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Abstract Human cells have numerous repair mechanisms
to counteract various insults incurred on the DNA. Any
mutation in these repair mechanisms can lead to accumu-
lation of DNA errors and carcinogenesis. This review aims
to discuss the therapeutic options in the two most common
DNA repair deficient cancer syndromes, namely Lynch
syndrome (hereditary non-polyposis colorectal cancer) and
breast cancer susceptibility gene (BRCA) associated
ovarian and breast cancer. Deficiency in DNA repair
mechanisms renders these tumors with increased sensitivity
to platinum agents. There has been increasing amount of
information on the utility of the defects in DNA repair as
targets for cancer therapy in these syndromes. Novel
therapies like poly (ADP-ribose) polymerase (PARP)
inhibitors are one of such example where the induction of
double stranded breaks in DNA leads to tumoricidal effect
in patients with homologous DNA repair deficiency.
Interestingly, patients with DNA repair deficiencies tend to
have a more favorable prognosis than sporadic malignan-
cies. In microsatellite high colorectal cancer patients, this
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has been attributed to increased recruitment of CD8+ T
lymphocytes in tumor microenvironment. However, these
tumors are able to limit the host immune response by
activation of immune checkpoints that seem like attractive
targets of therapy in the future.
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DNA repair mechanisms

Human cells are continuously exposed to countless insults,
ranging from ultravoilet light and ionizing radiation to the
use of alkylating and anti-tumor agents. In order to repair
the harmful DNA damages that ensue, the human body is
equipped with an intricate, interwoven damage control
network comprised of five DNA repair mechanisms: base
excision repair, mismatch repair, nucleotide excision
repair, homologous recombination and non-homologous
end-joining. Specifically, base excision repair is used to fix
single stranded breaks and small base changes. Mismatch
repair is used to correct A—G and T-C mismatches as well
as insertions and deletions. Nucleotide excision repair is
used to remove bulky adducts and intrastrand crosslinks.
Homologous recombination and non-homologous end
joining are used to fix double stranded breaks and remove
interstrand crosslinks. Mutations in the genetic makeup of
any of these mechanisms may result in defective DNA
repair, potentially leading to an abnormal pathology [1].
This review article will discuss the latest therapeutic
options in the major DNA repair deficient inherited cancer
syndromes, including hereditary non-polyposis colorectal
cancer (Lynch syndrome), and breast cancer susceptibility
gene (BRCA) associated ovarian and breast cancer.
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Lynch syndrome (hereditary non-polyposis
colorectal cancer)

DNA mismatch repair is a highly conserved mechanism
primarily used to correct mismatched base pairs that arise
as a result of replication errors or cellular damage [2]. It is
composed of four main genes—MLHI, MSH2, MSH6,
PMS2—that encode the mismatch repair (MMR) proteins
necessary for identification and repair of mismatched
bases. These proteins work in unison as two heterodimeric
complexes: MLH1/PMS2 and MSH2/MSH6 [3]. The genes
responsible for the stability of their respective hetero-
dimeric partners are MLHI and MSH?2 [4]. When a defect
in this proofreading system occurs, the loss of MMR pro-
tein results in an accumulation of errors within DNA
microsatellite regions. This phenomenon is known as
microsatellite instability (MSI) [5].

Deficient mismatch repair causing microsatellite insta-
bility is responsible for 12—15 % of all colorectal cancers.
Among this group, two-thirds are due to sporadic tran-
scriptional gene silencing while the remaining third is due
to a germline loss-of-function mutation [6]. In the sporadic
pathway, hypermethylation of CpG islands in the promoter
region causes MLH1 gene silencing to occur [2] (Fig. 1).
This is always accompanied by a BRAF V600OE mutation
due to tight promoter correlation. Thus, MLH1 methylation

Fig. 1 Molecular pathways for
microsatellite instability (MSI)
high colorectal cancer. About
two-thirds of the cases are
sporadic and involve
transcriptional silencing of
MLHI gene that is always

and tumor BRAF mutations are indicative of negative
DNA mismatch repair germline mutation status [7].

In contrast, deficient mismatch repair from a germline
loss-of-function mutation is associated with Lynch Syn-
drome, an autosomal dominant syndrome formerly known
as hereditary non-polyposis colorectal cancer. According to
the International Society for Gastrointestinal Hereditary
Tumors database, mutations in MLH1, MSH2, MSH6 and
PMS2 account for 42, 33, 18 and 7 % of Lynch syndrome,
respectively [8]. Pathology associated with Lynch Syn-
drome occurs only after a second hit, due to a somatic
event such as a point mutation or methylation, damages the
unaffected allele [3]. An alternative etiology for this syn-
drome is the germline epimutation of MLHI1, a reversible
hypermethylation event that involves various normal tis-
sues [9]. In another subset of Lynch Syndrome patients,
constitutional, biallelic 3’ exon deletion of the epithelial
cell adhesion molecule can cause epigenetic silencing of
the MSH2 gene and subsequent lack of MMR protein [10].

While cancer risks are elevated with the loss of any
MMR protein [11], the risks are stratified, as cancer risks
associated with MLH1 and MSH2 mutations are higher
than with MSH6 and PMS2 mutations [12, 13]. The tumor
spectrum in Lynch Syndrome is broad, with following
cancers listed in order of decreasing frequency: colorectal,
endometrial, gastric, biliopancreatic, and uroepithelial [14].
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Thus, diligent screening is essential to decrease morbidity
and mortality of patients with Lynch Syndrome [9].

Despite the increased risk of cancer, high-frequency
microsatellite instability is associated with more favorable
outcomes in colorectal cancer, i.e. lower stage of cancer
and lower pathological stage [15] as well as a decreased
likelihood of metastasis [16]. Data published on the prog-
nosis of colorectal cancer in patients with a defect in
mismatch repair support the notion that this deficiency is a
positive prognostic factor in Stage II and III colorectal
carcinoma [17, 18]. It is also associated with a lower
recurrence rate of 11 % compared to 26 % in stage II and
IIT colorectal cancer with an intact repair system [19]. Due
to the inability to repair errors in DNA coding sequences,
an accumulation of somatic mutations occurs, leading to
the synthesis of neoantigens that are recognized by the
body’s own immune system [20]. The immunogenicity of
these neoantigens peptides creates a cytokine rich
microenvironment with a high density of tumor-infiltrating
lymphocytes, especially CD8+ T lymphocytes, that per-
haps leads to the enhanced control over tumor growth and
spread [21, 22]. While the prevalence of advanced, meta-
static carcinoma is lower in mismatch repair deficient
individuals [16], prognosis is poor at this stage, with lower
disease free survival and overall survival than earlier stages
[23]. The prognostic impact of DNA mismatch repair
deficient individuals also depends on tumor site; proximal
tumors have favorable outcomes and distal or N2 tumors
correlate with worse outcomes [24].

Tumors with mismatch repair deficiency, are resistant to
therapy with 5-Fluorouracil alone [25, 26]. However,
available data suggests that mismatch repair deficient
tumors are sensitive to platinum agents like oxaliplatin or
FOLFOX (a combination of fluoropyrimidine, folic acid
and oxaliplatin), as the sensitivity is independent of the
repair system [27, 28]. The role of adjuvant FOLFOX in
MMR deficient colorectal cancer patients was demon-
strated by the long-term results from the MOSAIC (Mul-
ticenter International Study of Oxaliplatin/Fluorouracil/
Leucovorin in the Adjuvant Treatment of Colon Cancer)
study [29]. The study showed that MMR proficiency was
an independent poor prognostic factor in colorectal cancer
patients. However, the hazard ratio (HR) benefit for DFS
and OS in FOLFOX4 [bolus/infusional fluorouracil plus
leucovorin (LVS5FU2) plus oxaliplatin] arm were 0.48
(95 % CI 0.20-1.12) and 041 (95 % CI 0.16-1.07),
respectively, for stage II and III MMR-deficient patients, as
compared to LV5FU2 arm [29]. This confirms a beneficial
role of using FOLFOX in patients with stage IIl dMMR
colorectal cancer.

Due to the resistance to 5-Fluorouracil, efforts are under-
way to identify novel therapies that exploit the DNA mis-
match repair deficiency in microsatellite unstable colorectal

cancers. A recent study conducted by Maby et al. [30] sug-
gests that CD8+ tumor infiltrating lymphocyte density can be
positively correlated with the total number of frameshift
mutations, especially within the ASTEl, HNFIA and
TCF7L2 genes. Studies examining the tumor microenviron-
ment have shown that MSI tumors selectively increase the
upregulation of immune checkpoint ligands such as PD-1
(programmed cell death 1), CTLA-4 (cytotoxic T-lympho-
cyte-associated protein 4), LAG-3 (lymphocyte-activation
gene 3) and IDO (indoleamine 2,3-dioxygenase pathway),
thereby preventing natural elimination of the tumor [31].
These findings have inspired research to design novel
immunomodulatory therapy targeting this negative feedback
system.

There are currently two classes of immunomodulatory
monoclonal antibodies that are being developed to target
tumors- cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) and programmed death-1 (PD-1) antibodies. The
anti CTLA-4 antibodies targets immunosuppressive
receptors on the surfaces of T lymphocytes to overcome the
effect of immune checkpoints [32]. The PD-1 inhibitors
block the interaction of PD-1 molecule with programmed
death-1 ligand (PD-L1) and facilitate tumor killing by
activated T cells [32]. Currently, three antibodies are
approved for oncological use: ipilimumab, nivolumab and
pembrolizumab. Ipilimumab, a CTLA-4 inhibitor, was
approved in 2011 for the treatment of metastatic mela-
noma. Nivolumab and pembrolizumab, programmed death-
1 (PD-1) inhibitors, were approved in 2014 for cases of
metastatic melanoma that progress on ipilimumab [32].
Currently, these agents have also been approved for use in
advanced non-small cell lung carcinoma (both nivolumab
and pembrolizumab) and renal cell carcinoma (nivolumab).
The adverse effect profile of the anti PD-1 drugs seems to
be less toxic than anti CTLA-4 antibody and includes
fatigue, pruritus and rash [32].

A recent phase 2 study conducted by Le et al. [33]
evaluated pembrolizumab in 41 patients with progressive
metastatic carcinoma with or without mismatch-repair
deficiency. Pembrolizumab was administered intra-
venously at a dose of 10 mg/kg every 2 weeks to both
colorectal (n = 32) and non-colorectal (n = 9) cancer
patients. All of the colorectal cancer patients except one
had received two or more previous chemotherapy regimens
and had similar duration of metastatic disease.

In the cohort with mismatch repair-deficient colorectal
cancer patients (n = 11), the immune-related objective
response rate (ORR) and immune-related progression free
survival (PFS) rate at 20 weeks with pembrolizumab was
40 and 78 %, respectively. On the other hand, the ORR and
PFS rate was 0 and 11 % for mismatch repair-proficient
colorectal cancers (n = 21), thereby suggesting a clinical
benefit with immune checkpoint blockade in patients with
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mismatch repair-deficient colorectal cancers [33].
Immunohistochemical analysis of the mismatch-repair
deficient tumors showed a higher density of CD8-positive
lymphoid cells and programmed death-1 ligand expression
(PD-L1) as compared to the mismatch-repair proficient
tumors. Of note, this study included a third cohort of
mismatch-repair deficient non-colorectal cancer patients
(n = 9) that showed an ORR of 71 % and 20-week PFS
rate of 67 % [33].

Current research is also targeting synthetic lethal inter-
actions of the mismatch repair pathway as well as sec-
ondary mutations [34]. Synthetic lethality between two
genes is the concept that loss of function in one of the
genes still produces a viable cell but loss of both genes
results in cell death [35]. With regards to the mismatch
repair pathway, there is evidence that inhibition of specific
DNA polymerases in the base excision repair pathway is
synthetically lethal with deficient mismatch repair proteins
[34]. Specifically, nuclear base excision repair DNA
polymerase B is linked to MSH2 and mitochondrial DNA
polymerase Y is linked to MLHI1 in such a manner that
inhibition of the polymerase can induce an accumulation of
oxidative DNA lesions in a mismatch repair deficient
tumor [36]. The use of methotrexate, a folate antimetabo-
lite, leads to selective accumulation of oxidative DNA
lesions in MSH2 deficient cells due to their inability to
clear the damage [37]. In light of this phenomenon, a phase
IT clinical trial testing the cytotoxic effects of methotrexate
in MSH2 deficient colorectal cancer is underway (MESH,
NCT00952016) [34]. In addition to this, secondary muta-
tions are also a source that can be targeted. Studies have
shown that secondary mutations in double stranded base
repair genes are associated with primary mismatch repair
gene mutations [38]. With synthetic lethality between
double stranded base repair genes and poly (ADP-ribose)
polymerase (PARP), a base excision repair enzyme, ther-
apies combining methotrexate and a PARP inhibitor would
allow for the accumulation of oxidative stress in a mis-
match repair deficient tumor without the ability for DNA
repair [34, 39].

BRCA related ovarian cancer

BRCA 1 and BRCA 2 are two highly penetrant genes
crucial to DNA damage repair and genomic stability [40].
By participating in the repair of double stranded breaks,
they prevent the accumulation of gross chromosomal
rearrangements that would ultimately lead to tumor for-
mation [41]. BRCA1/2 proteins are particularly active
agents in the error-free homologous recombination repair
process [42, 43]. BRCA 1 is part of the BRCA1-associated
genome surveillance complex (BASC) involved in the
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recognition and repair of aberrant DNA structures. The
complex interacts with the MRE1/RAS50/Nbs1 complex to
reset double stranded break ends for homologous recom-
bination [44], complexes with SWI/SNF for chromatin
remodeling [45] and exhibits ubiquitin ligase activity [46].
BRCA 2 regulates RAD51 recombinase, a molecule that
initiates sSDNA pairing during homologous recombination
[47]. Inherited pathologic mutations in either BRCA genes
destabilize the genome, predisposing the individual to a
multitude of cancers.

Interestingly, BRCA-associated ovarian cancer has bet-
ter prognosis than sporadic ovarian carcinoma [40].
Genomic instability from BRCA mutations sensitizes
tumor cells to chemotherapeutic agents such as platinum
salts, decreasing the mortality rate by 28 % [48]. In addi-
tion, patients experience longer disease-free intervals after
primary chemotherapy as well as longer overall survival
[49]. A retrospective cohort study of 933 ovarian cancers
by Boyd et al. [49] showed that the group of BRCA-defi-
cient ovarian cancers (stage III and IV) had improved
survival and a longer disease-free interval following pri-
mary chemotherapy compared to the group of non-hered-
itary ovarian cancers. This phenomenon can be explained
by the heightened sensitivity to platinum gents associated
with the loss of BRCA proteins, conferring a greater
response to chemotherapeutic agents. In cumulative sur-
vival analysis by subtype of BRCA mutation, patients with
BRCA1 mutation had significantly longer survival than
sporadic cases (P = 0.008), but BRCA2- linked cases only
displayed a trend toward prolonger survival (P = 0.09).

One of the novel therapies entering phase II and III
clinical trials is a poly (ADP-ribose) polymerase (PARP)
inhibitor. PARP is an enzyme required for base excision
repair [50]. When activated by a single strand break, PARP
recruits DNA damage repair proteins to the site and facil-
itates the formation of a relaxed chromatin state to allow
for DNA repair [51]. The effects of PARP inhibition are
two-fold: single strand break repair complexes cannot be
recruited to the site and PARPs that are already recruited to
the site cannot undergo dissociation [52, 53]. This leads to
replication fork stalling and eventual collapse with for-
mation of double stranded DNA breaks [50, 53]. Without
the ability for high fidelity homologous recombination to
repair the breaks in BRCA mutant cases, an accumulation
of DNA damage occurs and cellular apoptosis ensues [50].
It is the discovery of synthetic lethality between PARP and
homologous recombination repair that has launched the use
of PARP inhibitors for the treatment of several cancers.

Currently, PARP inhibitors, such as olaparib, are under-
going clinical development to target a wide variety of cancer
types, including BRCA mutated breast and ovarian cancers
[54-57]. The United States Food and Administration has
also approved olaparib for use in BRCA-mutated ovarian
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cancers resistant to three prior chemotherapy regimens [58].
The current recommendation is treatment with 400 mg of
olaparib twice a day beginning no later than 8 weeks after
neoadjuvant platinum chemotherapy [59]. This was based on
a phase II trial of 193 patients with advanced ovarian cancer
who had a germline BRCA1/2 mutation. All of the patients
received prior therapy with platinum agents and were con-
sidered to be platinum resistant. Olaparib use was associated
with a tumor response rate of 31 % with a complete response
seenin 3 % of the cases. Partial responses were seen in 28 %
of the patients and stable disease >8 weeks was observed in
40 % of the patients with ovarian cancer. [59] Common side
effects of PARP inhibitors include fatigue, nausea, vomiting,
diarrhea, anorexia and dizziness. More serious adverse
effects include hematological toxicities, myelodysplastic
syndrome, acute myeloid leukemia and pneumonitis [60].

BRCA related breast cancer

While there is no standard chemotherapy regimen to treat
BRCA 1 or 2 mutated breast cancers, which are typically
high grade and triple negative in nature, clinical trials have
shown the superior efficacy of platinum salts as part of
neoadjuvant chemotherapy to shrink the tumor prior to
surgery [61]. Cisplatin and other platinum agents have the
ability to crosslink and damage DNA strands that can only
be repaired by high-fidelity homologous recombination
typically absent in BRCA mutated cells [62]. Without
BRCA proteins, there is a fivefold reduction in DNA
double-stranded break repair via homologous recombina-
tion [43]. BRCA-deficient cells have amplified radiation
sensitivity and a greater cellular response to ionizing
radiation [63], although one might hypothesize that this
might make them more susceptible to radiation induced
secondary malignancies.

A large observational study by Byrski et al. [64] esti-
mated the rates of pathologic complete response (pCR) for
various neoadjuvant chemotherapy regimens given to
young women with BRCA-1 positive breast cancers. Of the
102 women who carried a BRCA1 mutation, 24 patients
were able to reach pCR. Among the 12 patients that
received cisplatin, 83 % (n = 10) were able to achieve a
pCR. A pCR of 7 % was observed for those treated with
cyclophosphamide, methotrexate and fluorouracil (CMF),
8 % for those treated with doxorubicin and docetaxel (AT)
and 22 % for those treated with doxorubicin and
cyclophosphamide with and without fluorouracil (FAC,
AC) [64].

The same research group recently completed a study to
further evaluate the use of platinum-based neoadjuvant
chemotherapy for women with triple-negative, BRCA1
mutated breast cancer [65]. Cisplatin was administered at a

dose of 75 mg/m? every 3 weeks for 4 cycles to 107
women diagnosed with stage I to III breast cancer, fol-
lowed by surgery and conventional chemotherapy. Ninety-
three of the patients had primary breast cancer and 14 of
the patients were previously treated for cancer. After cis-
platin chemotherapy, 65 out of the 107 patients (61 %) had
achieved pCR. Further analysis determined that the rate of
PCR was 56 % for women with ER-positive breast cancer,
61 % for those with triple-negative breast cancer, 73 % for
those with node-negative cancer and 48 % for those with
node-positive breast cancer. Since high pCR is suggestive
of greater recurrence-free survival, this data suggests that
platinum-based agents may be an effective neoadjuvant
chemotherapeutic option for women with BRCA-1 positive
breast cancer [65].

A recent randomized phase III trial by Tutt et al. eval-
uated the use of carboplatin compared with docetaxel in
376 patients with metastatic or recurrent locally advanced
triple negative or BRCA-mutated breast cancer. Patients
were randomized to either the carboplatin arm or the
docetaxel arm and were treated for 6-8 cycles or until
disease progression if sooner. At the conclusion of the
study, the objective response rate (ORR) for the 43 BRCA-
mutated breast cancer patients was 68.0 % with carboplatin
compared to 33.3 % with docetaxel (P = 0.03). There was
a no significant difference for non-BRCA patients, with an
ORR of 28.1 versus 36.6 % for carboplatin and docetaxel,
respectively (P = 0.16) [66].

Although platinum drugs are often used as monotherapy
in individuals with BRCA1 mutations, studies show that
combining platinum-based agents and conventional
chemotherapy can also achieve a high pathologic complete
response [67-69]. A recently published prospective study
demonstrated that neoadjuvant carboplatin/docetaxel
chemotherapy allowed for a pCR of 86 % in BRCA-as-
sociated triple negative breast cancers compared to a pCR
of 50 % in sporadic, non-BRCA associated triple negative
breast cancers [70]. Similarly, in another randomized phase
II trial, carboplatin with weekly paclitaxel/doxorubicin was
able to achieve a pCR of 53.2 %, compared to 36.7 %
without the carboplatin [67]. Despite the success of plat-
inum drugs, resistance to these agents have led to inno-
vative research to discover biologic agents that target other
repair mechanisms with synthetic lethality towards
homologous recombination.

A proof-of-concept phase II trial engineered by Tutt
et al. evaluated the use of olaparib in 54 patients with
confirmed recurrent, advanced BRCA1 or BRCA 2 muta-
ted breast cancer. Patients were either given continuous
oral olaparib at the maximum tolerated dose of 400 mg
twice daily (n = 27) or a low dose of 100 mg twice daily
(n = 27). This study revealed a therapeutic objective
response rate of 41 % in patients assigned to 400 mg twice
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daily compared to 22 % in patients assigned to 100 mg
twice daily [60]. Further, the combination of olaparib with
cisplatin has also proven efficacious, with a therapeutic
response rate of 73 % in BRCA related breast cancers [54].
Other combinations with PARP inhibitors include neoad-
juvant chemotherapy with carboplatin or topotecan [71-
73]. There also seems to be some synergistic activity
between veliparib, another PARP inhibitor, and temo-
zolomide, with a clinical benefit rate of 50 % [74]. Apart
from olaparib and veliparib, three other PARP inhibitors—
niraparib, talazoparib and rucaparib—are also undergoing
current investigation for use in advanced settings in
germline BRCA mutated breast cancer [75].

Hence we can see how the landscape of therapeutics in
DNA repair deficient cancer syndromes has evolved from
traditional chemotherapy towards targeted novel therapies
that aim to prolong survival with less toxicity. The use of
platinum agents in these syndromes has already led to
improved survival. With an increasing understanding of
DNA repair defects, the DNA damage repair (DDR) agent
olaparib is probably just a beginning of the utilization of
synthetic lethality in treatment of hereditary cancers.
Immune checkpoint inhibitors also seem to be a promis-
ing avenue in the management of hereditary cancers that
evade the immune system by limiting the cytotoxic T cell
response to these tumors. As more data becomes available
on genetic testing, we might be able to have more
information on expanding its scope to include other
malignancies. One might be tempted to hypothesize that
increased knowledge of DNA repair deficiencies could
perhaps open doors to the use of targeted therapy in
metastatic cancers of unknown primary that possess such
defects.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

1. Dexheimer TS (2013) DNA repair pathways and mechanisms. In:
Mathews LA, Cabarcas SM, Hurt EM (eds) DNA repair of cancer
stem cells. Springer, Netherlands, pp 19-32

2. Richman S (2015) Deficient mismatch repair: read all about it
(Review). Int J Oncol 47:1189-1202

3. Kawakami H, Zaanan A, Sinicrope FA (2015) Microsatellite
instability testing and its role in the management of colorectal
cancer. Curr Treat Options Oncol 16:1-15

4. Umar A, Koi M, Risinger JI, Glaab WE, Tindall KR, Kolodner
RD, Boland CR, Barrett JC, Kunkel TA (1997) Correction of
hypermutability, N-methyl-N'-nitro-N-nitrosoguanidine resis-
tance, and defective DNA mismatch repair by introducing

@ Springer

10.

11.

12.

13.

14.

15.

16.

. Sinicrope FA, Sargent

chromosome 2 into human tumor cells with mutations in MSH2
and MSH6. Cancer Res 57:3949-3955

DJ (2012) Molecular pathways:
microsatellite instability in colorectal cancer: prognostic, predic-
tive, and therapeutic implications. Clin Cancer Res 18:1506-1512

. Boland CR (2005) Evolution of the nomenclature for the hered-

itary colorectal cancer syndromes. Fam Cancer 4:211-218

. Parsons MT, Buchanan DD, Thompson B, Young JP, Spurdle AB

(2012) Correlation of tumour BRAF mutations and MLHI1
methylation with germline mismatch repair (MMR) gene muta-
tion status: a literature review assessing utility of tumour features
for MMR variant classification. ] Med Genet 49:151-157

. Plazzer JP, Sijmons RH, Woods MO, Peltomaki P, Thompson B,

Den Dunnen JT, Macrae F (2013) The InSiGHT database: uti-
lizing 100 years of insights into Lynch syndrome. Fam Cancer
12:175-180

. Giardiello FM, Allen JI, Axilbund JE, Boland CR, Burke CA,

Burt RW, Church JM, Dominitz JA, Johnson DA, Kaltenbach T,
Levin TR, Lieberman DA, Robertson DJ, Syngal S, Rex DK
(2014) Guidelines on genetic evaluation and management of
Lynch syndrome: a consensus statement by the US Multi-society
Task Force on colorectal cancer. Am J Gastroenterol 109:1159—
1179

Kempers MJ, Kuiper RP, Ockeloen CW, Chappuis PO, Hutter P,
Rahner N, Schackert HK, Steinke V, Holinski-Feder E, Morak M,
Kloor M, Buttner R, Verwiel ET, van Krieken JH, Nagtegaal 1D,
Goossens M, van der Post RS, Niessen RC, Sijmons RH, Kluijt I,
Hogervorst FB, Leter EM, Gille JJ, Aalfs CM, Redeker EJ, Hes
FJ, Tops CM, van Nesselrooij BP, van Gijn ME, Gomez Garcia
EB, Eccles DM, Bunyan DJ, Syngal S, Stoffel EM, Culver JO,
Palomares MR, Graham T, Velsher L, Papp J, Olah E, Chan TL,
Leung SY, van Kessel AG, Kiemeney LA, Hoogerbrugge N,
Ligtenberg MJ (2011) Risk of colorectal and endometrial cancers
in EPCAM deletion-positive Lynch syndrome: a cohort study.
Lancet Oncol 12:49-55

Win AK, Young JP, Lindor NM, Tucker KM, Ahnen DJ, Young
GP, Buchanan DD, Clendenning M, Giles GG, Winship I, Macrae
FA, Goldblatt J, Southey MC, Arnold J, Thibodeau SN,
Gunawardena SR, Bapat B, Baron JA, Casey G, Gallinger S, Le
Marchand L, Newcomb PA, Haile RW, Hopper JL, Jenkins MA
(2012) Colorectal and other cancer risks for carriers and non-
carriers from families with a DNA mismatch repair gene muta-
tion: a prospective cohort study. J Clin Oncol 30:958-964
Stoffel EM, Mangu PB, Gruber SB, Hamilton SR, Kalady MF,
Lau MW, Lu KH, Roach N, Limburg PJ, American Society of
Clinical Oncology, European Society of Clinical Oncology
(2015) Hereditary colorectal cancer syndromes: American Soci-
ety of Clinical Oncology Clinical Practice Guideline endorsement
of the familial risk-colorectal cancer: European Society for
Medical Oncology Clinical Practice Guidelines. J Clin Oncol
33:209-217

Senter L, Clendenning M, Sotamaa K, Hampel H, Green J, Potter
JD, Lindblom A, Lagerstedt K, Thibodeau SN, Lindor NM,
Young J, Winship I, Dowty JG, White DM, Hopper JL, Baglietto
L, Jenkins MA, de la Chapelle A (2008) The clinical phenotype
of Lynch syndrome due to germ-line PMS2 mutations. Gas-
troenterology 135:419-428

Mecklin JP, Jarvinen HJ (1991) Tumor spectrum in cancer family
syndrome (hereditary nonpolyposis colorectal cancer).Cancer
68:1109-1112

Gryfe R, Kim H, Hsieh ET, Aronson MD, Holowaty EJ, Bull SB,
Redston M, Gallinger S (2000) Tumor microsatellite instability
and clinical outcome in young patients with colorectal cancer.
N Engl J Med 342:69-77

Malesci A, Laghi L, Bianchi P, Delconte G, Randolph A, Torri V,
Carnaghi C, Doci R, Rosati R, Montorsi M, Roncalli M, Gennari


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Hereditary cancer syndromes: utilizing DNA repair deficiency as therapeutic target

365

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

L, Santoro A (2007) Reduced likelihood of metastases in patients
with microsatellite-unstable colorectal cancer. Clin Cancer Res
13:3831-3839

. Ribic CM, Sargent DJ, Moore MJ, Thibodeau SN, French AlJ,

Goldberg RM, Hamilton SR, Laurent-Puig P, Gryfe R, Shepherd
LE, Tu D, Redston M, Gallinger S (2003) Tumor microsatellite-
instability status as a predictor of benefit from fluorouracil-based
adjuvant chemotherapy for colon cancer. N Engl J Med 349:
247-257

. Sargent DJ, Marsoni S, Monges G (2010) Defective mismatch repair

as a predictive marker for lack of efficacy of fluorouracil-based
adjuvant therapy in colon cancer. J Clin Oncol 28:3219-3226
Hutchins G, Southward K, Handley K, Magill L, Beaumont C,
Stahlschmidt J, Richman S, Chambers P, Seymour M, Kerr D,
Gray R, Quirke P (2011) Value of mismatch repair, KRAS, and
BRAF mutations in predicting recurrence and benefits from
chemotherapy in colorectal cancer. J Clin Oncol 29:1261-1270
Timmermann B, Kerick M, Roehr C, Fischer A, Isau M, Boerno
ST, Wunderlich A, Barmeyer C, Seemann P, Koenig J, Lappe M,
Kuss AW, Garshasbi M, Bertram L, Trappe K, Werber M, Her-
rmann BG, Zatloukal K, Lehrach H, Schweiger MR (2010)
Somatic mutation profiles of MSI and MSS colorectal cancer
identified by whole exome next generation sequencing and
bioinformatics analysis. PLoS ONE 5:e15661

Smyrk TC, Watson P, Kaul K, Lynch HT (2001) Tumor-infil-
trating lymphocytes are a marker for microsatellite instability in
colorectal carcinoma. Cancer 91:2417-2422

Drescher KM, Sharma P, Lynch HT (2010) Current hypotheses
on how microsatellite instability leads to enhanced survival of
Lynch Syndrome patients. Clin Dev Immunol 2010:170432
Venderbosch S, Nagtegaal ID, Maughan TS, Smith CG, Cheadle
JP, Fisher D, Kaplan R, Quirke P, Seymour MT, Richman SD,
Meijer GA, Ylstra B, Heideman DA, de Haan AF, Punt CJ,
Koopman M (2014) Mismatch repair status and BRAF mutation
status in metastatic colorectal cancer patients: a pooled analysis
of the CAIRO, CAIRO2, COIN, and FOCUS studies. Clin Cancer
Res 20:5322-5330

Sinicrope FA, Mahoney MR, Smyrk TC, Thibodeau SN, Warren RS,
Bertagnolli MM, Nelson GD, Goldberg RM, Sargent DJ, Alberts SR
(2013) Prognostic impact of deficient DNA mismatch repair in
patients with stage III colon cancer from a randomized trial of FOL-
FOX-based adjuvant chemotherapy. J Clin Oncol 31:3664-3672
Hewish M, Lord CJ, Martin SA, Cunningham D, Ashworth A
(2010) Mismatch repair deficient colorectal cancer in the era of
personalized treatment. Nat Rev Clin Oncol 7:197-208

Vilar E, Gruber SB (2010) Microsatellite instability in colorectal
cancer-the stable evidence. Nat Rev Clin Oncol 7:153-162

Des Guetz G, Lecaille C, Mariani Pea (2010) Prognostic impact
of microsatellite instability in colorectal cancer patients treated
with adjuvant FOLFOX. Anticancer Res 30:4297-4301

Zaanan A, Cuilliere-Dartigues P, Guilloux Aea (2010) Impact of
p53 expression and microsatellite instability on stage III colon
cancer disease-free survival in patients treated by 5-fluorouracil and
leucovorin with or without oxaliplatin. Ann Oncol 21:772-780
Andre T, de Gramont A, Vernerey D, Chibaudel B, Bonnetain F,
Tijeras-Raballand A, Scriva A, Hickish T, Tabernero J, Van
Laethem JL, Banzi M, Maartense E, Shmueli E, Carlsson GU,
Scheithauer W, Papamichael D, Moehler M, Landolfi S, Demetter
P, Colote S, Tournigand C, Louvet C, Duval A, Flejou JF, de
Gramont A (2015) Adjuvant fluorouracil, leucovorin, and oxali-
platin in stage II to III colon cancer: updated 10-year survival and
outcomes according to BRAF mutation and mismatch repair
status of the MOSAIC study. J Clin Oncol 33:4176-4187

Maby P, Tougeron D, Hamieh M, Mlecnik B, Kora H, Bindea G,
Angell HK, Fredriksen T, Elie N, Fauquembergue E, Drouet A,
Leprince J, Benichou J, Mauillon J, Le Pessot F, Sesboue R,

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Tuech JJ, Sabourin JC, Michel P, Frebourg T, Galon J, Latouche
JB (2015) Correlation between density of CD8+ T-cell infiltrate
in microsatellite unstable colorectal cancers and frameshift
mutations: a rationale for personalized immunotherapy. Cancer
Res 75:3446-3455

Llosa NJ, Cruise M, Tam A, Wicks EC, Hechenbleikner EM, Taube
JM, Blosser RL, Fan H, Wang H, Luber BS, Zhang M, Papado-
poulos N, Kinzler KW, Vogelstein B, Sears CL, Anders RA, Pardoll
DM, Housseau F (2015) The vigorous immune microenvironment of
microsatellite instable colon cancer is balanced by multiple counter-
inhibitory checkpoints. Cancer Discov 5:43-51

Goyal G, Silberstein PT (2015) Systemic therapy in metastatic
melanoma. Fed Pract 32:s59-s66

Le DT, Uram JN, Wang H, Bartlett BR, Kemberling H, Eyring
AD, Skora AD, Luber BS, Azad NS, Laheru D, Biedrzycki B,
Donehower RC, Zaheer A, Fisher GA, Crocenzi TS, Lee JJ,
Duffy SM, Goldberg RM, de la Chapelle A, Koshiji M, Bhaijee
F, Huebner T, Hruban RH, Wood LD, Cuka N, Pardoll DM,
Papadopoulos N, Kinzler KW, Zhou S, Cornish TC, Taube JM,
Anders RA, Eshleman JR, Vogelstein B, Diaz LA Jr (2015) PD-1
blockade in tumors with mismatch-repair deficiency. N Engl J
Med 372:2509-2520

Guillotin D, Martin SA (2014) Exploiting DNA mismatch repair
deficiency as a therapeutic strategy. Exp Cell Res 329:110-115
Kaelin WG Jr (2009) Synthetic lethality: a framework for the
development of wiser cancer therapeutics. Genome Med 1:99
Martin SA, McCabe N, Mullarkey M, Cummins R, Burgess DJ,
Nakabeppu Y, Oka S, Kay E, Lord CJ, Ashworth A (2010) DNA
polymerases as potential therapeutic targets for cancers deficient
in the DNA mismatch repair proteins MSH2 or MLH1. Cancer
Cell 17:235-248

Martin SA, McCarthy A, Barber LJ, Burgess DJ, Parry S, Lord CJ,
Ashworth A (2009) Methotrexate induces oxidative DNA damage
and is selectively lethal to tumour cells with defects in the DNA
mismatch repair gene MSH2. EMBO Mol Med 1:323-337

Duval A, Hamelin R (2002) Mutations at coding repeat sequences
in mismatch repair-deficient human cancers: toward a new con-
cept of target genes for instability. Cancer Res 62:2447-2454
Bryant HE, Schultz N, Thomas HD, Parker KM, Flower D, Lopez
E, Kyle S, Meuth M, Curtin NJ, Helleday T (2005) Specific
killing of BRCA2-deficient tumours with inhibitors of poly(ADP-
ribose) polymerase. Nature 434:913-917

Pothuri B (2013) BRCA1- and BRCA2-related mutations: ther-
apeutic implications in ovarian cancer. Ann Oncol 24(Suppl 8):
viii22-viii27

Yu VP, Koehler M, Steinlein C, Schmid M, Hanakahi LA, van Gool
AJ, West SC, Venkitaraman AR (2000) Gross chromosomal rear-
rangements and genetic exchange between nonhomologous chro-
mosomes following BRCA?2 inactivation. Genes Dev 14:1400-1406
Moynahan ME, Chiu JW, Koller BH, Jasin M (1999) Brcal
controls homology-directed DNA repair. Mol Cell 4:511-518
Moynahan ME, Pierce AJ, Jasin M (2001) BRCA2 is required for
homology-directed repair of chromosomal breaks. Mol Cell
7:263-272

Wang Y, Cortez D, Yazdi P, Neff N, Elledge SJ, Qin J (2000)
BASC, a super complex of BRCA1-associated proteins involved
in the recognition and repair of aberrant DNA structures. Genes
Dev 14:927-939

Bochar DA, Wang L, Beniya H, Kinev A, Xue Y, Lane WS,
Wang W, Kashanchi F, Shiekhattar R (2000) BRCA1 is associ-
ated with a human SWI/SNF-related complex: linking chromatin
remodeling to breast cancer. Cell 102:257-265

Ruffner H, Joazeiro CA, Hemmati D, Hunter T, Verma IM (2001)
Cancer-predisposing mutations within the RING domain of BRCAI:
loss of ubiquitin protein ligase activity and protection from radiation
hypersensitivity. Proc Natl Acad Sci USA 98:5134-5139

@ Springer



366

G. Goyal et al.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Wong AK, Pero R, Ormonde PA, Tavtigian SV, Bartel PL (1997)
RADS!1 interacts with the evolutionarily conserved BRC motifs
in the human breast cancer susceptibility gene brca2. J Biol Chem
272:31941-31944

Chetrit A, Hirsh-Yechezkel G, Ben-David Y, Lubin F, Friedman
E, Sadetzki S (2008) Effect of BRCA1/2 mutations on long-term
survival of patients with invasive ovarian cancer: the national
Israeli study of ovarian cancer. J Clin Oncol 26:20-25

Boyd J, Sonoda Y, Federici MG, Bogomolniy F, Rhei E, Maresco
DL, Saigo PE, Almadrones LA, Barakat RR, Brown CL, Chi DS,
Curtin JP, Poynor EA, Hoskins WJ (2000) Clinicopathologic
features of BRCA-linked and sporadic ovarian cancer. JAMA
283:2260-2265

De Lorenzo SB, Patel AG, Hurley RM, Kaufmann SH (2013) The
elephant and the blind men: making sense of PARP inhibitors in
homologous recombination deficient tumor cells. Front Oncol 3:228
De Vos M, Schreiber V, Dantzer F (2012) The diverse roles and
clinical relevance of PARPs in DNA damage repair: current state
of the art. Biochem Pharmacol 84:137-146

Helleday T (2011) The underlying mechanism for the PARP and
BRCA synthetic lethality: clearing up the misunderstandings.
Mol Oncol 5:387-393

Murai J, Huang SY, Das BB, Renaud A, Zhang Y, Doroshow JH,
Ji J, Takeda S, Pommier Y (2012) Trapping of PARP1 and
PARP2 by clinical PARP inhibitors. Cancer Res 72:5588-5599
Balmana J, Tung NM, Isakoff SJ, Grana B, Ryan PD, Saura C,
Lowe ES, Frewer P, Winer E, Baselga J, Garber JE (2014) Phase
I trial of olaparib in combination with cisplatin for the treatment
of patients with advanced breast, ovarian and other solid tumors.
Ann Oncol 25:1656-1663

Del Conte G, Sessa C, von Moos R, Vigano L, Digena T,
Locatelli A, Gallerani E, Fasolo A, Tessari A, Cathomas R,
Gianni L (2014) Phase I study of olaparib in combination with
liposomal doxorubicin in patients with advanced solid tumours.
Br J Cancer 111:651-659

Ledermann J, Harter P, Gourley C (2014) Olaparib maintenance
therapy in patients with platinum-sensitive relapsed serous
ovarian cancer: a preplanned retrospective analysis of outcomes
by BRCA status in a randomised phase 2 trial. 15:852-861
Audeh MW, Carmichael J, Penson RT, Friedlander M, Powell B,
Bell-McGuinn KM, Scott C, Weitzel JN, Oaknin A, Loman N, Lu
K, Schmutzler RK, Matulonis U, Wickens M, Tutt A (2010) Oral
poly(ADP-ribose) polymerase inhibitor olaparib in patients with
BRCA1 or BRCA2 mutations and recurrent ovarian cancer: a
proof-of-concept trial. Lancet 376:245-251

Toss A, Tomasello C, Razzaboni E, Contu G, Grandi G, Cagnacci
A, Schilder RJ, Cortesi L (2015) Hereditary ovarian cancer: not
only BRCA 1 and 2 genes. Biomed Res Int 2015:341723
Kaufman B, Shapira-Frommer R, Schmutzler RK, Audeh MW,
Friedlander M, Balmana J, Mitchell G, Fried G, Stemmer SM,
Hubert A, Rosengarten O, Steiner M, Loman N, Bowen K,
Fielding A, Domchek SM (2015) Olaparib monotherapy in
patients with advanced cancer and a germline BRCA1/2 muta-
tion. J Clin Oncol 33:244-250

Tutt A, Robson M, Garber JE, Domchek SM, Audeh MW,
Weitzel JN, Friedlander M, Arun B, Loman N, Schmutzler RK,
Wardley A, Mitchell G, Earl H, Wickens M, Carmichael J (2010)
Oral poly(ADP-ribose) polymerase inhibitor olaparib in patients
with BRCA1 or BRCA2 mutations and advanced breast cancer: a
proof-of-concept trial. Lancet 376:235-244

Couch FJ, Nathanson KL, Offit K (2014) Two decades after
BRCA: setting paradigms in personalized cancer care and pre-
vention. Science 343:1466-1470

Robson ME (2011) Should the presence of germline BRCA1/2
mutations influence treatment selection in breast cancer? J Clin
Oncol 29:3724-3726

@ Springer

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Powell SN, Kachnic LA (2003) Roles of BRCA1 and BRCA?2 in
homologous recombination, DNA replication fidelity and the
cellular response to ionizing radiation. Oncogene 22:5784-5791
Byrski T, Gronwald J, Huzarski T, Grzybowska E, Budryk M,
Stawicka M, Mierzwa T, Szwiec M, Wisniowski R, Siolek M,
Dent R, Lubinski J, Narod S (2010) Pathologic complete response
rates in young women with BRCA1-positive breast cancers after
neoadjuvant chemotherapy. J Clin Oncol 28:375-379

Byrski T, Huzarski T, Dent R, Marczyk E, Jasiowka M, Gron-
wald J, Jakubowicz J, Cybulski C, Wisniowski R, Godlewski D,
Lubinski J, Narod SA (2014) Pathologic complete response to
neoadjuvant cisplatin in BRCA1-positive breast cancer patients.
Breast Cancer Res Treat 147:401-405

Tutt A, Ellis P, Kilbum L (2014) TNT: a randomized phase III
trial of carboplatin compared with docetaxel for patients with
metastatic or recurrent locally advanced triple negative or BRCA
1/2 breast cancer

von Minckwitz G, Schneeweiss A, Loibl S, Salat C, Denkert C,
Rezai M, Blohmer JU, Jackisch C, Paepke S, Gerber B, Zahm
DM, Kummel S, Eidtmann H, Klare P, Huober J, Costa S, Tesch
H, Hanusch C, Hilfrich J, Khandan F, Fasching PA, Sinn BV,
Engels K, Mehta K, Nekljudova V, Untch M (2014) Neoadjuvant
carboplatin in patients with triple-negative and HER2-positive
early breast cancer (GeparSixto; GBG 66): a randomised phase 2
trial. Lancet Oncol 15:747-756

Sikov WM, Berry DA, Perou CM, Singh B, Cirrincione CT,
Tolaney SM, Kuzma CS, Pluard TJ, Somlo G, Port ER, Golshan
M, Bellon JR, Collyar D, Hahn OM, Carey LA, Hudis CA, Winer
EP (2015) Impact of the addition of carboplatin and/or beva-
cizumab to neoadjuvant once-per-week paclitaxel followed by
dose-dense doxorubicin and cyclophosphamide on pathologic
complete response rates in stage II to III triple-negative breast
cancer: CALGB 40603 (Alliance). J Clin Oncol 33:13-21
Silver DP, Richardson AL, Eklund AC, Wang ZC, Szallasi Z, Li
Q, Juul N, Leong CO, Calogrias D, Buraimoh A, Fatima A,
Gelman RS, Ryan PD, Tung NM, De Nicolo A, Ganesan S,
Miron A, Colin C, Sgroi DC, Ellisen LW, Winer EP, Garber JE
(2010) Efficacy of neoadjuvant Cisplatin in triple-negative breast
cancer. J Clin Oncol 28:1145-1153

Sharma P, Stecklein S, Kimler B et al (2014) Efficacy of
neoadjuvant carboplatin/docetaxel chemotherapy in sporadic and
BRCA-associated triple-negative breast cancer (TNBC). J Clin
Oncol 32:5 s

Somlo G, Frankel PH, Luu TH, Ma C, Arun B, Garcia A (2013)
Efficacy of the combination of ABT-888 (veliparib) and carbo-
platin in patients with BRCA-associated breast cancer. J Clin
Oncol 31(15-Suppl):1024

Kummar S, Chen A, Ji J, Zhang Y, Reid JM, Ames M et al (2011)
Phase I study of PARP inhibitor ABT-888 in combination with
topotecan in adults with refractory solid tumors and lymphomas.
Cancer Res 71:5626-5634

Pahuja S, Beumer JH, Appleman LJ, Tawbi HA, Stoller RG, Lee
JJ (2015) A phase I study of veliparib (ABT-888) in combination
with weekly carboplatin and paclitaxel in advanced solid malig-
nancies and enriched for triple-negative breast cancer (TNBC).
J Clin Oncol 33:1015

Palma JP, Wang YC, Rodriguez LE, Montgomery D, Ellis PA,
Bukofzer G, Niquette A, Liu X, Shi Y, Lasko L, Zhu GD, Pen-
ning TD, Giranda VL, Rosenberg SH, Frost DJ, Donawho CK
(2009) ABT-888 confers broad in vivo activity in combination
with temozolomide in diverse tumors. Clin Cancer Res
15:7277-7290

Livraghi L, Garber JE (2015) PARP inhibitors in the management
of breast cancer: current data and future prospects. BMC Med
13:1



	Hereditary cancer syndromes: utilizing DNA repair deficiency as therapeutic target
	Abstract
	DNA repair mechanisms
	Lynch syndrome (hereditary non-polyposis colorectal cancer)
	BRCA related ovarian cancer
	BRCA related breast cancer
	Open Access
	References




