhomologous DNA end-joining for repair of DNA
double-strand breaks. J. Biol. Chem. 2018, 293, 10512-10523. [CrossRef]

O’Driscoll, M.; Gennery, A.R.; Seidel, J.; Concannon, P.; Jeggo, P.A. An overview of three new disorders
associated with genetic instability: LIG4 syndrome, RS-SCID and ATR-Seckel syndrome. DN A Repair 2004, 3,
1227-1235. [CrossRef]

Sekiguchi, J.M.; Ferguson, D.O. DN A double-strand break repair: A relentless hunt uncovers new prey. Cell
2006, 124, 260-262. [CrossRef]

Bentley, J.; 'Hote, C.; Platt, F.; Hurst, C.D.; Lowery, J.; Taylor, C.; Sak, S.C.; Harnden, P.; Knowles, M.A_;
Kiltie, A.E. Papillary and muscle invasive bladder tumors with distinct genomic stability profiles have
dierent DN A repair fidelity and KU DNA-binding activities. Genes Chromosomes Cancer 2009, 48, 310-321.
[CrossRef]

Windhofer, F.; Krause, S.; Hader, C.; Schulz, W.A.; Florl, A.R. Distinctive dierences in DN A double-strand
break repair between normal urothelial and urothelial carcinoma cells. Mutat. Res. 2008, 638, 56—65.
[CrossRef]

Gaymes, T.J.; Mufti, G.J.; Rassool, F.V. Myeloid leukemias have increased activity of the nonhomologous
end-joining pathway and concomitant DN A misrepair that is dependent on the Ku70/86 heterodimer. Cancer
Res. 2002, 62, 2791-2797.


http://dx.doi.org/10.1128/MCB.24.2.708-718.2004
http://www.ncbi.nlm.nih.gov/pubmed/14701743
http://dx.doi.org/10.1093/nar/gks807
http://www.ncbi.nlm.nih.gov/pubmed/22941656
http://dx.doi.org/10.1038/nrc3181
http://www.ncbi.nlm.nih.gov/pubmed/22193408
http://dx.doi.org/10.1093/carcin/bgv138
http://dx.doi.org/10.1038/ng.3826
http://dx.doi.org/10.1007/s13277-015-3707-5
http://dx.doi.org/10.1097/IGC.0b013e31823122c6
http://dx.doi.org/10.1371/journal.pgen.1004256
http://dx.doi.org/10.1097/IGC.0b013e3182a33f07
http://dx.doi.org/10.3233/CBM-150509
http://www.ncbi.nlm.nih.gov/pubmed/26406958
http://dx.doi.org/10.7314/APJCP.2012.13.10.5007
http://www.ncbi.nlm.nih.gov/pubmed/23244100
http://dx.doi.org/10.1007/s11010-012-1442-4
http://www.ncbi.nlm.nih.gov/pubmed/22983827
http://dx.doi.org/10.1074/jbc.TM117.000374
http://dx.doi.org/10.1016/j.dnarep.2004.03.025
http://dx.doi.org/10.1016/j.cell.2006.01.010
http://dx.doi.org/10.1002/gcc.20641
http://dx.doi.org/10.1016/j.mrfmmm.2007.08.016

Cancers 2020, 12, 1713 30 of 37

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Deriano, L.; Guipaud, O.; Merle-Beral, H.; Binet, J.L.; Ricoul, M.; Potocki-Veronese, G.; Favaudon, V,;
Maciorowski, Z.; Muller, C.; Salles, B.; et al. Human chronic lymphocytic leukemia B cells can escape DNA
damage-induced apoptosis through the nonhomologous end-joining DN A repair pathway. Blood 2005, 105,
4776-4783. [CrossRef]

McCormick, A.; Donoghue, P.; Dixon, M.; O’Sullivan, R.; O’Donnell, R.L.; Murray, J.; Kaufmann, A.;
Curtin, N.J.; Edmondson, R.J. Ovarian Cancers Harbor Defects in Nonhomologous End Joining Resulting in
Resistance to Rucaparib. Clin. Cancer Res. 2017, 23, 2050-2060. [CrossRef] [PubMed]

Murray, J.E.; van der Burg, M.; lJspeert, H.; Carroll, P.; Wu, Q.; Ochi, T.; Leitch, A.; Miller, E.S.; Kysela, B.;
Jawad, A.; et al. Mutations in the NHEJ component XRCC4 cause primordial dwarfism. Am. J. Hum. Genet.
2015, 96, 412—-424. [CrossRef] [PubMed]

Willis, S.; Villalobos, V.M.; Gevaert, O.; Abramovitz, M.; Williams, C.; Sikic, B.l.; Leyland-Jones, B. Single
Gene Prognostic Biomarkers in Ovarian Cancer: A Meta-Analysis. PLoS ONE 2016, 11, e0149183. [CrossRef]
[PubMed]

Assis, J.; Pereira, D.; Medeiros, R. Ovarian cancer and DN A repair: DNA ligase |V as a potential key. World J.
Clin. Oncol. 2013, 4, 14-24. [CrossRef] [PubMed]

Pearce, C.L.; Near, A.M.; Van Den Berg, D.J.; Ramus, S.J.; Gentry-Maharaj, A.; Menon, U.; Gayther, S.A,;
Anderson, A.R.; Edlund, C.K.; Wu, A.H.; et al. Validating genetic risk associations for ovarian cancer through
the international Ovarian Cancer Association Consortium. Br. J. Cancer 2009, 100, 412-420. [CrossRef]

Toss, A.; Tomasello, C.; Razzaboni, E.; Contu, G.; Grandi, G.; Cagnacci, A.; Schilder, R.J.; Cortesi, L. Hereditary
ovarian cancer: Not only BRCA 1 and 2 genes. Biomed. Res. Int. 2015, 2015, 341723. [CrossRef]

Gupta, D.; Lin, B.; Cowan, A.; Heinen, C.D. ATR-Chk1 activation mitigates replication stress caused by
mismatch repair-dependent processing of DNA damage. Proc. Natl. Acad. Sci. USA 2018, 115, 1523-1528.
[CrossRef]

Cannavo, E.; Gerrits, B.; Marra, G.; Schlapbach, R.; Jiricny, J. Characterization of the interactome of the
human MutL homologues MLH1, PMS1, and PMS2. J. Biol. Chem. 2007, 282, 2976—-2986. [CrossRef]
Guillotin, D.; Martin, S.A. Exploiting DN A mismatch repair deficiency as a therapeutic strategy. Exp. Cell
Res. 2014, 329, 110-115. [CrossRef]

Jonsson, J.M.; Bartuma, K.; Dominguez-Valentin, M.; Harbst, K.; Ketabi, Z.; Malander, S.; Jonsson, M.;
Carneiro, A.; Masback, A.; Jonsson, G.; et al. Distinct gene expression profiles in ovarian cancer linked to
Lynch syndrome. Fam. Cancer 2014, 13, 537-545. [CrossRef]

Helder-Woolderink, J.M.; Blok, E.A.; Vasen, H.F.; Hollema, H.; Mourits, M.J.; De Bock, G.H. Ovarian cancer
in Lynch syndrome; a systematic review. Eur. J. Cancer 2016, 55, 65-73. [CrossRef] [PubMed]

Geisler, J.P.; Goodheart, M.J.; Sood, A.K.; Holmes, R.J.; Hatterman-Zogg, M.A.; Buller, R.E. Mismatch
repair gene expression defects contribute to microsatellite instability in ovarian carcinoma. Cancer 2003, 98,
2199-2206. [CrossRef] [PubMed]

Hause, R.J.; Pritchard, C.C.; Shendure, J.; Salipante, S.J. Classification and characterization of microsatellite
instability across 18 cancer types. Nat. Med. 2016, 22, 1342-1350. [CrossRef]

Collura, A.; Lefevre, J.H.; Svrcek, M.; Tougeron, D.; Zaanan, A.; Duval, A. Microsatellite instability and
cancer: From genomic instability to personalized medicine. Med. Sci. (Paris) 2019, 35, 535-543. [CrossRef]
[PubMed]

Murphy, M.A.; Wentzensen, N. Frequency of mismatch repair deficiency in ovarian cancer: A systematic
review. This article is a US Government work and, as such, is in the public domain of the United States of
America. Int. J. Cancer 2011, 129, 1914-1922. [CrossRef]

Yamashita, H.; Nakayama, K.; Ishikawa, M.; Ishibashi, T.; Nakamura, K.; Sawada, K.; Yoshimura, Y.;
Tatsumi, N.; Kurose, S.; Minamoto, T.; et al. Relationship between Microsatellite Instability, Immune Cells
Infiltration, and Expression of Immune Checkpoint Molecules in Ovarian Carcinoma: Immunotherapeutic
Strategies for the Future. Int. J. Mol. Sci. 2019, 20, 5129. [CrossRef]

Howitt, B.E.; Strickland, K.C.; Sholl, L.M.; Rodig, S.; Ritterhouse, L.L.; Chowdhury, D.; D’Andrea, A.D.;
Matulonis, U.A.; Konstantinopoulos, P.A. Clear cell ovarian cancers with microsatellite instability: A unique
subset of ovarian cancers with increased tumor-infiltrating lymphocytes and PD-1/PD-L1 expression.
Oncoimmunology 2017, 6, €1277308. [CrossRef]


http://dx.doi.org/10.1182/blood-2004-07-2888
http://dx.doi.org/10.1158/1078-0432.CCR-16-0564
http://www.ncbi.nlm.nih.gov/pubmed/27702817
http://dx.doi.org/10.1016/j.ajhg.2015.01.013
http://www.ncbi.nlm.nih.gov/pubmed/25728776
http://dx.doi.org/10.1371/journal.pone.0149183
http://www.ncbi.nlm.nih.gov/pubmed/26886260
http://dx.doi.org/10.5306/wjco.v4.i1.14
http://www.ncbi.nlm.nih.gov/pubmed/23538968
http://dx.doi.org/10.1038/sj.bjc.6604820
http://dx.doi.org/10.1155/2015/341723
http://dx.doi.org/10.1073/pnas.1720355115
http://dx.doi.org/10.1074/jbc.M609989200
http://dx.doi.org/10.1016/j.yexcr.2014.07.004
http://dx.doi.org/10.1007/s10689-014-9728-1
http://dx.doi.org/10.1016/j.ejca.2015.12.005
http://www.ncbi.nlm.nih.gov/pubmed/26773421
http://dx.doi.org/10.1002/cncr.11770
http://www.ncbi.nlm.nih.gov/pubmed/14601090
http://dx.doi.org/10.1038/nm.4191
http://dx.doi.org/10.1051/medsci/2019093
http://www.ncbi.nlm.nih.gov/pubmed/31274083
http://dx.doi.org/10.1002/ijc.25835
http://dx.doi.org/10.3390/ijms20205129
http://dx.doi.org/10.1080/2162402X.2016.1277308

Cancers 2020, 12, 1713 31 of 37

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Fraune, C.; Rosebrock, J.; Simon, R.; Hube-Magg, C.; Makrypidi-Fraune, G.; Kluth, M.; Buscheck, F.;
Hoflmayer, D.; Schmalfeldt, B.; Muller, V.; et al. High homogeneity of MMR deficiency in ovarian cancer.
Gynecol. Oncol. 2020, 156, 669-675. [CrossRef]

Fink, D.; Nebel, S.; Aebi, S.; Zheng, H.; Cenni, B.; Nehme, A.; Christen, R.D.; Howell, S.B. The role of DN A
mismatch repair in platinum drug resistance. Cancer Res. 1996, 56, 4881-4886.

Martin, L.P.; Hamilton, T.C.; Schilder, R.J. Platinum resistance: The role of DN A repair pathways. Clin.
Cancer Res. 2008, 14, 1291-1295. [CrossRef]

Roos, W.P,; Kaina, B. DN A damage-induced cell death: From specific DN A lesions to the DN A damage
response and apoptosis. Cancer Lett. 2013, 332, 237-248. [CrossRef] [PubMed]

Tian, H.; Yan, L.; Xiao-Fei, L.; Hai-Yan, S.; Juan, C.; Shan, K. Hypermethylation of mismatch repair gene
hMSH?2 associates with platinum-resistant disease in epithelial ovarian cancer. Clin. Epigenet. 2019, 11, 153.
[CrossRef] [PubMed]

Watanabe, Y.; Ueda, H.; Etoh, T.; Koike, E.; Fujinami, N.; Mitsuhashi, A.; Hoshiai, H. A change in promoter
methylation of hMLH1 is a cause of acquired resistance to platinum-based chemotherapy in epithelial
ovarian cancer. Anticancer Res. 2007, 27, 1449-1452. [PubMed]

Zhao, C.; Li, S.; Zhao, M.; Zhu, H.; Zhu, X. Prognostic values of DN A mismatch repair genes in ovarian cancer
patients treated with platinum-based chemotherapy. Arch. Gynecol. Obstet. 2018, 297, 153-159. [CrossRef]
[PubMed]

Hegde, M.L.; lzumi, T.; Mitra, S. Oxidized base damage and single-strand break repair in mammalian
genomes: Role of disordered regions and posttranslational modifications in early enzymes. Prog. Mol. Biol.
Transl. Sci. 2012, 110, 123-153. [CrossRef]

D’Errico, M.; Parlanti, E.; Pascucci, B.; Fortini, P.; Baccarini, S.; Simonelli, V.; Dogliotti, E. Single nucleotide
polymorphismsin DN A glycosylases: From function to disease. Free Radic. Biol. Med. 2017, 107, 278-291.
[CrossRef]

Vodicka, P.; Urbanova, M.; Makovicky, P, Tomasova, K.; Kroupa, M.; Stetina, R.; Opattova, A.;
Kostovcikova, K.; Siskova, A.; Schneiderova, M.; et al. Oxidative Damage in Sporadic Colorectal Cancer:
Molecular Mapping of Base Excision Repair Glycosylases in Colorectal Cancer Patients. Int. J. Mol. Sci. 2020,
21, 2473. [CrossRef]

Vodicka, P.; Stetina, R.; Polakova, V.; Tulupova, E.; Naccarati, A.; Vodickova, L.; Kumar, R.; Hanova, M.;
Pardini, B.; Slyskova, J.; et al. Association of DNA repair polymorphisms with DN A repair functional
outcomes in healthy human subjects. Carcinogenesis 2007, 28, 657-664. [CrossRef]

Benitez-Buelga, C.; Vaclova, T.; Ferreira, S.; Urioste, M.; Inglada-Perez, L.; Soberon, N.; Blasco, M.A_;
Osorio, A.; Benitez, J. Molecular insights into the OGG1 gene, a cancer risk modifier in BRCA1 and BRCA2
mutations carriers. Oncotarget 2016, 7, 25815—-25825. [CrossRef]

Tomasova, K.; Kroupa, M.; Forsti, A.; Vodicka, P.; Vodickova, L. Telomere maintenance in interplay with
D NA repair in pathogenesis and treatment of colorectal cancer. Mutagenesis 2020. [CrossRef]

Poulsen, M.L.; Bisgaard, M.L. MUTYH Associated Polyposis (MAP). Curr. Genom. 2008, 9, 420-435.
[CrossRef] [PubMed]

Win, A.K.; Reece, J.C.; Dowty, J.G.; Buchanan, D.D.; Clendenning, M.; Rosty, C.; Southey, M.C.; Young, J.P;
Cleary, S.P; Kim, H.; et al. Risk of extracolonic cancers for people with biallelic and monoallelic mutations in
MUTYH. Int. J. Cancer 2016, 139, 1557-1563. [CrossRef] [PubMed]

Lindahl, T.; Ljungquist, S.; Siegert, W.; Nyberg, B.; Sperens, B. DN A N-glycosidases: Properties of uracil-DNA
glycosidase from Escherichia coli. J. Biol. Chem. 1977, 252, 3286-3294.

Vodicka, P.; Hemminki, K. Phosphodiester cleavage in apurinic dinucleotides. Chem. Biol. Interact. 1988, 68,
153-164. [CrossRef]

Krokan, H.E.; Bjoras, M. Base excision repair. Cold Spring Harb. Perspect. Biol. 2013, 5, a012583. [CrossRef]
Al-Attar, A.; Gossage, L.; Fareed, K.R.; Shehata, M.; Mohammed, M.; Zaitoun, A.M.; Soomro, |.; Lobo, D.N.;
Abbotts, R.; Chan, S.; et al. Human apurinic/apyrimidinic endonuclease (APE1) is a prognostic factor in
ovarian, gastro-oesophageal and pancreatico-biliary cancers. Br. J. Cancer 2010, 102, 704-709. [CrossRef]
Sheng, Q.; Zhang, Y.; Wang, R.; Zhang, J.; Chen, B.; Wang, J.; Zhang, W.; Xin, X. Prognostic significance
of APE1 cytoplasmic localization in human epithelial ovarian cancer. Med. Oncol. 2012, 29, 1265-1271.
[CrossRef]


http://dx.doi.org/10.1016/j.ygyno.2019.12.031
http://dx.doi.org/10.1158/1078-0432.CCR-07-2238
http://dx.doi.org/10.1016/j.canlet.2012.01.007
http://www.ncbi.nlm.nih.gov/pubmed/22261329
http://dx.doi.org/10.1186/s13148-019-0748-4
http://www.ncbi.nlm.nih.gov/pubmed/31666131
http://www.ncbi.nlm.nih.gov/pubmed/17595760
http://dx.doi.org/10.1007/s00404-017-4563-x
http://www.ncbi.nlm.nih.gov/pubmed/29063235
http://dx.doi.org/10.1016/B978-0-12-387665-2.00006-7
http://dx.doi.org/10.1016/j.freeradbiomed.2016.12.002
http://dx.doi.org/10.3390/ijms21072473
http://dx.doi.org/10.1093/carcin/bgl187
http://dx.doi.org/10.18632/oncotarget.8272
http://dx.doi.org/10.1093/mutage/geaa005
http://dx.doi.org/10.2174/138920208785699562
http://www.ncbi.nlm.nih.gov/pubmed/19506731
http://dx.doi.org/10.1002/ijc.30197
http://www.ncbi.nlm.nih.gov/pubmed/27194394
http://dx.doi.org/10.1016/0009-2797(88)90013-0
http://dx.doi.org/10.1101/cshperspect.a012583
http://dx.doi.org/10.1038/sj.bjc.6605541
http://dx.doi.org/10.1007/s12032-011-9931-y

Cancers 2020, 12, 1713 32 of 37

141.

142.

143.
144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Fan, X.; Wen, L.; Li, Y.; Lou, L.; Liu, W.; Zhang, J. The expression profile and prognostic value of APE/Ref-1
and NPM1 in high-grade serous ovarian adenocarcinoma. APMIS 2017, 125, 857-862. [CrossRef]
Abdel-Fatah, T.; Sultana, R.; Abbotts, R.; Hawkes, C.; Seedhouse, C.; Chan, S.; Madhusudan, S.
Clinicopathological and functional significance of XRCC1 expression in ovarian cancer. Int. J. Cancer
2013, 132, 2778-2786. [CrossRef]

Lord, C.J.; Ashworth, A. The DNA damage response and cancer therapy. Nature 2012, 481, 287-294. [CrossRef]
Lightfoot, M.; Montemorano, L.; Bixel, K. PARP Inhibitors in Gynecologic Cancers: What Is the Next Big
Development? Curr. Oncol. Rep. 2020, 22, 29. [CrossRef] [PubMed]

Sachdey, E.; Tabatabai, R.; Roy, V.; Rimel, B.J.; Mita, M.M. PARP Inhibition in Cancer: An Update on Clinical
Development. Target. Oncol. 2019, 14, 657-679. [CrossRef] [PubMed]

Przybycinski, J.; Nalewajska, M.; Marchelek-Mysliwiec, M.; Dziedziejko, V.; Pawlik, A. Poly-ADP-ribose
polymerases (PARPs) as a therapeutic target in the treatment of selected cancers. Expert Opin. Ther. Targets
2019, 23, 773-785. [CrossRef] [PubMed]

Boussios, S.; Karihtala, P.; Moschetta, M.; Karathanasi, A.; Sadauskaite, A.; Rassy, E.; Pavlidis, N. Combined
Strategies with Poly (ADP-Ribose) Polymerase (PARP) Inhibitors for the Treatment of Ovarian Cancer: A
Literature Review. Diagnostics 2019, 9, 87. [CrossRef] [PubMed]

Franzese, E.; Centonze, S.; Diana, A.; Carlino, F.; Guerrera, L.P.; Di Napoli, M.; De Vita, F.; Pignata, S.;
Ciardiello, F.; Orditura, M. PARP inhibitors in ovarian cancer. Cancer Treat. Rev. 2019, 73, 1-9. [CrossRef]
Pettitt, S.J.; Krastev, D.B.; Brandsma, |.; Drean, A.; Song, F.; Aleksandrov, R.; Harrell, M.l.; Menon, M.;
Brough, R.; Campbell, J.; etal. Genome-wide and high-density CRISPR-Cas9 screens identify point mutationsin
PARP1 causing PARP inhibitor resistance. Nat. Commun. 2018, 9, 1849. [CrossRef]

Marteijn, J.A.; Lans, H.; Vermeulen, W.; Hoeijmakers, J.H. Understanding nucleotide excision repair and its
roles in cancer and ageing. Nat. Rev. Mol. Cell Biol. 2014, 15, 465-481. [CrossRef]

Tufegdzic Vidakovic, A.; Mitter, R.; Kelly, G.P.; Neumann, M.; Harreman, M.; Rodriguez-Martinez, M.;
Herlihy, A.; Weemes, J.C.; Boeing, S.; Encheva, V.; et al. Regulation of the RNAPII Pool Is Integral to the DN A
Damage Response. Cell 2020, 180, 1245-1261. [CrossRef]

Black, J.O. Xeroderma Pigmentosum. Head Neck Pathol. 2016, 10, 139-144. [CrossRef]

Hashimoto, S.; Egly, J.M. Trichothiodystrophy view from the molecular basis of DN A repair/transcription
factor TFIIH. Hum. Mol. Genet. 2009, 18, 224-230. [CrossRef]

Zhao, Z.; Zhang, A.; Zhao, Y.; Xiang, J.; Yu, D.; Liang, Z.; Xu, C.; Zhang, Q.; Li, J.; Duan, P. The association of
polymorphisms in nucleotide excision repair genes with ovarian cancer susceptibility. Biosci. Rep. 2018, 38.
[CrossRef] [PubMed]

Sun, H.; Cao, D.; Ma, X.; Yang, J.; Peng, P;; Yu, M.; Zhou, H.; Zhang, Y.; Li, L.; Huo, X.; et al. Identification of
a Prognostic Signature Associated With DN A Repair Genes in Ovarian Cancer. Front. Genet. 2019, 10, 839.
[CrossRef] [PubMed]

Dasari, S.; Tchounwou, P.B. Cisplatin in cancer therapy: Molecular mechanisms of action. Eur. J. Pharmacol.
2014, 740, 364-378. [CrossRef] [PubMed]

Selvakumaran, M.; Pisarcik, D.A.; Bao, R.; Yeung, A.T.; Hamilton, T.C. Enhanced cisplatin cytotoxicity by
disturbing the nucleotide excision repair pathway in ovarian cancer cell lines. Cancer Res. 2003, 63, 1311-1316.
[PubMed]

Ishibashi, M.; Toyoshima, M.; Zhang, X.; Hasegawa-Minato, J.; Shigeta, S.; Usui, T.; Kemp, C.J.; Grandori, C.;
Kitatani, K.; Yaegashi, N. Tyrosine kinase receptor TIE-1 mediates platinum resistance by promoting
nucleotide excision repair in ovarian cancer. Sci. Rep. 2018, 8, 13207. [CrossRef]

Bao, Y.; Yang, B.; Zhao, J.; Shen, S.; Gao, J. Role of common ERCC1 polymorphisms in cisplatin-resistant
epithelial ovarian cancer patients: A study in Chinese cohort. Int. J. Inmunogenet. 2020. [CrossRef]

King, B.S.; Cooper, K.L.; Liu, K.J.; Hudson, L.G. Poly(ADP-ribose) contributes to an association between
poly(ADP-ribose) polymerase-1 and xeroderma pigmentosum complementation group A in nucleotide
excision repair. J. Biol. Chem. 2012, 287, 39824-39833. [CrossRef]

Ji, P.; Wang, X.; Xie, N.; Li, Y. N6-Methyladenosine in RNA and DNA: An Epitranscriptomic and Epigenetic
Player Implicated in Determination of Stem Cell Fate. Stem Cells Int. 2018, 2018, 3256524. [CrossRef]

Soll, J.M.; Sobol, R.W.; Mosammaparast, N. Regulation of DN A Alkylation Damage Repair: Lessons and
Therapeutic Opportunities. Trends Biochem. Sci. 2017, 42, 206-218. [CrossRef]


http://dx.doi.org/10.1111/apm.12733
http://dx.doi.org/10.1002/ijc.27980
http://dx.doi.org/10.1038/nature10760
http://dx.doi.org/10.1007/s11912-020-0873-4
http://www.ncbi.nlm.nih.gov/pubmed/32067102
http://dx.doi.org/10.1007/s11523-019-00680-2
http://www.ncbi.nlm.nih.gov/pubmed/31625002
http://dx.doi.org/10.1080/14728222.2019.1654458
http://www.ncbi.nlm.nih.gov/pubmed/31394942
http://dx.doi.org/10.3390/diagnostics9030087
http://www.ncbi.nlm.nih.gov/pubmed/31374917
http://dx.doi.org/10.1016/j.ctrv.2018.12.002
http://dx.doi.org/10.1038/s41467-018-03917-2
http://dx.doi.org/10.1038/nrm3822
http://dx.doi.org/10.1016/j.cell.2020.02.009
http://dx.doi.org/10.1007/s12105-016-0707-8
http://dx.doi.org/10.1093/hmg/ddp390
http://dx.doi.org/10.1042/BSR20180114
http://www.ncbi.nlm.nih.gov/pubmed/29669843
http://dx.doi.org/10.3389/fgene.2019.00839
http://www.ncbi.nlm.nih.gov/pubmed/31572446
http://dx.doi.org/10.1016/j.ejphar.2014.07.025
http://www.ncbi.nlm.nih.gov/pubmed/25058905
http://www.ncbi.nlm.nih.gov/pubmed/12649192
http://dx.doi.org/10.1038/s41598-018-31069-2
http://dx.doi.org/10.1111/iji.12484
http://dx.doi.org/10.1074/jbc.M112.393504
http://dx.doi.org/10.1155/2018/3256524
http://dx.doi.org/10.1016/j.tibs.2016.10.001

Cancers 2020, 12, 1713 33 of 37

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Zhang, M.; Wang, L.; Zhong, D. Photolyase: Dynamics and Mechanisms of Repair of Sun-Induced DN A
Damage. Photochem. Photobiol. 2017, 93, 78-92. [CrossRef]

Steurer, B.; Turkyilmaz, Y.; van Toorn, M.; van Leeuwen, W.; Escudero-Ferruz, P.; Marteijn, J.A.
Fluorescently-labelled CPD and 6-4PP photolyases: New tools for live-cell DN A damage quantification and
laser-assisted repair. Nucleic Acids Res. 2019, 47, 3536—-3549. [CrossRef] [PubMed]

Soll, J.M.; Brickner, J.R.; Mudge, M.C.; Mosammaparast, N. RN A ligase-like domain in activating signal
cointegrator 1 complex subunit 1 (ASCC1) regulates ASCC complex function during alkylation damage. J.
Biol. Chem. 2018, 293, 13524-13533. [CrossRef] [PubMed]

Roh, H.J.; Suh, D.S.; Choi, K.U.; Yoo, H.J.; Joo, W.D.; Yoon, M.S. Inactivation of O(6)-methyguanine-DNA
methyltransferase by promoter hypermethylation: Association of epithelial ovarian carcinogenesis in specific
histological types. J. Obstet. Gynaecol. Res. 2011, 37, 851-860. [CrossRef] [PubMed]

Huang, J.; Luo, J.Y.,; Tan, H.Z. Associations of MGMT promoter hypermethylation with squamous
intraepithelial lesion and cervical carcinoma: A meta-analysis. PLoS ONE 2019, 14, e0222772. [CrossRef]
[PubMed]

Chen, L.; Wang, Y.; Liu, F,; Xu, L.; Peng, F.; Zhao, N.; Fu, B.; Zhu, Z.; Shi, Y.; Liu, J.; et al. A systematic review and
meta-analysis: Association between MGMT hypermethylation and the clinicopathological characteristics of
non-small-cell lung carcinoma. Sci. Rep. 2018, 8, 1439. [CrossRef]

Binabaj, M.M.; Bahrami, A.; ShahidSales, S.; Joodi, M.; Joudi Mashhad, M.; Hassanian, S.M.; Anvari, K.;
Avan, A. The prognostic value of MGMT promoter methylation in glioblastoma: A meta-analysis of clinical
trials. J. Cell Physiol. 2018, 233, 378-386. [CrossRef]

Wu, X.; Luo, Q.; Zhao, P; Chang, W.; Wang, Y.; Shu, T.; Ding, F.; Li, B.; Liu, Z. MGMT-activated DUB3
stabilizes MCL1 and drives chemoresistance in ovarian cancer. Proc. Natl. Acad. Sci. USA 2019, 116,
2961-2966. [CrossRef]

Mongan, N.P.; Emes, R.D.; Archer, N. Detection and analysis of RN A methylation. F1000Research 2019, 8.
[CrossRef]

Woo, H.H.; Chambers, S.K. Human ALKBH3-induced m (1)A demethylation increases the CSF-1 mRNA
stability in breast and ovarian cancer cells. Biochim. Biophys. Acta Gene Regul. Mech. 2019, 1862, 35-46.
[CrossRef]

Woo, H.H.; Laszlo, C.F.; Greco, S.; Chambers, S.K. Regulation of colony stimulating factor-1 expression and
ovarian cancer cell behavior in vitro by miR-128 and miR-152. Mol. Cancer 2012, 11, 58. [CrossRef]

Zhu, H.; Gan, X.; Jiang, X.; Diao, S.; Wu, H.; Hu, J. ALKBH5 inhibited autophagy of epithelial ovarian cancer
through miR-7 and BCL-2. J. Exp. Clin. Cancer Res. 2019, 38, 163. [CrossRef] [PubMed]

Hoeijmakers, J.H. Genome maintenance mechanisms for preventing cancer. Nature 2001, 411, 366—-374.
[CrossRef] [PubMed]

Nagel, Z.D.; Chaim, I.A.; Samson, L.D. Inter-individual variation in DNA repair capacity: A need for
multi-pathway functional assays to promote translational DN A repair research. DNA Repair 2014, 19,
199-213. [CrossRef]

Melis, J.P.; Luijten, M.; Mullenders, L.H.; van Steeg, H. The role of XPC: Implications in cancer and oxidative
DNA damage. Mutat. Res. 2011, 728, 107-117. [CrossRef]

Vodicka, P.; Musak, L.; Frank, C.; Kazimirova, A.; VWmetalkova, V.; Barancokova, M.; Smolkova, B.;
Dzupinkova, Z.; Jiraskova, K.; Vodenkova, S.; et al. Interactions of DN A repair gene variants modulate
chromosomal aberrations in healthy subjects. Carcinogenesis 2015, 36, 1299-1306. [CrossRef] [PubMed]
Fischer, J.M.; Popp, O.; Gebhard, D.; Veith, S.; Fischbach, A.; Beneke, S.; Leitenstorfer, A.; Bergemann, J.;
Schener, M.; Ferrando-May, E.; et al. Poly(ADP-ribose)-mediated interplay of XPA and PARP1 leads to
reciprocal regulation of protein function. FEBS J. 2014, 281, 3625-3641. [CrossRef]

Nagel, Z.D.; Margulies, C.M.; Chaim, |.A.; McRee, S.K.; Mazzucato, P.; Ahmad, A.; Abo, R.P.; Butty, V.L.;
Forget, A.L.; Samson, L.D. Multiplexed DN A repair assays for multiple lesions and multiple doses via
transcription inhibition and transcriptional mutagenesis. Proc. Natl. Acad. Sci. USA 2014, 111, 1823-1832.
[CrossRef]

Krieger, K.L.; Hu, W.F,; Ripperger, T.; Woods, N.T. Functional Impacts of the BRCA1-mTORC2 Interaction in
Breast Cancer. Int. J. Mol. Sci. 2019, 20, 5876. [CrossRef]

Fece de la Cruz, F.; Gapp, B.V.; Nijman, S.M. Synthetic lethal vulnerabilities of cancer. Annu. Rev. Pharmacol.
Toxicol. 2015, 55, 513-531. [CrossRef]


http://dx.doi.org/10.1111/php.12695
http://dx.doi.org/10.1093/nar/gkz035
http://www.ncbi.nlm.nih.gov/pubmed/30698791
http://dx.doi.org/10.1074/jbc.RA117.000114
http://www.ncbi.nlm.nih.gov/pubmed/29997253
http://dx.doi.org/10.1111/j.1447-0756.2010.01452.x
http://www.ncbi.nlm.nih.gov/pubmed/21450028
http://dx.doi.org/10.1371/journal.pone.0222772
http://www.ncbi.nlm.nih.gov/pubmed/31574102
http://dx.doi.org/10.1038/s41598-018-19949-z
http://dx.doi.org/10.1002/jcp.25896
http://dx.doi.org/10.1073/pnas.1814742116
http://dx.doi.org/10.12688/f1000research.17956.1
http://dx.doi.org/10.1016/j.bbagrm.2018.10.008
http://dx.doi.org/10.1186/1476-4598-11-58
http://dx.doi.org/10.1186/s13046-019-1159-2
http://www.ncbi.nlm.nih.gov/pubmed/30987661
http://dx.doi.org/10.1038/35077232
http://www.ncbi.nlm.nih.gov/pubmed/11357144
http://dx.doi.org/10.1016/j.dnarep.2014.03.009
http://dx.doi.org/10.1016/j.mrrev.2011.07.001
http://dx.doi.org/10.1093/carcin/bgv127
http://www.ncbi.nlm.nih.gov/pubmed/26354780
http://dx.doi.org/10.1111/febs.12885
http://dx.doi.org/10.1073/pnas.1401182111
http://dx.doi.org/10.3390/ijms20235876
http://dx.doi.org/10.1146/annurev-pharmtox-010814-124511

Cancers 2020, 12, 1713 34 of 37

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

Nijman, S.M. Synthetic lethality: General principles, utility and detection using genetic screens in human
cells. FEBS Lett. 2011, 585, 1-6. [CrossRef]

Farolfi, A.; Gurioli, G.; Fugazzola, P,; Burgio, S.L.; Casanova, C.; Ravaglia, G.; Altavilla, A.; Costantini, M.;
Amadori, A.; Framarini, M.; et al. Immune System and DN A Repair Defects in Ovarian Cancer: Implications
for Locoregional Approaches. Int. J. Mol. Sci. 2019, 20, 2569. [CrossRef] [PubMed]

Brown, J.S.; O’Carrigan, B.; Jackson, S.P.; Yap, T.A. Targeting DN A Repair in Cancer: Beyond PARP Inhibitors.
Cancer Discov. 2017, 7, 20-37. [CrossRef]

Lee, J.M.; Minasian, L.; Kohn, E.C. New strategies in ovarian cancer treatment. Cancer 2019, 125, 4623-4629.
[CrossRef] [PubMed]

Lowery, C.D.; VanWye, A.B.; Dowless, M.; Blosser, W.; Falcon, B.L.; Stewart, J.; Stephens, J.; Beckmann, R.P.;
Bence Lin, A.; Stancato, L.F. The Checkpoint Kinase 1 Inhibitor Prexasertib Induces Regression of Preclinical
Models of Human Neuroblastoma. Clin. Cancer Res. 2017, 23, 4354-4363. [CrossRef] [PubMed]

Sultana, R.; Abdel-Fatah, T.; Abbotts, R.; Hawkes, C.; Albarakati, N.; Seedhouse, C.; Ball, G.; Chan, S,;
Rakha, E.A.; Ellis, I1.O.; et al. Targeting XRCC1 deficiency in breast cancer for personalized therapy. Cancer
Res. 2013, 73, 1621-1634. [CrossRef] [PubMed]

Sultana, R.; McNeill, D.R.; Abbotts, R.; Mohammed, M.Z.; Zdzienicka, M.Z.; Qutob, H.; Seedhouse, C.;
Laughton, C.A.; Fischer, P.M.; Patel, P.M.; et al. Synthetic lethal targeting of DN A double-strand break repair
deficient cells by human apurinic/apyrimidinic endonuclease inhibitors. Int. J. Cancer 2012, 131, 2433-2444.
[CrossRef]

Fang, Y.Y.; Bi, F.F.; Zhou, Y.M.; Sun, W.P; Li, C.Y.; Liu, Q.; Zhao, Y.; Li, D. Nicotinamide adenine dinucleotide
(NAD) may aect DNA methyltransferase 1 through regulation of BRCA1 in ovarian cancer. Am. J. Cancer
Res. 2015, 5, 1199-1206.

Jiang, Z.; Lai, Y.; Beaver, J.M.; Tsegay, P.S.; Zhao, M.L.; Horton, J.K.; Zamora, M.; Rein, H.L.; Miralles, F.;
Shaver, M.; et al. Oxidative DNA Damage Modulates DNA Methylation Pattern in Human Breast Cancer 1
(BRCA1) Gene via the Crosstalk between DN A Polymerase beta and a de novo DN A Methyltransferase.
Cells 2020, 9, 255. [CrossRef]

Chuang, Y.T.; Chang, C.L. Extending platinum-free interval in partially platinum-sensitive recurrent ovarian
cancer by a non-platinum regimen: Its possible clinical significance. Taiwan J. Obstet. Gynecol. 2012, 51,
336-341. [CrossRef]

Ghisoni, E.; Giannone, G.; Tuninetti, V.; Genta, S.; Scotto, G.; Aglietta, M.; Sangiolo, D.; Mittica, G.;
Valabrega, G. Veliparib: A new therapeutic option in ovarian cancer? Future Oncol. 2019, 15, 1975-1987.
[CrossRef]

Coleman, R.L.; Fleming, G.F.; Brady, M.F.; Swisher, E.M.; Steensen, K.D.; Friedlander, M.; Okamoto, A.;
Moore, K.N.; Efrat Ben-Baruch, N.; Werner, T.L.; et al. Veliparib with First-Line Chemotherapy and as
Maintenance Therapy in Ovarian Cancer. N. Engl. J. Med. 2019, 381, 2403-2415. [CrossRef] [PubMed]
Boussios, S.; Abson, C.; Moschetta, M.; Rassy, E.; Karathanasi, A.; Bhat, T.; Ghumman, F.; Sheri, M.;
Pavlidis, N. Poly (ADP-Ribose) Polymerase Inhibitors: Talazoparib in Ovarian Cancer and Beyond. Drugs R D
2020. [CrossRef] [PubMed]

Pilie, P.G.; Tang, C.; Mills, G.B.; Yap, T.A. State-of-the-art strategies for targeting the DN A damage response
in cancer. Nat. Rev. Clin. Oncol. 2019, 16, 81-104. [CrossRef]

Huang, R.X.; Zhou, P.K. DN A damage response signaling pathways and targets for radiotherapy sensitization
in cancer. Signal Transduct. Target. Ther 2020, 5, 60. [CrossRef]

Fields, E.C.; McGuire, W.P,; Lin, L.; Temkin, S.M. Radiation Treatment in Women with Ovarian Cancer: Past,
Present, and Future. Front. Oncol. 2017, 7, 177. [CrossRef]

Cole, A.J.; Dwight, T.; Gill, AJ.; Dickson, K.A.; Zhu, Y.; Clarkson, A.; Gard, G.B.; Maidens, J.; Valmadre, S.;
Clifton-Bligh, R.; et al. Assessing mutant p53 in primary high-grade serous ovarian cancer using
immunohistochemistry and massively parallel sequencing. Sci. Rep. 2016, 6, 26191. [CrossRef] [PubMed]
Zhang, Y.; Hunter, T. Roles of Chk1 in cell biology and cancer therapy. Int. J. Cancer 2014, 134, 1013-1023.
[CrossRef]

Lee, J.M.; Nair, J.; Zimmer, A.; Lipkowitz, S.; Annunziata, C.M.; Merino, M.J.; Swisher, E.M.; Harrell, M.l.;
Trepel, J.B.; Lee, M.J,; et al. Prexasertib, a cell cycle checkpoint kinase 1 and 2 inhibitor, in BRCA wild-type
recurrent high-grade serous ovarian cancer: A first-in-class proof-of-concept phase 2 study. Lancet Oncol.
2018, 19, 207-215. [CrossRef]


http://dx.doi.org/10.1016/j.febslet.2010.11.024
http://dx.doi.org/10.3390/ijms20102569
http://www.ncbi.nlm.nih.gov/pubmed/31130614
http://dx.doi.org/10.1158/2159-8290.CD-16-0860
http://dx.doi.org/10.1002/cncr.32544
http://www.ncbi.nlm.nih.gov/pubmed/31967682
http://dx.doi.org/10.1158/1078-0432.CCR-16-2876
http://www.ncbi.nlm.nih.gov/pubmed/28270495
http://dx.doi.org/10.1158/0008-5472.CAN-12-2929
http://www.ncbi.nlm.nih.gov/pubmed/23253910
http://dx.doi.org/10.1002/ijc.27512
http://dx.doi.org/10.3390/cells9010225
http://dx.doi.org/10.1016/j.tjog.2012.07.003
http://dx.doi.org/10.2217/fon-2018-0883
http://dx.doi.org/10.1056/NEJMoa1909707
http://www.ncbi.nlm.nih.gov/pubmed/31562800
http://dx.doi.org/10.1007/s40268-020-00301-8
http://www.ncbi.nlm.nih.gov/pubmed/32215876
http://dx.doi.org/10.1038/s41571-018-0114-z
http://dx.doi.org/10.1038/s41392-020-0150-x
http://dx.doi.org/10.3389/fonc.2017.00177
http://dx.doi.org/10.1038/srep26191
http://www.ncbi.nlm.nih.gov/pubmed/27189670
http://dx.doi.org/10.1002/ijc.28226
http://dx.doi.org/10.1016/S1470-2045(18)30009-3

Cancers 2020, 12, 1713 35 of 37

202.

203.

204.

205.

206.

207.

208.

2009.

210.

211.

212.

213.

214,

215.

216.

217.

218.

Bryant, C.; Rawlinson, R.; Massey, A.J. Chk1l inhibition as a novel therapeutic strategy for treating
triple-negative breast and ovarian cancers. BMC Cancer 2014, 14, 570. [CrossRef]

Itamochi, H.; Nishimura, M.; Oumi, N.; Kato, M.; Qishi, T.; Shimada, M.; Sato, S.; Naniwa, J.; Sato, S.;
Kudoh, A.; etal. Checkpoint kinase inhibitor AZD7762 overcomes cisplatin resistance in clear cell carcinoma of
the ovary. Int. J. Gynecol. Cancer 2014, 24, 61-69. [CrossRef]

Parmar, K.; Kochupurakkal, B.S.; Lazaro, J.B.; Wang, Z.C.; Palakurthi, S.; Kirschmeier, P.T.; Yang, C.;
Sambel, L.A.; Farkkila, A.; Reznichenko, E.; et al. The CHK1 Inhibitor Prexasertib Exhibits Monotherapy
Activity in High-Grade Serous Ovarian Cancer Models and Sensitizes to PARP Inhibition. Clin. Cancer Res.
2019, 25, 6127-6140. [CrossRef] [PubMed]

Zheng, F.; Zhang, Y.; Chen, S.; Weng, X.; Rao, Y.; Fang, H. Mechanism and current progress of Poly ADP-ribose
polymerase (PARP) inhibitors in the treatment of ovarian cancer. Biomed. Pharmacother. 2020, 123, 109661.
[CrossRef] [PubMed]

Brill, E.; Yokoyama, T.; Nair, J.; Yu, M.; Ahn, Y.R.; Lee, J.M. Prexasertib, a cell cycle checkpoint kinases 1 and 2
inhibitor, increases in vitro toxicity of PARP inhibition by preventing Rad51 foci formation in BRCA wild
type high-grade serous ovarian cancer. Oncotarget 2017, 8, 111026-111040. [CrossRef] [PubMed]

Yazinski, S.A.; Comaills, V.; Buisson, R.; Genois, M.M.; Nguyen, H.D.; Ho, C.K.; Todorova Kwan, T.; Morris, R.;
Lauer, S.; Nussenzweig, A.; et al. ATR inhibition disrupts rewired homologous recombination and fork
protection pathways in PARP inhibitor-resistant BRCA-deficient cancer cells. Genes Dev. 2017, 31, 318-332.
[CrossRef]

Lloyd, R.L.; Wijnhoven, PW.G.; Ramos-Montoya, A.; Wilson, Z.; llluzzi, G.; Falenta, K.; Jones, G.N.; James, N.;
Chabbert, C.D.; Stott, J.; et al. Combined PARP and ATR inhibition potentiates genome instability and cell
death in ATM-deficient cancer cells. Oncogene 2020. [CrossRef] [PubMed]

Kim, H.; George, E.; Ragland, R.; Rafail, S.; Zhang, R.; Krepler, C.; Morgan, M.; Herlyn, M.; Brown, E.;
Simpkins, F. Targeting the ATR/CHK1 Axis with PARP Inhibition Results in Tumor Regression in
BRCA-Mutant Ovarian Cancer Models. Clin. Cancer Res. 2017, 23, 3097-3108. [CrossRef] [PubMed]
ClinicalTrials.gov. Search NCT IDs: NCT04267939, NCT02627443, NCT04149145, NCT02595892,
NCT02487095, NCT04065269, and NCT03462342. Available online: https://clinicaltrials.gov (accessed
on 18 March 2020).

Teng, P.N.; Bateman, N.W.; Darcy, K.M.; Hamilton, C.A.; Maxwell, G.L.; Bakkenist, C.J.; Conrads, T.P.
Pharmacologic inhibition of ATR and ATM oers clinically important distinctions to enhancing platinum or
radiation response in ovarian, endometrial, and cervical cancer cells. Gynecol. Oncol. 2015, 136, 554-561.
[CrossRef] [PubMed]

Zhang, M.; Dominguez, D.; Chen, S.; Fan, J.; Qin, L.; Long, A.; Li, X.; Zhang, Y.; Shi, H.; Zhang, B. WEE1
inhibition by MK1775 as a single-agent therapy inhibits ovarian cancer viability. Oncol. Lett. 2017, 14,
3580-3586. [CrossRef]

Do, K.; Wilsker, D.; Ji, J.; Zlott, J.; Freshwater, T.; Kinders, R.J.; Collins, J.; Chen, A.P.; Doroshow, J.H.;
Kummar, S. Phase | Study of Single-Agent AZD1775 (MK-1775), a Weel Kinase Inhibitor, in Patients with
Refractory Solid Tumors. J. Clin. Oncol. 2015, 33, 3409-3415. [CrossRef]

Leijen, S.; van Geel, R.M.; Sonke, G.S.; de Jong, D.; Rosenberg, E.H.; Marchetti, S.; Pluim, D.; van Werkhoven, E.;
Rose, S.; Lee, M.A,; et al. Phase Il Study of WEE1 Inhibitor AZD1775 Plus Carboplatin in Patients With
TP53-Mutated Ovarian Cancer Refractory or Resistant to First-Line Therapy Within 3 Months. J. Clin. Oncol.
2016, 34, 4354-4361. [CrossRef]

Brandsma, |.; Fleuren, E.D.G.; Williamson, C.T.; Lord, C.J. Directing the use of DDR kinase inhibitors in
cancer treatment. Expert Opin. Investig. Drugs 2017, 26, 1341-1355. [CrossRef] [PubMed]

Burgess, B.T.; Anderson, A.M.; McCorkle, J.R.; Wu, J.; Ueland, F.R.; Kolesar, J.M. Olaparib Combined with an
ATR or Chk1 Inhibitor as a Treatment Strategy for Acquired Olaparib-Resistant BRCA1 Mutant Ovarian
Cells. Diagnostics 2020, 10, 121. [CrossRef] [PubMed]

Choi, M.; Kipps, T.; Kurzrock, R. ATM Mutations in Cancer: Therapeutic Implications. Mol. Cancer Ther.
2016, 15, 1781-1791. [CrossRef] [PubMed]

Durant, S.T.; Zheng, L.; Wang, Y.; Chen, K.; Zhang, L.; Zhang, T.; Yang, Z.; Riches, L.; Trinidad, A.G.; Fok,
J.H.L.; et al. The brain-penetrant clinical ATM inhibitor AZD1390 radiosensitizes and improves survival of
preclinical brain tumor models. Sci. Adv. 2018, 4, eaat1719. [CrossRef] [PubMed]


http://dx.doi.org/10.1186/1471-2407-14-570
http://dx.doi.org/10.1097/IGC.0000000000000014
http://dx.doi.org/10.1158/1078-0432.CCR-19-0448
http://www.ncbi.nlm.nih.gov/pubmed/31409614
http://dx.doi.org/10.1016/j.biopha.2019.109661
http://www.ncbi.nlm.nih.gov/pubmed/31931287
http://dx.doi.org/10.18632/oncotarget.22195
http://www.ncbi.nlm.nih.gov/pubmed/29340034
http://dx.doi.org/10.1101/gad.290957.116
http://dx.doi.org/10.1038/s41388-020-1328-y
http://www.ncbi.nlm.nih.gov/pubmed/32444694
http://dx.doi.org/10.1158/1078-0432.CCR-16-2273
http://www.ncbi.nlm.nih.gov/pubmed/27993965
https://clinicaltrials.gov
http://dx.doi.org/10.1016/j.ygyno.2014.12.035
http://www.ncbi.nlm.nih.gov/pubmed/25560806
http://dx.doi.org/10.3892/ol.2017.6584
http://dx.doi.org/10.1200/JCO.2014.60.4009
http://dx.doi.org/10.1200/JCO.2016.67.5942
http://dx.doi.org/10.1080/13543784.2017.1389895
http://www.ncbi.nlm.nih.gov/pubmed/28984489
http://dx.doi.org/10.3390/diagnostics10020121
http://www.ncbi.nlm.nih.gov/pubmed/32098452
http://dx.doi.org/10.1158/1535-7163.MCT-15-0945
http://www.ncbi.nlm.nih.gov/pubmed/27413114
http://dx.doi.org/10.1126/sciadv.aat1719
http://www.ncbi.nlm.nih.gov/pubmed/29938225

Cancers 2020, 12, 1713 36 of 37

219.

220.

221.

222.

223.

224,

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

Karlin, J.; Allen, J.; Ahmad, S.F.; Hughes, G.; Sheridan, V.; Odedra, R.; Farrington, P.; Cadogan, E.B,;
Riches, L.C.; Garcia-Trinidad, A.; et al. Orally Bioavailable and Blood-Brain Barrier-Penetrating ATM
Inhibitor (AZ32) Radiosensitizes Intracranial Gliomas in Mice. Mol. Cancer Ther. 2018, 17, 1637-1647.
[CrossRef] [PubMed]

Biddlestone-Thorpe, L.; Sajjad, M.; Rosenberg, E.; Beckta, J.M.; Valerie, N.C.; Tokarz, M.; Adams, B.R;
Wagner, A.F.; Khalil, A.; Gilfor, D.; etal. ATM kinase inhibition preferentially sensitizes p53-mutant glioma to
ionizing radiation. Clin. Cancer Res. 2013, 19, 3189-3200. [CrossRef]

Riches, L.C.; Trinidad, A.G.; Hughes, G.; Jones, G.N.; Hughes, A.M.; Thomason, A.G.; Gavine, P,; Cui, A,;
Ling, S.; Stott, J.; et al. Pharmacology of the ATM Inhibitor AZD0156: Potentiation of Irradiation and Olaparib
Responses Preclinically. Mol. Cancer Ther. 2020, 19, 13-25. [CrossRef]

Slipicevic, A.; Holth, A.; Hellesylt, E.; Trope, C.G.; Davidson, B.; Florenes, V.A. Weel is a novel independent
prognostic marker of poor survival in post-chemotherapy ovarian carcinoma eusions. Gynecol. Oncol. 2014,
135, 118-124. [CrossRef]

Saini, P; Li, Y.; Dobbelstein, M. Weel is required to sustain ATR/Chk1 signaling upon replicative stress.
Oncotarget 2015, 6, 13072-13087. [CrossRef]

Zheng, H.; Shao, F.; Martin, S.; Xu, X.; Deng, C.X. WEE1 inhibition targets cell cycle checkpoints for triple
negative breast cancers to overcome cisplatin resistance. Sci. Rep. 2017, 7, 43517. [CrossRef]

Parsels, L.A.; Karnak, D.; Parsels, J.D.; Zhang, Q.; Velez-Padilla, J.; Reichert, Z.R.; Wahl, D.R.; Maybaum, J.;
O’Connor, M.J.; Lawrence, T.S.; etal. PARP1Trapping and DNA Replication Stress Enhance Radiosensitization
with Combined WEE1 and PARP Inhibitors. Mol. Cancer Res. 2018, 16, 222—-232. [CrossRef] [PubMed]
Slyskova, J.; Cordero, F.; Pardini, B.; Korenkova, V.; Vymetalkova, V.; Bielik, L.; Vodickova, L.; Pitule, P,;
Liska, V.; Matejka, V.M.; et al. Post-treatment recovery of suboptimal DN A repair capacity and gene
expression levels in colorectal cancer patients. Mol. Carcinog. 2015, 54, 769-778. [CrossRef] [PubMed]
Slyskova, J.; Korenkova, V.; Collins, A.R.; Prochazka, P.; Vodickova, L.; Svec, J.; Lipska, L.; Levy, M,;
Schneiderova, M.; Liska, V.; et al. Functional, genetic, and epigenetic aspects of base and nucleotide excision
repair in colorectal carcinomas. Clin. Cancer Res. 2012, 18, 5878-5887. [CrossRef] [PubMed]

Vodenkova, S.; Jiraskova, K.; Urbanova, M.; Kroupa, M.; Slyskova, J.; Schneiderova, M.; Levy, M.; Buchler, T.;
Liska, V.; Vodickova, L.; et al. Base excision repair capacity as a determinant of prognosis and therapy
response in colon cancer patients. DNA Repair 2018, 72, 77-85. [CrossRef]

Faraoni, |.; Graziani, G. Role of BRCA Mutations in Cancer Treatment with Poly (ADP-ribose) Polymerase
(PARP) Inhibitors. Cancers 2018, 10, 487. [CrossRef]

Zhu, J.; Ke, G.; Bi, R.; Wu, X. Clinicopathological and survival characteristic of mismatch repair status in
ovarian clear cell carcinoma. J. Surg. Oncol. 2020. [CrossRef]

Bonadona, V.; Bonaiti, B.; Olschwang, S.; Grandjouan, S.; Huiart, L.; Longy, M.; Guimbaud, R.; Buecher, B.;
Bignon, Y.J.; Caron, O.; et al. Cancer risks associated with germline mutations in MLH1, MSH2, and MSH6
genes in Lynch syndrome. JAMA 2011, 305, 2304-2310. [CrossRef]

Kawashima, N.; Yoshida, H.; Miwa, M.; Fujiwara, K. MLH1 Is a Prognostic Biomarker for Serous Ovarian
Cancer Treated With Platinum- and Taxane-based Chemotherapy. Anticancer Res. 2019, 39, 5505-5513.
[CrossRef]

Guo, X.; Wu, W,; Gao, H.; Li, X.; He, Q.; Zhu, Y.; Liu, N. PMS2 germline mutation c.943C>T
(p.Arg315*)-induced Lynch syndrome-associated ovarian cancer. Mol. Genet. Genom. Med. 2019, 7,
e721. [CrossRef]

Zhang, Z.; Xiang, Q.; Mu, G.; Xie, Q.; Chen, S.; Zhou, S.; Hu, K.; Cui, Y.M. XRCC1 polymorphism and overall
survival in ovarian cancer patients treated with platinum-based chemotherapy: A systematic review and
MOOSE-compliant meta-analysis. Medicine (Baltimore) 2018, 97, e12996. [CrossRef]

Cheng, C.X.; Xue, M,; Li, K.; Li, W.S. Predictive value of XRCC1 and XRCC3 gene polymorphisms for risk of
ovarian cancer death after chemotherapy. Asian Pac. J. Cancer Prev. 2012, 13, 2541-2545. [CrossRef] [PubMed]
Fleming, N.D.; Agadjanian, H.; Nassanian, H.; Miller, C.W.; Orsulic, S.; Karlan, B.Y.; Walsh, C.S. Xeroderma
pigmentosum complementation group C single-nucleotide polymorphisms in the nucleotide excision repair
pathway correlate with prolonged progression-free survival in advanced ovarian cancer. Cancer 2012, 118,
689-697. [CrossRef] [PubMed]


http://dx.doi.org/10.1158/1535-7163.MCT-17-0975
http://www.ncbi.nlm.nih.gov/pubmed/29769307
http://dx.doi.org/10.1158/1078-0432.CCR-12-3408
http://dx.doi.org/10.1158/1535-7163.MCT-18-1394
http://dx.doi.org/10.1016/j.ygyno.2014.07.102
http://dx.doi.org/10.18632/oncotarget.3865
http://dx.doi.org/10.1038/srep43517
http://dx.doi.org/10.1158/1541-7786.MCR-17-0455
http://www.ncbi.nlm.nih.gov/pubmed/29133592
http://dx.doi.org/10.1002/mc.22141
http://www.ncbi.nlm.nih.gov/pubmed/24585457
http://dx.doi.org/10.1158/1078-0432.CCR-12-1380
http://www.ncbi.nlm.nih.gov/pubmed/22966016
http://dx.doi.org/10.1016/j.dnarep.2018.09.006
http://dx.doi.org/10.3390/cancers10120487
http://dx.doi.org/10.1002/jso.25965
http://dx.doi.org/10.1001/jama.2011.743
http://dx.doi.org/10.21873/anticanres.13743
http://dx.doi.org/10.1002/mgg3.721
http://dx.doi.org/10.1097/MD.0000000000012996
http://dx.doi.org/10.7314/APJCP.2012.13.6.2541
http://www.ncbi.nlm.nih.gov/pubmed/22938418
http://dx.doi.org/10.1002/cncr.26329
http://www.ncbi.nlm.nih.gov/pubmed/21751198

Cancers 2020, 12, 1713 37 of 37

237.

238.

239.

240.

241.

Michalska, M.M.; Samulak, D.; Romanowicz, H.; Sobkowski, M.; Smolarz, B. An Association between Single
Nucleotide Polymorphisms of Lys751GIn ERCC2 Gene and Ovarian Cancer in Polish Women. Adv. Med.
2015, 2015, 109593. [CrossRef] [PubMed]

Peethambaram, P,; Fridley, B.L.; Vierkant, R.A.; Larson, M.C.; Kalli, K.R.; Elliott, E.A.; Oberg, A.L.; White, K.L.;
Rider, D.N.; Keeney, G.L.; et al. Polymorphisms in ABCB1 and ERCC2 associated with ovarian cancer
outcome. Int. J. Mol. Epidemiol. Genet. 2011, 2, 185-195.

Khrunin, A.V.; Moisseey, A.; Gorbunova, V.; Limborska, S. Genetic polymorphisms and the ecacy and
toxicity of cisplatin-based chemotherapy in ovarian cancer patients. Pharmacogenom. J. 2010, 10, 54-61.
[CrossRef]

Krivak, T.C.; Darcy, K.M.; Tian, C.; Bookman, M.; Gallion, H.; Ambrosone, C.B.; Deloia, J.A. Single nucleotide
polypmorphisms in ERCC1 are associated with disease progression, and survival in patients with advanced
stage ovarian and primary peritoneal carcinoma; a Gynecologic Oncology Group study. Gynecol. Oncol.
2011, 122, 121-126. [CrossRef]

Fukumoto, T.; Zhu, H.; Nacarelli, T.; Karakasheyv, S.; Fatkhutdinov, N.; Wu, S.; Liu, P.; Kossenkov, A.V.;
Showe, L.C.; Jean, S.; et al. N(6)-Methylation of Adenosine of FZD10 mRNA Contributes to PARP Inhibitor
Resistance. Cancer Res. 2019, 79, 2812-2820. [CrossRef]

® ' 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1155/2015/109593
http://www.ncbi.nlm.nih.gov/pubmed/26526682
http://dx.doi.org/10.1038/tpj.2009.45
http://dx.doi.org/10.1016/j.ygyno.2011.03.027
http://dx.doi.org/10.1158/0008-5472.CAN-18-3592
http://creativecommons.org/licenses/by/4.0/.

