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DNA mismatch repair (MMR) is a crucial process for preserving genomic stability by correcting DNA replication errors and
damage-induced errors. Loss of MMR causes an increase in microsatellite instability and accumulation of mutations that can
eventually lead to carcinogenesis. Loss of MMR, which can occur sporadically and in genetic diseases like Lynch syndrome,
confers a high risk of developing colorectal cancer. Fortunately, two immune checkpoint inhibitors, Pembrolizumab and
Nivolumab, can be used to treat deficient MMR (dMMR) and microsatellite instability high (MSI-H) patients with colorectal
cancer. These treatments have shown a higher efficacy and better response rates than conventional chemotherapies, although they
do come with some possible side effects. Understanding MMR mechanisms is crucial to healthcare and further research can
expand immunotherapies for not just colorectal cancers but other diseases too. This review provides a better understanding of
DNA MMR, how it leads to carcinogenesis, some current immunotherapies and their mechanism of action to treat IMMR/MSI-H

subtype of colorectal cancer.
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Introduction

Preservation of genomic integrity in cells is dependent on high
fidelity DNA replication and repair of damaged DNA. Even
though the DNA replication process is highly accurate, nu-
cleotide misincorporations can still occur occasionally. These
can even escape DNA proofreading. In these cases, DNA mis-
match repair provides a last line of defense. In addition to
correcting base-base mismatches during DNA replication, DNA
mismatch repair plays multiple roles in response to various
DNA damage-induced mutagenic insults. Therefore, loss of
MMR leads to increased mutagenesis and risk of cancer.
There are four MMR proteins that have clinical relevance
in human cancer biology. These are MLHI1, PMS2, MSH2,
and MSH6, which are encoded by their corresponding MMR
genes, MLH1, PMS2, MSH2, and MSH6. All four of these
proteins are arranged as heterodimers with MLH1 associating
with PMS2 (MutLe) and MSH2 associating with MSH6%3
(MutSo). MSH2 can also associate with MSH3 (MutSpf ).
MMR starts with recognition of an error in the DNA strand by
MutSa or MutSf. MutSa complex recognizes base-pair mis-
matches and small DNA extrusions (1-4 extrahelical residues)
while MutSf recognizes larger DNA extrusions. Once the mis-
match is recognized, the MutSot/f3 complex will activate either
the EXOI exonuclease if strand-break is located 5’ to the mis-
match or recruits MutLa (MLH1-PMS2), which contains the
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latent endonuclease function. Resynthesis then occurs with the
help of accessory proteins such as clamp PCNA (Proliferating
Cell Nuclear Antigen), clamp loader RFC (Replicating Factor
C), and DNA polymerase 8. The resulting gap is protected
by the single-strand DNA binding protein complex RPA (Repli-
cating Protein A) after which DNA polymerase 0, assisted by
the sliding clamp PCNA and the clamp loader RFC resynthe-
sizes the DNA across the gap. If the strand break lies 3’ to the
mismatch, the correction will require the help of the orientated
loading of PCNA by RFC at the strand break. Therefore, the
MutSa/f complex will recruit MutLo, resulting in activation
of a latent endonuclease function in MutL in the presence of
DNA-loaded PCNA. The additional strand breaks catalyzed by
MutL ¢, bracket the mismatch, and aids the hydrolysis of the
nicked strand MutS a-activated EXOI. This gap is then protected
and filled in the same way as the 5’ nick directed reaction®.
Mutations within the MMR genes can cause deficient MMR
function, leading to increased DNA damage-induced mutage-
nesis which is strongly associated with development of car-
cinogenesis such as colorectal cancer, gastric adenocarcinoma,
endometrial carcinoma, ovarian carcinoma, and more. While
different cancer types are susceptible to defects in different
DNA repair processes, colorectal adenocarcinoma is particu-
larly associated with defects in the MMR pathway~©. Loss
of MMR function also underlies the hereditary disease Lynch
Syndrome (LS), an autosomal dominant disorder that occurs
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from inheriting mutations in genes of the MMR pathway. LS
accounts for 3-5% of all colorectal cancer (CRC). LS patients
have a 60-80% chance of developing colorectal cancer in their
lifetimes, in addition to certain extracolonic cancers-.

The defective MMR function in Lynch syndrome leads to
increased instability of microsatellites which is a hallmark of
Lynch syndrome®. Microsatellites are short, repetitive DNA
sequences that are prone to errors during DNA replication.
Currently, there are two FDA approved medications for the
treatment of metastatic colorectal cancer (mCRC) that have
deficient mismatch repair (AIMMR) and microsatellite instabil-
ity high (MSI-H). These medications are Pembrolizumab and
Nivolumab'Z.

This article will review ways defects in DNA mismatch re-
pair (MMR) contribute to the development of colon cancer in
dMMR-MSIH subtype, such as LS patients, and some drug ther-
apies that can be used to treat these cancers. This is significant
as colorectal cancer is one of the leading cancers worldwide
and new therapeutic strategies will aid in reducing incidents
of mortality. Research allows for better diagnosis and treat-
ment plans for patients with dAMMR or MSI-H colorectal cancer
which can improve patient outcomes. While further research on
this may benefit cancers beyond colorectal cancer, this paper
focuses specifically on colorectal cancer in IMMR-MSIH sub-
types, with special attention to colorectal cancer in LS patients.
The reason for this is that LS provides a genetically precise
model to understand the development of colorectal cancer in
the context of IMMR-MSIH cancers®. This paper is limited
to discussing published peer-reviewed open-access articles and
does not discuss any ongoing studies.

Methods

In this paper, I have utilized many resources such as online
review articles and research papers. I have chosen 26 arti-
cles based on credibility, relevance and publication date. Arti-
cles were identified by searching PubMed database using key
words that include the following: DNA mismatch repair, MMR
drug therapies, immune checkpoint inhibitors, Pembrolizumab,
Nivolumab, Lynch syndrome, MMR proteins and their func-
tions, colon cancer treatment and causes of colon cancer. I have
excluded articles that are not available for free, are not relevant
to the review topic, had duplicate/redundant information and
published beyond the last 20 years to avoid any outdated infor-
mation. The articles that I have chosen to include have direct
relevance to the topic and provide credible evidence by ensuring
it is peer reviewed.

MMR repairs errors in DNA during DNA replication

During DNA replication, the DNA template strand may not
be replicated correctly, which results in errors introduced in

the newly synthesized strand. MMR corrects single nucleotide
misincorporation, and small insertions/deletion loops created
by DNA polymerase. As described above, MMR detects mis-
matches in DNA introduced during its replication, and once the
error is found, it recruits enzymes to excise the error contained
in the newly synthesized strand and then resynthesizes the ex-
cised sequence. In eukaryotic cells, it differentiates between the
DNA strand serving as a template during replication from the
newly synthesized strand by recognizing the strand breaks on
the newly synthesized strand and the directionality conferred
by PCNA (ref for PCNA)?10, Correcting these replication er-
rors prevents the accumulation of mutations that may lead to
tumorigenesis.

MMR repairs damage-induced mutagenic insults

MMR is one of at least 9 pathways that repair DNA damage-
induced errors. MMR is neither mutually exclusive nor com-
pletely dependent on the other pathways>. MMR plays various
roles in response to repair DNA damage such as methylated nu-
cleotides, oxidative DNA lesions and helix-distorting nucleotide
lesions including intrastrand crosslinks. MMR is involved in the
correction of these base-base mismatches, preventing genomic
instability and the suppression of numerous cancers.

Guanines, the preferred target for methylating agents, in its
methylated state can be replicated by either translesion synthesis
polymerase (TLS) or replicating polymerases. Methylation
of guanine alters its structural tautomeric state and causes it
to pair with cytosine or thymine in a newly replicated strand.
During subsequent cell cycles, attempts to repair the methylated-
guanine-thymine mismatch can lead to the generation of double
stranded DNA breaks leading to apoptosis or genomic deletions.
Therefore, MMR-induced damage responses can protect the
cell from genomic instability by inducing cell death.

Cells are also under constant threat from oxidative DNA
damage induced by reactive oxygen species. Replication of
oxidized guanine, the preferred base target, can lead to mis-
incorporation of adenine (rather than cytosine), which is then
excised by MMR. MMR- deficient cells therefore tend to retain
more oxidative lesions than those of MMR-proficient cells.

UV radiation may induce helix distorting lesions which in-
clude a variety of nucleotide lesion types, including intrastrand
crosslinks and nucleotide adducts. The cell employs TLS DNA
polymerases to replicate across these damaged nucleotides,
which results in DNA-damaged mutagenesis. MMR can sup-
press this mutagenesis when it is recruited to sites of localized
UV damage. MMR selectively binds “mismatched” nucleotides
opposite photolesions. It excises the nucleotide that was mis-
incorporated by TLS and therefore decreases DNA damage-
induced mutagenesis'. This is illustrated in Figure
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Fig. 1 Replication of Damaged DNA Panel A shows different causes of DNA damage including diet, radical oxygen species, UV radiation, and
drugs. These lead to methylation, oxidation, and helix distorting DNA damage including intrastrand crosslinks. Panel B shows compound
mismatches that arise from damaged bases when not corrected by MMR. Panel C shows fixed mutations resulting from the unrepaired DNA

sequences. This figure is adapted from Ijsselsteijn 20204

MMR, MSI and Tumorigenesis

Defective expression of MMR proteins leads to microsatellite in-
stability (MSI) which causes genomic instability and increased
risk of cancer®. Loss of function of MMR protein complexes
also leads to mutations causing proto-oncogenes to become
oncogenes and impairs tumor suppressor genes. This further
leads to increased risk of developing cancer=. Deficient MMR
function can occur due to a mutation within an MMR gene
or because of inactivation of an otherwise intact MMR gene.
These mutations may be present in germline DNA or can occur

as somatic events within a tumor-.

The absence of MMR causes an increased DNA damage-
induced mutagenesis and is strongly associated with the devel-
opment of carcinogenesis. When intestinal cells are exposed to
mutagenic compounds, this leads to an increased frequency of
MMR deficiency and oncogenesis. MMR is lost in roughly 15%
of colorectal cancers. Furthermore, microsatellite instability is
commonly found in colorectal cancer. Microsatellite unstable
tumors (like colorectal cancer) with mutations in MMR genes
are characterized by increase in tumor mutation burden. Loss
of canonical MMR and exposure to intentional mutagens can

also cause an immune response U,

When DNA damage defects occur, they can cause acquired
somatic mutations leading to the production of neoantigens,
which are new abnormal proteins that appear on the cell surface.
The emergence of neoantigens triggers cytotoxic T-cells which
can then target and kill cancer cells. Therefore, tumors with
a higher number of neoantigens have a higher immunogenic-
ity and allow cytotoxic T cells to kill infected cells and fight
cancer”.

Deficient MMR and Tumorigenesis in Lynch Syndrome

DNA MMR pathway is needed in managing genomic stability
through its role in DNA repair. Inherited mutations in genes
of the MMR pathway gives rise to Lynch syndrome. The
majority of patients carry heterozygous mutations in MSH2
and MSHI1 resulting primarily in truncated, non-functional pro-
teins’Z. These autosomal dominant mutations predispose carriers
to various cancers including colon cancer, endometrial cancer,
and certain other cancers with a population frequency of about
1 in 279. Cancers of the uterus, ovary, urinary tract, stomach,
pancreas, bile duct, small intestine, brain and skin more com-
monly occur in individuals with Lynch syndrome. For women
with Lynch Syndrome, cumulative incidence of any cancer by
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Fig. 2 This figure illustrates the development of colorectal cancer
influenced by methylating and helix-distorting DNA lesions in the
context of Lynch Syndrome. It shows how the gastrointestinal crypt
cells in Lynch Syndrome patients evolve due to DNA damage to form
colorectal cancer. This figure is adapted from Ijsselsteijn 2020

age 75 ranges from 61.8% to 81%. For men with Lynch Syn-
drome, cumulative incidence of any cancer by age 75 ranges
from 41.7% to 71.2%"L.

The process by which Lynch Syndrome patients develop can-
cer, is illustrated in Figure 2] The crypt cells in the intestine of
Lynch Syndrome patients are all heterozygous for a deficient
MMR gene. When exposed to methylating and helix distorting
DNA lesions, it can lead to loss of MMR/post TLS repair. This
subsequently leads to hypermutagenesis resulting in accumu-
lation of oncogenic mutations. In addition, MMR/post TLS
repair deficient cells are more tolerant of methylated and helix
distorting DNA damage which lead to further expansion.

The chemotherapy that is typically used for colorectal can-
cer is a combination of 5-Fluororacil, Leucovorin and either
oxaliplatin (FOLFOX) or Irinotecan (FOLFIRI)'?, However,
chemotherapy such as oxaliplatin does not work well for colon
cancers that have dMMR and MSI-H. This is because func-
tional MMR proteins recognize oxaliplatin adducts on DNA
and initiate proapoptotic signals. Therefore, loss of MMR res-
cues cancer cells from apoptosis (cell death) upon oxaliplatin
treatment®. Instead, immune therapy can be used rather than
chemotherapy for colon cancer with dMMR and MSIH.

Immunotherapy Mechanisms

Immune checkpoints are proteins on immune cells that can play
a key role in recognizing foreign pathogens and regulating im-
mune responses-. Interactions between immune checkpoints
on a T cell and tumor associated antigen ligands expressed on a
tumor cell activate T cells to mount an immune response against
the tumor. In human malignancies, the immune checkpoints
and their corresponding ligands are usually upregulated. Cancer

cells have evolved to evade detection (and subsequent destruc-
tion) by upregulating immune checkpoint ligands. Immune
checkpoint inhibitors have been developed to prevent evasion of
cancer cells from detection and destruction by cytotoxic T-cells.
The two most renowned checkpoint blocking approaches are
blocking cytotoxic T lymphocyte associated protein 4 (CTLA-4
or CD 152) and targeting interactions between programmed cell
death-1 (PD-1 or CD279) and programmed cell death ligand-1
(PD-1 or CD 274 or B7 homolog 1)}#'14, CTLA-4 is thought
to regulate T-cell proliferation early in the immune response,
primarily in lymph nodes. On the other hand, PD-1 suppresses
T cells later in an immune response, primarily in the peripheral
tissues ™.

Costimulation of receptor B7-1/B7-2 and the protein CD28
provide stimulated signals that support T cell proliferation and
effective differentiation (Figure[3). Structurally, the transmem-
brane protein CTLA-4 has significant homology to CD28 but
has much higher affinity to bind with the receptors B7-1 and B7-
2 molecules compared to CD28. CTLA-4 has a unique YVKM
motif which binds to SHP-2 (Src homology 2 containing protein
tyrosine phosphatase-2) that elicits inhibiting signals. Through-
out the induction phase, the CTLA-4 on T cells obstructs T cell
activation by inhibiting the formation of interaction between
CD28 and B7-1/B7-2 and conveying inhibitory signals, which
directly suppresses T cell activation. This means that hindering
CTLA-4 activities could cause T cell response to persist-3.
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Fig. 3 Shows the inhibitory effects of CTLA-4/B7 on T cell antitumor
activities. There is 30% homology between CTLA-4 which is
expressed on the activated T cells and CD28. CD28 binds to the same
ligands as CTLA-4 known as B7-1 and B7-2 expressed on tumor cells.
This results in activation of SHP2 and so down regulation of
PI3k/AKT axis.
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Explanation of terms: Cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4), SH2 containing protein tyrosine phos-
phate -2 (SHP2), phosphoinoside 3 kinases. (PI3Ks),
phosphatidylinosital-4, 5-bisphosphate (PIP2), phosphatidyli-
nositol (3,4,5)-trisphosphate (PIP3), lymphocyte-specific pro-
tein tyrosine kinase (LCK), T cell receptor (TCR), nuclear
factor-kB (NF-kB), mammalian target of rapamycin (mTOR),
B-cell lymphoma-extra large (Bcl-xL), major histocompatibility
complex class I (MHCII), Interleukin-2 (IL-2). This figure is
adapted from Naimi 202213,

PD-1 expressed on T cells can bind PD-L1 and PD-L2 lig-
ands expressed on the surface of various cancer cells. Upon
ligand binding and activation, PD-1 cytoplasmic tail containing
ITIM and ITSM motifs recruit SHP2 and suppress downstream
signaling axes which lead to tumor cell evasion from T cell
immunosurveillance. (Figure 4).
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Fig. 4 This figure shows the inhibitory effects of PD-1/PD-L
interactions on T cell antitumor activities. PD-L1 expressed on tumor
cells following interactions with PD-1 dysregulated on the surface of
activated T cell activities SHP2 which down regulates PI3k/AKT axis
which limits self-reaction T cell proliferation and cytokine production.
This figure is adapted from Naimi 202213,

Role of Immunotherapies in Treatment for Colorectal Can-
cer

Colorectal cancer treatment advancements have led to transition-
ing from traditional modalities such as surgery, chemotherapy
and radiation therapy to contemporary approaches like targeted
therapies and immunotherapy. The understanding and aware-
ness of the historical progression of colorectal cancer therapies

can help us with future therapeutic innovations in addition to
making informed decisions about current treatment"©.

Immunotherapies are a significant advancement in colorectal
cancer. It provides targeted therapy that is designed specifically
to disrupt molecular pathways and processes critical to cancer
cell survival and proliferation, unlike conventional chemother-
apy that negatively affects both cancers and normal cells1018,
Pembrolizumab and Nivolumab are two programmed cell death
1 (PD-1) blocking antibodies that have been approved for treat-
ment of mCRC that is mismatch repair deficient and microsatel-
lite instability high (AIMMR-MSI-H)®. Furthermore, Pem-
brolizumab and Nivolumab can used alone or in combination
with Ipilimumab (an immunotherapy that inhibits CTLA-4) to
treat mCRC patients with AIMMR-MSI-H.

Colorectal cancer treatment modalities have evolved over the
last six decades, as illustrated in Figure[5] These modalities
include classical chemotherapies, targeted monoclonal antibody
therapies, targeted small molecule inhibitor therapies, and more
recently immunotherapies, which have only been available since
2015. Each modality has its advantages and disadvantages, as
summarized in Figure 5] Many of the disadvantages of earlier
therapies include the resistance of cancer cells developing over
time, and lower specificity of treatments. The impact of these
disadvantages is reduced with immunotherapies.

Figure [5]shows the evolution of colorectal cancer treatments
from 1962 to 2020 up to Pembrolizumab and Nivolumab. This
includes classical chemotherapeutic agents (red), targeted thera-
pies with the use of monoclonal antibiotics (light blue), small
molecule inhibitor (dark blue) and immunotherapeutic agents
(light green). The boxes below give a brief overview of their
advantages and disadvantages. This is adapted from Kciuk
202519

Pembrolizumab

Pembrolizumab is a humanized monoclonal anti PD-1 antibody.
It blocks the interaction between PD-1 and its ligands. Large
scale studies and long term follow ups show high, durable
disease control for patients with MSI-H colorectal cancer with
Pembrolizumab. The hallmark of MSI-H colorectal cancer is
high tumor burden leading to neoantigens, for which immune
checkpoint inhibitors have high efficacy?.

Studies have shown that Pembrolizumab significantly pro-
longed progression free survival (PFS) and overall survival (OS)
compared to chemotherapy when used as initial treatment for
mCRC with MSI-H and dMMR. KEYNOTE-177 is a phase 111
study, a trial that tests a treatment efficacy in a larger popula-
tion relative to a phase II study, that assessed Pembrolizumab
monotherapy with standard of care treatment for previously
untreated stage four IMMR-MSI-H colorectal cancer patients.
The median PFS was 16.5 months in the Pembrolizumab group
compared to 8.2 months in the chemotherapy group (hazard
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