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Abstract

MUTYH is a base excision repair enzyme, it plays a crucial role in the correction
of DNA errors from guanine oxidation and may be considered a cell protective
factor. In humans it is an adenine DNA glycosylase that removes adenine
misincorporated in 7,8-dihydro-8-oxoguanine (8-oxoG) pairs, inducing G:C to T:A
transversions. MUTYH functionally cooperates with OGGI1 that eliminates 8-
oxodG derived from excessive reactive oxygen species production. MUTYH
mutations have been linked to MUTYH associated polyposis syndrome (MAP), an
autosomal recessive disorder characterized by multiple colorectal adenomas.
MAP patients show a greatly increased lifetime risk for gastrointestinal cancers.
The cancer risk in mono-allelic carriers associated with one MUTYH mutant allele
is controversial and it remains to be clarified whether the altered functions of this
protein may have a pathophysiological involvement in other diseases besides
familial gastrointestinal diseases. This review evaluates the role of MUTYH,
focusing on current studies of human neoplastic and non-neoplastic diseases
different to colon polyposis and colorectal cancer. This will provide novel insights
into the understanding of the molecular basis underlying MUTYH-related
pathogenesis. Furthermore, we describe the association between MUTYH single
nucleotide polymorphisms (SNPs) and different cancer and non-cancer diseases.
We address the utility to increase our knowledge regarding MUTYH in the light
of recent advances in the literature with the aim of a better understanding of the
potential for identifying new therapeutic targets. Considering the multiple
functions and interactions of MUTYH protein, its involvement in pathologies
based on oxidative stress damage could be hypothesized. Although the
development of extraintestinal cancer in MUTYH heterozygotes is not completely
defined, the risk for malignancies of the duodenum, ovary, and bladder is also
increased as well as the onset of benign and malignant endocrine tumors. The
presence of MUTYH pathogenic variants is an independent predictor of poor
prognosis in sporadic gastric cancer and in salivary gland secretory carcinoma,
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while its inhibition has been shown to reduce the survival of pancreatic ductal
adenocarcinoma cells. Furthermore, some MUTYH SNDPs have been associated
with lung, hepatocellular and cervical cancer risk. An additional role of MUTYH
seems to contribute to the prevention of numerous other disorders with an
inflammatory/degenerative basis, including neurological and ocular diseases.
Finally, it is interesting to note that MUTYH could be a new therapeutic target
and future studies will shed light on its specific functions in the prevention of
diseases and in the improvement of the chemo-sensitivity of cancer cells.

Key words: MUTYH; Polyposis; Colorectal cancer; Base excision repair; Mutations;
Single nucleotide polymorphism

©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: This review focuses on the role of MUTYH, linked to MUTYH associated
polyposis syndrome, on human neoplastic and non-neoplastic diseases, different to
polyposis and colorectal cancer, considering its involvement in disorders based on
oxidative stress damage. MUTYH pathogenic variants are independent predictors of poor
prognosis in sporadic gastric, salivary gland secretory, pancreatic ductal, lung and cervical
cancers, whereas some variants are involved in degenerative disorders, including
neurological and ocular diseases. This provides novel insights for identifying the
molecular basis of MUTYH pathogenesis in the light of recent advances, to better
understand its potential in disease prevention and identify new therapeutic targets.
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URL: https://www.wjgnet.com/2218-4333/full/v11/i7/428.htm

DOI: https://dx.doi.org/10.5306/wjco.v11.i7.428

INTRODUCTION

Biallelic germline MUTYH (MutY homolog Escherichia coli, homolog of MYH, hMYH)
gene variants were historically identified in a fraction of Adenomatous Polyposis Coli (
APC) mutation-negative cases with a phenotype overlapping with attenuated familial
adenomatous polyposis (AFAP) or classical familial adenomatous polyposis (FAP)
(MIM# 604933)!"4. In humans, MUTYH protein is considered a cell protective factor
able to counteract oxidative damage. It is a DNA glycosylase involved in the
restoration of post-replicative mispairs in double-stranded DNA, where MUTYH
recognizes and specifically removes adenine or 2-hydroxyadenines misincorporated in
7,8-dihydro-8-oxoguanine (8-0xoG) pairs with adenine or cytosine inducing G:C to T:A
transversions as a consequence of DNA replication errors or DNA recombinationt™.

In 1996 E. coli mutY gene (mutY) was cloned and characterized for the first timel®l. It
encodes a protein involved in the bacterial repair system together with mutM,
homologous of human 8-Oxoguanine glycosylase 1 (OGG1), and mutT that hydrolyzes
8-0x0-dGTP!. In E. coli MutY, MutM and MutT compose the GO (formally known as
Guanine Oxidation) system responsible for removing and correcting mutations due to
adducts”l. Human MUTYH and OGGT1 act like their E. coli homologs MutT and MutM
to avoid the mutagenic consequences induced by 8-oxoG. Moreover, MUTYH shows
41% of homology to the E. coli corresponding protein’. In 1998, the sequence of
SpMYH gene, the mutY homolog of the yeast Schizosaccharomyces pombe, was
identified". The SpMYH protein, that removes misincorporated G from 8-oxoG,
shows 28% and 31% identity to E. coli MutY and human MUTYH, respectively!’'!l. In
2002, the role of the MUTYH gene in inherited predisposition to colorectal cancer
(CRC) was identified in a British family, suggesting that an inefficient MUTYH protein
and a defective base excision repair (BER) increase the incidence of somatic G > T
transversions in APC genel'. Subsequent studies described germline biallelic
mutations involved in MUTYH associated polyposis (MAP), a recessive heritable
colorectal polyposis with an increased risk of CRCI'>”l. Further research explored
MUTYH modifications associated with a hypermutable phenotype involving different
organs and the development of various diseases, including cancers, through the
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accumulation of unrepaired 8-oxoG under conditions of oxidative stress.

In this review we evaluate biochemical and functional aspects as well as the role of
MUTYH in BER. Moreover, we focus on current and updated studies on human
diseases induced by alteration of MUTYH through research that associate it with
neoplastic and non-neoplastic pathologies different to colon polyposis and CRC. This
will produce novel insights into the understanding of the molecular basis underlying
MUTYH-related pathogenesis. Furthermore, we describe the association between
MUTYH single nucleotide polymorphisms (SNPs) and different cancer and non-cancer
diseases.

We address the utility to increase our knowledge regarding MUTYH in light of
recent advances in the literature with the aim of a better understanding of the potential
for identifying new therapeutic targets.

MUTYH STRUCTURES AND FUNCTIONS

In mammals, oxidized bases are continuously induced by endogenous reactive oxygen
species (ROS) and more abundantly after oxidative stress. In the genome the oxidized
bases are mutagenic due to their incorrect coupling property“*".. Moreover, to prevent
the establishment of a new mutated base, the error must be repaired before DNA
replication. In fact, the oxidized bases present in the model filament do not impede the
replicative polymerases to prevent mutation!“l. BER is one of the most important DNA
repair pathways, which improves intrinsic DNA damage due to metabolic
processes”I and plays a very important role in maintaining the integrity of the
genomic structure. Therefore, the functions of its main components are highly
conserved during evolution™!. The repair mechanisms of DNA damage are sustained
by proteins belonging to different signaling pathways. Among these pathways, the
BER plays a crucial role in the correction of DNA errors due to oxidation, deamination
and alkylation. The BER pathway consists of a series of coordinated enzymatic
events: Initially the specific DNA glycosylases recognize and exclude damaged bases
or abasic sites and then, in a subsequent step, different sequential proteins correct the
DNA through the template-direct insertion of one or more nucleotides, starting from
the damaged site.

In mammals, MUTYH is functionally associated with OGG1 to eliminate and
replace the oxidized guanine with a guanine***’. The incorrect incorporation of 8-
oxoG into DNA is initially recognized by the bifunctional glycosylase OGGI, that
recognizes 8-oxoG coupled to the C base. This glycosylase breaks down 8-oxoG and
subsequently catalyzes its elimination from which an abasic site is formed at 5" of the
nascent DNAM!. If the excision due to the OGG1 action does not occur correctly, the
persistence of 8-0xoG in the nascent DNA leads to the formation of damaged pairs of
80x0G: A, which is fairly stable and can easily escape the correction activity by DNA
polymerase. At this point the role of MUTYH is fundamental because the elimination
of the correct base A induces the formation of an 8-0xoG: C base pair, offering OGG1
another opportunity to eliminate the 8-oxoG lesion before the mutation becomes
permanent in the nascent DNAM. Finally, Nudix hydrolase (NUDT1, alias MutT
human homolog 1 or MTH1) intervenes in the GO repair pathway to hydrolyze the
nucleoside triphosphates 8-oxoG (8-0xoGTP) into monophosphates (8-oxoGMP) in
order to prevent their incorporation into the genome. In this way NUDT1 also
prevents that the removal of base A, from the DNA strand model, becoming pro-
mutagenic after the action of MUTYH™!.

MUTYH is a bifunctional A/G-specific adenine DNA glycosylase”, and is one of
five BER-initiating enzymes in mammalian cells. Its glycosylase function has been
known for at least thirty years and consists, as already mentioned, of eliminating the
adenines or the 2-hydroxy-adenines (2-OH-A) paired with respect to 8-oxoG. 8-0x0G
is an oxidized form of the guanine base derived from ROS, is a stable product on DNA
and has a lower oxidation potential than guanine. Traditionally it is considered one of
the main mutagenic lesions of DNA with evolutionary and adaptive meaning™!. In
fact, 8-oxoG manages to couple with both adenine and cytosine during DNA
replication; in this way it has the potential ability to cause a high transversion rate
from G:C to T:A and A:T to G:C**1,

MUTYH, together with the other enzymes that repair the 8-oxo-G mis-pairing is a
phylogenetically conserved protein (as MutY). Indeed, MUTYH homologous proteins
have been identified both in prokaryotes and eukaryotes confirming the importance of
its function in the protective mechanism from oxidative damage to DN A1,

In mammals, the connection between C and N-terminal MUTYH domains, called
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the interdomain connector (IDC), is significantly longer than that of its bacterial
counterpartt”l. Furthermore, even among mammals the homology of the IDC sequence
is variable (i.e. H. Sapiens shares 78% of MUTYH with M. musculus) and this region has
probably evolved within eukaryotic homologs giving way to MUTYH to interact with
other enzymes of the reparative response to DNA damagel*!. Although the role of
MUTYH glycosylase has been biochemically well defined for some timel), new
functional elements have recently been discovered: In fact, in addition to the Fe-S
cluster, the need for a cofactor of the Zn?* ion for the recognition and repair of damage
has been demonstrated®'l.

To perform its functions, MUTYH associates with various partner proteins™. This is
necessary to ensure effective BER in coordination with other cellular processes.
Figure 1 shows the known functional domains of MUTYH protein (data derived from
the Ensembl genome database’’ and are representative of MUTYH well-known typical
mutations). MUTYH consists of two globular domains linked by a flexible IDC, the N-
terminal harbors the mitochondrial targeting signal (MTS), an adenine recognition
domain, the helix-hairpin-helix-GPT (HhH-GPT) domain and a [4Fe-4S]* cluster
cofactor coordinated to 4 Cys residues™; the switching between the reduced and
oxidized form allows sensing of the DNA helical integrity damage. Peculiar
characteristics of mammals in the IDC are 3 Cys coordinated with a Zn*? ion; this “zinc
linchpin” region could play an important role in coordinating the N-terminal and C-
terminal domains of MUTYH for the correct 8oxoG: A recognition/excision and
subsequent repair®’*l. In fact, C-terminal domains are necessary for 8-oxoG
recognition. Evidence suggests that post-translational modifications in MUTYH may
be a mechanism to modulate the BER pathway!”.. Indeed, phosphorylation of Ser524,
on the PCNA binding site, modifies the affinity for the DNA substrate; recently it has
been demonstrated that MUTYH protein levels may be regulated by momo-
ubiquitination E3 ligase Mule (also called Huwel, ArfBP1 and Lasul), with target 5
Lys in the C-terminal®. Poly [ADP-ribose] polymerase 1 (PARP1) and p53 may
regulate MUTYH expression and participate in MUTYH-mediated cell death!®**.
MUTYH also displays crosstalk with the mismatch repair complex MSH2/MSH6!*'#2,
interacts with sirtuin (SIRT6) and may be modulated by acetylation™. It directly
associates with PCNA and co-localizes with PCNA to nucleus replication foci during
G1/S phaselY; this improves polymerase processivity!*.

The protein interaction domains and other MUTYH motifs are shown in Figure 1; all
reported information are available in the Entrez Gene NCBI database, the
http//Ensembl.org database*], and the ClinVar database [http://simple-
clinvar.broadinstitute.org]*l. Rad9-Hus1-Radl complex (9-1-1) facilitates ATR-
mediated Chk1 phosphorylation and activation, which in turn elicit cellular responses
such as arresting cells in the G2/M phasel*l. The N-terminal 32-aa peptide also
contains a binding site for replication protein A, indicating that some isoforms of
MUTYH may participate in replication-coupled repairtl. In the rat brain, specific
mitochondrial isoforms of MUTYH protein have been observed: They are
developmentally regulated and induced by respiratory hypoxia in the hippocampus™.

Initially, MUTYH mutations have been linked to the MAP syndrome known as
MUTYH associated polyposis''), an autosomal recessive disorder characterized by
multiple colorectal adenomas. In the intestinal epithelium, progenitor cells with loss of
MUTYH function can escape from programmed cell death, accumulate Kras and APC,
thereby promoting carcinogenesis”! (Figure 2); although later SNP variants that
decreased the affinity and catalytic activity on 8oxoG: APl were also associated with
other complex pathologies (see below).

MUTYH gene is located on chromosome 1 (p32.1-p34.3) (seq ref NM_001128425.1.)
and consists of 16 exons!®*. In human cells, three primary transcripts (a, 8, y) were
experimentally identified; from these multiple transcripts were generated by
alternative splicing and exon skipping™. Transcription initiation and splicing of the
MUTYH pre-mRNA produces at least thirteen mRNA isoforms and nine protein
isoforms with different 5'-terminal mRNA and N-terminal protein sequences. Of the
two major MUTYH isoforms, MUTYH 1 (p57) is the product of the a transcript and
contains the mitochondrial targeting signal (MTS) at its N-terminus to establish it in
mitochondria, whereas MUTYH 2 (p60) is produced from the P or y transcript, lacks
the MTS and is localized in the nucleus"™. Moreover, there is an overlapping gene,
Target Early Growth Response 1 (EGR1) member 1 (TOE1) at the 5" end of MUTYH,
and the transcription of these two genes proceeds in opposite directions”. TOE1
inhibits cell growth rate and cell cycle, induces Cyclin Dependent Kinase Inhibitor 1A
(CDKN1A) expression as well as Transforming Growth Factor-beta (TGF-beta)
expression, mediates the inhibitory growth effect of EGR1 involved in the maturation
of snRNAs and snRNA 3'-tail processing™l. The immediate early gene and
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Figure 1 MUTYH functional domains and its binding partners (see UniProtKB - ESKP25). RPA: Replication protein A; MSH6: MutS 6 homolog;
APE1: AP endonuclease 1; PCNA: Proliferating cell nuclear antigen; HUS1: Checkpoint clamp component. APE1, PCNA and well-known representative typical
mutations of MUTYH (see all variants in ClinVar database); the mutation nomenclature is based on MUTYH longest transcript.
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transcription factor EGR1 is an important mediator and regulator of synaptic plasticity
and neuronal activity in both physiological and pathological conditions!"’.

Considering that a total of 3081 public variants and 352 unique variants are
currently listed on the public databases, it can easily be assumed that much still needs
to be defined on the functions of MUTYH, especially at the level of specific tissues,
even if most of the MUTYH mutations have been detected in polyposis associated with
MUTYH and in other types of gastrointestinal carcinoma. It remains to be clarified
whether there are hormesis effects in the functions of all MUTYH isoforms and
whether particular alternative splicings have a pathophysiological involvement in
other diseases besides gastrointestinal diseases.

MUTYH IN POLYPOSIS AND COLORECTAL CANCER

Until 2002, mutations in a second gene, MUTYH, besides APC, were found in patients
that presented with AFAP, in which no APC gene mutation was identified. MUTYH,
together with APC germline defects, are responsible for the majority of clinically well-
characterized patients with FAP and AFAP phenotype, and with more than 30
colorectal adenomas®*”\. In particular mutations of MUTYH are found in 7%-12% and
40% of FAP and AFAP patients, respectively, and in 26% of patients with multiple
colorectal adenomas (MRCA)P"!l. In MRCA, MUTYH mutations differed according to
the number of colorectal adenomas, being more frequent in patients with 30-99
adenomas than in those with 10-29 adenomas™.

Single polyps undergo carcinogenesis but the exact route to carcinoma seems to
differ between conditions. Patients with MAP can present with serrated adenomas,
hyperplastic/sessile serrated polyps, and mixed (hyperplastic and adenomatous)
polypsl; duodenal adenomas are common, with an increased risk of duodenal
cancer®l. In addition, gastric fundic gland polyps are common and although a higher
risk for gastric cancer (GC) than in the general population was observed, the trend was
not significantl. Extraintestinal reported features include thyroid nodules and benign
adrenal lesions!*>“],

MAP patients are characterized by a greatly increased lifetime risk for CRC (43%-
63% at age 60 years) that increases to 80%-90% in the absence of timely
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surveillancel*"l. In patients with MAP, colon cancer is right-sided in 29%-69% of cases
and metachronous or synchronous colon cancers occurred in 23%-27 %",

At first, the two non-conservative MUTYH mutations ¢.536A > G, p.Tyr179Cys
(Y179C) and c.1187G > A, p.Gly396Asp (G396D) were found to reduce the removal of
A from G:A mismatches, suggesting that a defect in MUTYH activity leads to
accumulated mutations in patients with FAP-like phenotype, referred to as MAP or
FAP2; this is the unique mechanism to induce CRC with a recessive mode of
inheritancel'l. The polyposis of this syndrome tends to be less pronounced than FAP.
However, the penetrance is very high, showing almost 100% penetrance for cancer by
the age of 55 years!”"”?l. The prevalence of MAP is around 1% in all CRC cases!”.. This
estimate rises to 2% when young-onset CRC patients are considered and to 5%-25% in
CRC patients with somatic Kras G12C substitution*’.

In contrast to APC, no relationship has been observed between the location of the
mutation and the phenotype of the disease. Mutations located throughout the entire
MUTYH have been described in MAP, but only two missense mutations, p.Tyr179Cys
and p.Gly396Asp, are the most prevalent in Caucasians and account for approximately
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75% of the reported mutations in MAP patients. Other population-specific MUTYH
mutations have been found >,

A large meta-analysis study defined the CRC risk associated with bi-allelic
mutations in the MUTYH gene as 28-fold (95%CI: 6.95-115) following logistic
regression analysis'”.. Bi-allelic carriers of the p.Gly396Asp variant and p.Tyr179Cys/
p.Gly396Asp compound heterozygotes were also significantly associated with a
similar increase in CRC risk [OR = 23.1 (95%CI: 3.15-169) and 21.6 (95%CI: 2.94-159),
respectively]. On the other hand, the risk associated with one MUTYH mutant allele is
controversiall”7”77l. Furthermore, the differences in the frequency of individual
MUTYH variants in the population have made it difficult to replicate study findings.
In particular, with regard to MUTYH p.Tyr179Cys, because of the rarity of the variant
(allele frequency 0.002), the evidence presented raises the possibility of a mono-allelic
effect for this variant'””l. Nevertheless, a two-fold increase in CRC risk was observed in
mono-allelic carriers, thus providing evidence of a mono-allelic effect of the MUTYH
gene, and was demonstrated in other studies!**”**,

ROLE OF MUTYH IN OTHER CANCERS

Mutations

For years it remained unclear whether variants in the MUTYH gene were associated
with an increased risk of other cancers beyond that of the colorectal and the results
were controversial.

Several studies have reported an increased risk of bladder, ovarian, skin, breast and
endometrial cancer for biallelic mutation carriers!***! and a slightly increased
cumulative risk in MUTYH heterozygotes for gastric, liver, endometrial and breast
Cancer[h 1,8: l,i(},i7].

Breast cancer: Previous studies on the association between MUTYH variants and the
risk of breast cancer (BC) produced controversial results!™**! and it is equally unclear
if BC is increased in women with MAP. The risk was found to be higher, with a
median age at diagnosis of 53 years (range 45-76) in the study by Vogt et all*l. Six
heterozygous MUTYH mutations, including p.Tyr179Cys, p.Gly396Asp and
p-Pro405Leu (c.1214C > T, P405L), resulted in an association in families with both BC
and CRC, but not polyposisi*! even if two years later an extensive case-control study
did not confirm the association between MUTYH variants and BC, but did not exclude
BC susceptibility®™]. An interesting result is the finding of one male with biallelic
germline MUTYH pathogenic variants in a large cohort of males with BC"l. In the
same study, no biallelic MUTYH mutations been reported in women from large BC
cohorts. In a case-control study, 930 Jewish women with a high prevalence of MUTYH
mutations were investigated for the two variants p.Gly396Asp and p.Tyr179Cys, and
patients with BC revealed a 6.7% prevalence of p.Gly396Asp!!l.

Basal cell carcinoma: Is a relatively benign skin cancer caused by UV exposure and it
is known that the DNA repair mechanisms in the skin are interconnected to protect
against UV mutagenesis, involving, other than nucleotide excision repair (NER) also
base excision and mismatch repairs'™. In a study by Cho et al”, saliva samples from
patients affected by basal cell carcinoma (BCC) were collected, DNA was extracted and
29 genes were analyzed for germline mutations. Individuals with a high frequency of
BCC (presence of metastatic prostate, primary ovarian and BC) harbored pathogenic
mutations in DNA repair genes: APC, BARD1, BRCA1, BRCA2, CDH1, CHEK2, MLH]I,
MSH2, MSH6, MUTYH, NBN, and PALB2. Individuals with germline mutations in
DNA repair genes had an increased risk of malignancy especially other skin cancers,
such as melanoma and squamous cell carcinoma, possibly due to UV exposure. These
results indicate that these patients might benefit from multigene cancer-susceptibility
panel testing, as performed for gastrointestinal cancer!™l.

Head and neck squamous cell carcinoma: The role of BER genes has also been
investigated in squamous cell carcinomas of the head and neck!™.. Development of this
tumor is a multifactorial process associated with a variety of environmental risk
factors such as tobacco and alcohol consumption, and, in this scenario, oxidative DNA
damage and BER could be involved in the development of this tumor. MUTYH, OGG1
and MTH1 germline mutations or polymorphisms have been investigated using
complete genomic sequencing in patients and controls and no pathogenic germline
mutations were identified. However, common and rare new variants in the coding and
adjacent intronic regions have been detected possibly indicating a minor role of the
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three BER genes in the tumorigenesis of sporadic head and neck squamous cell
carcinoma (SCCHN)!.

In sporadic cancers, which account for a large majority of human cancer, a
multitude of genetic and environmental components cooperate. In contrast to germ-
line mutations in DNA repair genes, which cause a strong deficiency in DNA repair
activity in all cell types, the role of missense and SNPs in sporadic cancer is unclear
because deficiencies in DNA repair are much milder. Furthermore, slow progress is
due to a lack of functional and well-designed studies.

Gastric cancer: MUTYH mutations can contribute to the development of sporadic
gastric cancer (GC) as documented by Kim et al!. They found biallelic mutations,
somatic missense in one allele and loss of the remaining allele, in GC patients with H.
pylori-positive advanced intestinal-type GC and lymph node metastasis. It has been
found that patients with GC exhibiting low MUTYH expression showed a poor
outcome when compared to those expressing high levels of MUTYH. This finding may
act as an independent predictor of poor survival in GC patients”..

An increased accumulation of 8-0x0G in nuclei and reduced expression of MUTYH
are also documented in the mucosa of patients with ulcerative colitis. In this mucosa
mutations of Kras but not MUTYH were found™. Inflamed mucosa in these patients is
known to be exposed to oxidative stress; therefore, accumulation of 8-o0xoG is
responsible for Kras mutations, thus indicating that MUTYH plays a tumor suppressor
role in ulcerative colitis as well as MAP patients!*l.

Salivary gland secretory carcinoma: Pathogenic variants of MUTYH were also
identified in salivary gland secretory carcinoma (SC), in particular acinic cell
carcinoma, an aggressive phenotype with lymph node metastasis™. This type of
tumor also demonstrated mutations in MLH1 and Serine/Threonine Kinase 11 (STK11),
genes involved in polyposis and cancer of the colon. Missense and splice site
mutations in four genes were identified as pathogenic or likely pathogenic: Serine
Protease 1 (PRSS1) (c.47C > T; A16V), MLH1 (c.1151T > A; V384D), MUTYH (c.934-2A >
G; splice site), and STK11 (c.842C > T; P281L). The most frequent mutations were in
PRSS1 gene and this is foreseeable considering that germline and somatic PRSS1
mutations are associated with hereditary, chronic pancreatitis and pancreatic
adenocarcinoma, and salivary glands are exocrine glands with a similar histology to
the pancreas!”. No significant copy number alteration was shown in these genes.
Secretory carcinoma displays a mutation spectrum well described in the cancer
genome study by Vogelstein ef all'""}; low-grade indolent tumors usually presented
mutations in PRSS1 gene, while cases with aggressive clinicopathologic features such
as lymph node metastasis and tumor recurrence also revealed mutations in MUTYH
and MLH1 genes. These findings may improve the diagnosis and treatment of
different types of secretory carcinoma, taking into account the risk stratification of
patients.

Pancreatic ductal adenocarcinoma: Pancreatic ductal adenocarcinoma (PDAC) is a
highly metastatic and chemo-resistant disease which is best treated with surgery!”. It
is also characterized by extensive fibrosis, which creates a hypoxic microenvironment
and consequently leads to intracellular oxidative stress. Given the function of BER
enzymes in protecting cells from oxidative DNA damage, they have been identified as
important regulators of resistance to a variety of chemotherapeutics. The inhibition of
their activity could represent a novel therapeutic approach for PDAC in reducing
survival of cancerous cells!'"”.. In this study, silencing of MUTYH using siRNA in a
cultured PDAC cell line reduced proliferation, increased apoptosis and finally
increased chemo-sensitivity in vitro, suggesting that MUTYH is a novel therapeutic
target for pancreatic cancer. PDAC has not or has rarely been reported in MAP
patients[®*¢>71,

SNPs

Genetic variations in DNA repair genes may modulate DNA repair ability and are
thought to be related to cancer risk, but polymorphisms of DNA repair genes are little
studied in genome-wide association studies!"™'*\. The majority of studies have
provided inconsistent results due to very limited coverage of DNA repair-related
genes, typically evaluating only a few repair genes that play a key role in the BER
pathway, such as the X-Ray Repair Cross Complementing 1 (XRCC1), OGGI, and
Apurinic/Apyrimidinic Endonuclease 1 (APEX1) genes!""'"l. These three genes are
associated with human tumor susceptibility and radiation toxicity!”.. In a study of
nasopharyngeal carcinoma (NPC) patients, some polymorphisms were reported to
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have a significant correlation with the curative effect at the end of radiation therapy,
but no influence on radiation toxicity has been reported!"’l.

Lung cancer: At first it seemed that the NER pathway had a stronger influence on lung
cancer (LC) than the BER pathway!'!l. Tobacco smoke accounts for a huge generation
of ROS species and thereby oxidative damage. Studies on the association with LC risk
focused mostly on three key genes in the BER pathway OGGI1, APE1/APEX1 and
XRCC1">1 No association was found between cancer risk and the APE1/APEX1
p-Asp148Glu (D148E, rs3136820) and XRCC1 p.Arg280His polymorphisms, while a
positive association between two gene polymorphisms, OGGI p.Ser326Cys (S326C,
rs1052133) and MUTYH ¢.972G > C, p.GIn324His (Q324H, rs3219489) or OGGI1
p-Ser326Cys alone and the risk of LC, has been reported!*'"l. This is consistent with
experimental evidence that these isoforms exhibit decreased enzyme activity. The two
polymorphic variants have been extensively studied for their roles in cancer
susceptibility and prognosis. The combined effect of both OGG1 p.Ser326Cys and
MUTYH p.GIn324His on the risk of lung adenocarcinoma has been confirmed in a
recent study performed on DNA from 326 LC cases and 330 controls by genotyping
making use of polymerase chain reaction-restriction length fragment
polymorphism!"'“. In the presence of both variants, the risk of LC was found to be
independent of tobacco smoke. In particular, it was observed that heterozygotes for
MUTYH p.GIn324His exhibited a 2-fold increased risk of LC (OR = 2.35, C.I. = 1.59-3 4,
P < 0.0001) in smokers and similarly in non-smokers (OR = 3.37, C.I. = 1.62-7.02, P =
0.001). Despite these findings, the association between MUTYH polymorphisms and
the risk of LC remains controversial and requires further verification in a larger study
population to facilitate the evaluation of multigenic effects of environmental exposure.
An in vitro analysis of MUTYH p.GIn324His showed that it has reduced enzyme
activity similar to that of the known cancer variant p.Gly396Asp, providing evidence
that this common variant may lead to increased colorectal and LC risk!""l.

Esophageal squamous cell carcinoma and GC: In a pathway-based analysis, Li ef al'**!
identified a significant association between several DNA repair pathway genes and the
risk of esophageal squamous cell carcinoma and GC. The most significant genes were
CHEK2, SMUGI1 (uracil-DNA glycosylase), TP53, but MUTYH (c.504+35A > G;
rs3219487) was associated with the risk of cancer. To date, of the DNA repair related
genes, CHEK2 remains the only one associated with cancer to be identified by genome-
wide-associated studies (GWAS).

Hepatocellular carcinoma: The involvement of MUTYH in hepatocellular carcinoma
(HCC) has been investigated by Sakurada ef al'’’. The authors found a significant
association between the intronic MUTYH SNP rs3219487 and the risk of developing
HCC. Patients with A/ A or G/ A genotypes had reduced mRNA levels in peripheral
mononuclear cells and a higher risk of developing HCC than those with the G/G
genotype (OR = 9.27, 95%CI = 2.39-32.1, P = 0.0005). Reduced enzyme activity was
also confirmed in MUTYH-null mice that did not develop any tumors after an
antioxidant-rich diet!'"],

Cervical carcinoma: To date, few reports have focused on the potential effects of the
MUTYH SNP p.GIn324His on cervical cancer. Recently this common polymorphism
has been studied in cervical squamous cell carcinoma (CSCC) to ascertain its
relationship with the risk of this cancer in a case-control group (400 CSCC, 400
precursor lesion CIN III and 1200 control participants)''®l. The results of the study
revealed that the MUTYH p.GIn324His heterozygous CAG/CAC and homozygous
CAC/CAC genotypes were associated with a significantly increased risk of cervical
cancer (CIN III, OR = 1.46) and CSCC (OR = 2.34). Moreover, the authors observed a
positive correlation between the proportion of homozygous CAC/CAC MUTYH
genotype and malignant prognostic factors of CSCC, such as cell differentiation grade
and lymph node metastasis. These findings highlight associations between the
MUTYH SNP p.GIn324His and susceptibility to CSCC and support the utility of this
variant as an early indicator of prognosis for patients at risk of cervical carcinoma and
HPV infection"".

ROLE OF MUTYH IN NON-CANCER DISEASES

Mutations
Some diseases not associated with polyposis but characterized by MUTYH mutations
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or SNPs have recently been described. These genetic events can lead to dysregulation
of MUTYH glycosylase activity with a lack of its protective antioxidant role. As organ
functions reflect the various biochemical reactions of the products of gene
transcription, changes in MUTYH expression may be detected in distinct parts of the
body and be responsible for different diseases.

Neurodegenerative diseases: Alterations in MUTYH gene or functional involvement
of the MUTYH protein in severe stress conditions can predispose to different
neurodegenerative disorders. The extreme variability of phenotypes and progression
displayed in these pathologies is probably linked to the type and location of the cell
populations in nervous tissue, and the relationships occurring among the cells
involved in the pathology.

Parkinson’s disease: Is characterized by motor deficits, mainly related to an early loss
of 40%-60% of dopamine-containing neurons in the substantia nigra. The occurrence of
8-0x0G is associated with elevated expression of MTH1, OGG1, and MUTYH proteins
in nuclear and mitochondrial DNA or cytoplasmic RNA in nigrostriatal dopaminergic
neurons that additionally show intense and diffuse MUTYH immunostaining only in
the cytoplasm"”). The major MUTYH isoform in Parkinson’s disease brain is
represented by a mitochondrial 47-kDa molecule, that might be derived from the
MUTYH type a4 mRNA containing the MTS!""”l. This molecule could play a role in
protection of the remaining neurons against possible oxidative stress factors, including
excessive oxidized lipids, proteins, and DNA!""*'?I. In contrast, Nakabeppu et al""! also
suggested that the 47-kDa molecule could have no glycosylase activity in the BER
mechanism as it lacks the DNA minor groove-reading motif.

Alzheimer’s disease: Results in a progressive loss of brain cells with a decline in
memory and cognition. Its multifactorial etiology is probably associated with a
reduction of BER efficacy, or excessive neuronal or microglial production of ROS,
including 8-0x0G generated in mitochondria during dysregulated insulin-glucose
metabolism!'*'*. Single-strand DNA breaks (SSBs) and 8-o0xoG activate the two
distinct mitochondrial DNA (mtDNA) caspase-independent/calpain and nuclear
DNA (nDNA) PARP-1-dependent death signaling pathways!'*l. At an early stage of
Alzheimer’s disease (AD), accumulation of the amyloid B (AP) protein is associated
with ROS production!'”), that induces neurodegeneration through calcium-dependent
inactivation of calpain'*'*1. In the later stages, the A and neurofibrillary deposition
blocks the repair process!”! and induces apoptosis by the PARP-1-dependent
pathway. Thus, damaged neurons stimulate a delayed inflammatory response,
microgliosis, which involves the adjacent neurons®'*'*. Sheng et al'*! demonstrated
that MTH1 and OGGI can play a preventive role to avoid harmful MUTYH-mediated
accumulation of 8-0x0G in a chemical AD model of neurodegeneration. Significant
down-regulation of APE1, OGG1, MUTYH, PARP1 and Nei Like DNA Glycosylase 1/Nei
Endonuclease VIII-Like 1 (NEIL1) genes in AD peripheral blood lymphocytes, as
compared to healthy subjects, was independent of the methylation status of gene
promoters, and probably reflected other changes occurring in the AD brain!*'.

Friedreich's ataxia: Is an autosomal recessive disease of the peripheral and central
nervous systems and is caused by defects in the iron-sulfur cluster biogenesis
consequent to a GAA trinucleotide repeat expansion within the first intron of the FXN
gene or point mutations truncating the protein*'*’l. This results in decreased levels of
the small mitochondrial protein frataxin, with consequent Fe-S cluster deregulation
associated with iron accumulation, mitochondria dysfunction and oxidative DNA
damage due to increased 8-oxo-G in microglia!**'**'*I. This induces high levels of
MUTYH and PARP-1, microglia activation, neuroinflammation and
neurodegeneration, elevated levels of arachidonic acid metabolites, such as
prostaglandins and thromboxane B2, maintained by cyclooxygenase (COX2)
overexpression induced by ROSH2%1201,

Huntington’s disease: Is a hereditary neurodegenerative syndrome causing
uncontrolled body movements, changes in behavior and a decline in cognitive
abilities. It is determined by a somatic expansion of CAG repeats ranging between
35-121 trinucleotide repeats (TNRs) in the coding region of the Huntingtin (HTT) gene.
Age onset and progression of Huntington’s disease depend on the length of the CAG
repeat expansion in germ and brain cells!”*?l. Mutant HTT protein shows an
expanded glutamine tract and is correlated with increased ROS production. Kovtun
et al'* suggested a 'toxic oxidation' model using R6/1 transgenic mice in which DNA
oxidized by ROS was subjected to an oxidation-excision cycle that was iterative with
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age, and caused a progressive CAG repeat expansion. Jaram et all”*>"*l observed an
aberrant BER pathway in which OGG1 slowly removes 8-0xoG that accumulates in the
hairpins derived from TNR region self-anneal, resulting in expanded CAG tracts. In
the presence of excessive oxidative damage, MUTYH DNA glycosylase, similar to
OGG1, may modulate the TNR expansion!'*l.

Retinitis pigmentosa: Is an inherited disease characterized by the death of
photoreceptor cells induced by oxidative DNA damage in microglia™*. In the early
phases of retinal degeneration, increased levels of 8-oxoG, SSB formation, and PARP
activation stimulate microglia during BER in the rd10 mouse model. Thus, under
oxidative DNA damage, MUTYH mediated microglial activation inducing retina
inflammation and photoreceptor degeneration!*..

Neurofibromatosis: Is an inherited dominant disease characterized by modifications
in skin pigmentation and growth of tumors along nerves near the spinal cord, or in
other parts of the body. It is associated with the development of different cancers.
Neurofibromatosis includes neurofibromatosis type 1 (NF1) caused by heterozygous
mutation of Neurofibromin 1 (NF1) gene, and neurofibromatosis type 2 (NF2), caused
by mutations in the Neurofibromin 2 (NF2) gene. Li et al'*! described a clinical case of
NF2 in a 12-year-old patient carrying MUTYH c.53C > T, p.Pro18Leu (P18L)/c.74G >
A, p.Gly25Asp (G25D) and Ataxia Telangiectasia And Rad3-Related (ATR) mutations
inherited from her father, as well as MLH1 and Checkpoint Kinase 2 (CHEK2) mutations
from her mother. As a consequence of the aberrant DNA repair mechanism, a new
NF2 germline mutation occurred in the young patient.

Novel MUTYH mutations were detected in an analysis of 39 candidate genes by
array and confirmatory Sanger sequencing!”’l. The study involved 27 cases affected by
rare mitochondrial disorders and 13 controls. At cDNA position 1307 of MUTYH,
Wang et all”" identified a heterozygous deletion (A-) regarding a single base with
amino acid substitution at position 364 (GAA > GAC), frameshift and premature
termination (TGA) at position 393 (p.E364Dfs393X), in a region involving the DNA-
glycosylase-C domain. Another sample carried both a benign MUTYH c.1535C > T,
p-Ser512Phe (S512F) variant and p.GIn324His that is considered a probable damaging
SNP.

SNPs

Different authors have focused their attention on the genetic correlation between
MUTYH SNPs and an increased individual predisposition to some non-cancer
diseases. Although most of these clinical studies should be performed on a larger
population to confirm the results, the association between MUTYH p.GIn324His
polymorphism and susceptibility to different pathologies has been specifically
suggested. The glutamine to histidine amino acid change determines a small local
modification in the electron cloud, associated with a slight reduction in DNA binding
activity, that might contribute to diminished efficacy of the BER, as the p.GIn324His
variant was considered 34% less active than the corresponding wild-typel"*l.

AD: Kwiatkowski et all**! examined SNPs in PARP1, XRCC1, and MUTYH BER-related
genes as well as the distribution of their genotypes in 110 patients with AD and 120
healthy controls from Poland. This study detected an increased risk for AD in the
genotype combinations MUTYH p.GIn324His and PARP1 ¢.2285T > C, p.Val762Ala
(V762A, rs1136410), or XRCC1 c.580C > T, p.Arg194Trp (R194W, rs1799782), or XRCC1
c.1196A > G, p.GIn399Arg (Q399R, rs25487)!"l. Lillenes et al*! investigated the
presence of SNPs in MUTYH and the other BER component genes OGG1, APE1,
polymerase [ (PolB) and polymerase y (PolG), as well as the Transcription Factor A
Mitochondrial (TFAM) gene in a cross-sectional case-control study with a total of 449
individuals from Norway, including AD affected and non-affected patients and
healthy controls. The MUTYH c.64G > A, p.Val22Met (V22M, rs3219484) SNP was
rarely detected, while MUTYH rs3219489 had the highest minor allele frequencies. To
date, no MUTYH polymorphism has been strongly associated with AD.

Keratoconus: No association was found between OGG1 p.Ser326Cys, and MUTYH
p-GIn324His polymorphisms or their combined genotypes and the occurrence of
keratoconus (KC), a non-inflammatory disease of the cornea, in an investigation
involving 205 patients with KC and 220 controls from Poland. The authors indicated
that the small sample size was the main limitation in this research*l.

Primary open angle glaucoma: Another study aimed to evaluate the association
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between XRCC1 p.Arg399GIn, XRCC1 p.Argl94Trp, OGGI1 p.Ser326Cys, MUTYH
p.GIn324His, ADP-ribosyltransferase (ADPRT), also known as PARP1, p.Ala762Val and
APE1 p.Asp148Glu SNPs and the risk of primary open angle glaucoma (POAG) in 412
Polish patients and 454 healthy subjects. MUTYH p.GIn324His and ADPRT
p-Ala762Val genotypes had a protective role in the progression of POAG, while the
combined genotypes XRCC1 p.Arg399GIn and MUTYH p.GIn324His were associated
with an increase in the risk of this pathology!*'l. These results confirmed the data from
a previous investigation by the same research team in 170 patients with POAG and 193
healthy controls, with the aim of defining the role of the XRCC1, OGG1 and MUTYH
gene polymorphisms in the development of POAG*.

Age-related macular degeneration: Synowiec et all'*! explored the relationship
between the polymorphisms MUTYH p.GIn324His, OGG1 p.Ser326Cys and age-
related macular degeneration (AMD), a disease involving the macula cells, with loss of
photoreceptors and retinal pigment epithelium, and probably related to oxidative
DNA damage associated with aging. The study was performed using DNA from the
blood of 271 patients, comprising 101 subjects with wet and 170 subjects with dry
AMD, and 105 healthy individuals. AMD was positively correlated with the C allele of
MUTYH p.GIn324His and the wet form of the disease. Nevertheless, this association
was considered weak and medically not significant!*’.

Recurrent depressive disorder: Czarny et all'*!l examined the link between OGGI
p-Ser326Cys, MUTYH p.GIn324His, NEIL1 c.*589G > C (rs4462560) SNPs and the
occurrence of depression in 555 Polish individuals, including 257 patients and 298
healthy controls. MUTYH ¢.972G/G genotype was associated with late-onset
depression, while the G allele of NEIL1 was positively related to early and late-onset
diseasel'*’l. In a small number of patients, the combination of MUTYH p.GIn324His and
NEIL1 ¢.*589G > C enhanced depression susceptibility*. In another investigation on
recurrent depressive disorder, Czarny ef al'*! analyzed 12 SNPs located in NEILI,
OGG1, MUTYH, PARP1, XRCC1, Flap Endonuclease 1 (FEN1), APEX1, DNA Ligase 1 (
LIG1), and DNA Ligase 3 (LIG3) genes in 43 patients and 59 healthy controls to evaluate
the presence of variants in depression onset. Only APEX1 c.-468T > G (rs1760944)
significantly increased the risk of depression, while NEIL1 rs4462560 reduced the risk.
Moreover, some SNPs influenced the efficiency of DNA damage repair (DRE) in
depressed individuals, such as MUTYH ¢.972G > C, while the variants MUTYH C/G
and G/G did not influence DRE. This suggested that depression is associated with
DNA damage caused by increased oxidative stress related to low DRE, in part
attributed to definite SNP variants. Finally, the authors acknowledged some
limitations in this study, such as the use of peripheral blood mononuclear cells instead
of central nervous system cells in the experiments!'*l.

Osteoarthritis: Is a chronic disease that involves articular joints and leads to cartilage
degeneration, with consequent functional impairment. The contribution of MUTYH
rs3219463 in osteoarthritis (OA) onset was evaluated in association with 5 SNPs of the
Calcium Release-Activated Calcium Channel Protein 1 (ORAI1) gene in a case-control
study including 350 OA patients and 350 age- and gender-matched healthy controls
from the Chinese Han population'*l. Carriers of MUTYH GG or GA rs3219463
genotypes and ORAI1 T allele rs7135617 showed a higher risk of developing OA.
Moreover, patients with MUTYH GG or GA rs3219463 showed increased serum
MUTYH levels than subjects with AA wild-type genotype. Dysfunction of the cartilage
Ca? signaling pathway in carriers of MUTYH G allele rs3219463 and ORAI1 T allele
rs7135617 was also found!"*".. Although these results suggested an association between
both SNPs and OA susceptibility, the authors described some limitations in the study,
such as the need for in vitro analysis to determine the mechanisms influencing OA risk
factors and the small sample size not representative of the population.

Rheumatoid arthritis: Kung et all'* evaluated the association between genotypic and
allelic distributions of the four MUTYH polymorphisms rs3219463, rs3219476,
rs3219489, and rs3219493 in a Taiwan Chinese population by comparing 92 individuals
with rheumatoid arthritis (RA), a long-term and progressive autoimmune disorder
primarily affecting the articular joint, and 192 healthy controls. The study revealed
significant differences in genotypic and allelic frequencies regarding MUTYH G/ A
and MUTYH G/G rs3219463, as well as MUTYH T/G and MUTYH T/T rs3219476 in
RA and control groups. Moreover, the genotype frequency of G/— rs3219463 showed a
significant increase in RA patients expressing the rheumatoid factor. The authors
concluded that rs3219463 and rs3219476 polymorphisms were significantly associated
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with RA susceptibility, although they highlighted the relatively small number of
subjects as a limitation in their study!*). Subsequently, another investigation found a
statistically significant low risk of developing RA in MUTYH rs3219463 G carriers
during the analysis of 368 Chinese Han RA patients from Taiwan and 364 healthy
controls!l. In addition, individuals with RA showed 8.8% higher serum MUTYH
protein levels compared to healthy controls, suggesting an association between RA
and MUTYH rs3219463 polymorphism!"*’. To date, the first investigation on reverse
insertion in the common AluYb8MUTYH (rs10527342) insertion/deletion SNP was
conducted in a selected healthy Chinese population. Homozygous status decreased
from 20 to 59 years, suggesting that this condition was related to the onset of age-
related or chronic diseases or death. Moreover, the homozygosity was associated with
increased levels of 8-0xoG in leukocytes, probably due to impaired DNA repair, as
well as a significant increase in plasma interleukin-1"*1. Subsequent studies assessed
the link between AluYbSMUTYH and different pathologic conditions.

Type 2 diabetes mellitus: The role and the incidence of AluYbSMUTYH and the other
SNPs of BER genes hMTH1 c.247G > A p.Val83Met (V83M, rs4866), and c.-53G > C
(rs56387615), c.-23A > G (rs1801129), and c.-18G > T (rs1801126) in the 5'-UTR of OGG1
were evaluated in type 2 diabetes mellitus (T2DM) during a case-control study in a
Chinese population. In the analysis by Cao et al™! AluYbSMUTYH “A/P+P/P”
genotype frequency was significantly higher in diabetic patients than in healthy
controls. Moreover, the genetic combinations between the AluYbSMUTYH “A /P+P/P”
and the hMTH1 G/ A variant or the three heterozygous OGGI genotypes had a
synergistic effect that prejudiced the repair of DNA damage induced by oxidative
stress and determined an increased risk of T2DM. A previous case-control study of 565
T2DM patients and 565 healthy controls from China found a slight increase in the
percentage of AluYb8MUTYH allele P (44.7% vs 40.3%) in T2DM patients compared to
controls!"!l.

Chronic kidney disease: A recent study of a Spanish population, including 548
patients and 174 controls, aimed to identify 38 SNPs from 31 candidate genes
associated with chronic kidney disease (CKD) and other related diseases, such as
hypertension, diabetes and inflammation"”. CKD shows a progressive and
irreversible loss of renal function and is associated with high genomic instability and
the presence of positive markers of inflammation. Of the examined variants in BER
genes, the genetic change MUTYH ¢.1014G > C, p.GIn338His (also known as ¢.972G >
C, p.GIn324His), rs3219489, was not associated with CKD!'".In contrast, an
association between MUTYH rs3219489 and genomic instability was revealed by a
recent study on polymorphisms in genes of BER, nucleotide excision repair, phase II
metabolism, and antioxidant enzymes in 415 CKD patients and 174 controls*.

End-stage renal disease: Cai ef al*! reported a Chinese case-control study on end-
stage renal disease (ESRD) in which OGG1 Ser326Cys (c.977C > G), MTH1 p.Val83Met,
MUTYH p.GIn324His (c.972G > C), and AluYb8MUTYH were examined in 337 patients
on hemodialysis (HD) and 404 healthy controls. The frequency of the MUTYH
¢.972G/G and the AluYbSMUTYH insertion (A/P or P/P) genotypes were statistically
higher in HD patients than in controls. Moreover, the combination of MUTYH
c.972G/G and AluYbSMUTYH A/P or P/P genotypes or OGGI c.977G/G further
increased the risk of ESRD and the leukocyte DNA 8-0x0G levels in HD patients'.
Another study by Cai et al'* investigated the effects of OGGI ¢.977C > G, MUTYH
c.972G > C, and AluYbSMUTYH polymorphisms on chronic inflammation due to
oxidative stress in HD patients, and evaluated the plasma levels of the pro-
inflammatory cytokines interleukin-1p (IL-1p) and IL-6. The study included 167
patients and 66 healthy controls. HD patients showed significantly increased levels of
IL-1p and IL-6. In addition, patients carrying the ¢.972G/G genotype had higher IL-13
levels than patients with the MUTYH ¢.972C/C variant and the AluYbSMUTYH
genotype was strongly related to increased levels of both IL-13 and IL-6 in HD
subjects. The combination of AluYbSMUTYH with OGG1 ¢.977C > G or MUTYH
¢.972G > C genotypes was significantly associated with IL-1p and IL-6 levels in HD
patients!*. Patients with the combination of MUTYH ¢.972 C/G or G/G genotypes
and AluYb8MUTYH A /P or P/P genotypes showed significantly higher IL-1p3 and IL-6
levels compared to those with ¢.972 C/C and A/ A genotypes!'>l.

Idiopathic pulmonary fibrosis: Is an interstitial lung disease characterized by
extracellular matrix deposition and a poor prognosis. By analyzing 277 patients and
810 healthy controls, Zhou et al*'*" found that idiopathic pulmonary fibrosis was
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associated with mitochondrial reduced expression of MUTYHI protein as well as the
presence of the variant AluYbSMUTYH. Of the three genotypes observed and defined
by the presence (P) or absence (A) of the AluYb8 insertion, the P/P genotype showed
unstable mtDNA. Moreover, this was correlated with early age-associated
accumulation of ROS-induced oxidative DNA damage in lung tissues and a reduced
capacity of DNA repair leading to increased 8-oxoG in dysfunctional
mitochondria™ '), Indeed, AluYbSMUTYH decreased the rate of mtDNA turnover,
reduced the expression of type 1 MUTYH protein and affected MUTYH-induced BER
in mitochondrial"*!.

CONCLUSION

This review highlights the alterations in MUTYH gene and/or deregulated activity of
MUTYH glycosylase, which causes a lack of its anti-oxidant function against the onset
of non-polyposis diseases. In order to increase our understanding of the involvement
of MUTYH in the pathogenesis of diseases different to colon polyposis and CRC, we
analyzed and summarized the current literature concerning this topic. We evaluated
the role of MUTYH on susceptibility to developing cancers and diseases such as
neurological and ocular degenerative disorders. As the mechanisms of DNA repair are
very important in protecting humans from cancer and avoiding disease, we also
evaluated the incidence of genetic variants and SNPs in MUTYH gene able to influence
the onset of neoplastic and non-neoplastic disorders.

The risk of CRC in MAP patients was reported to range from 43% to 63% at age 60
years and up to 80%-90% in the absence of timely surveillance. It is less certain in
MUTYH mono-allelic carriers even though a two-fold increase in CRC risk has been
reported in some studies, which is small and not clinically relevant. This may be due to
several factors, such as the rarity of the allele, and possible modifying effects such as
increased risk in cases with early age of onset. MUTYH alterations have also been
reported in other cancers. Mutations in this gene can contribute to the development of
sporadic GC and may act as an independent predictor of poor survival in patients
affected by this tumor. The same cannot be said for BC in which the association with
MUTYH variants has resulted in controversial findings. Pathogenic variants of
MUTYH were also identified in SC, in particular acinic cell carcinoma, an aggressive
phenotype with lymph node metastasis, and in individuals with a high frequency of
basal cell carcinoma. Both tumors also had mutations in other genes. Increased
knowledge of the mutation spectrum may improve the diagnosis and treatment of
these types of carcinoma, taking into account the risk stratification of patients. Patients
affected by these two cancers might benefit from multigene cancer-susceptibility panel
testing, similar to that for gastrointestinal cancer. Interestingly, MUTYH may be a new
therapeutic target for PDAC, as its inhibition has been shown to reduce the survival of
cancer cells and increase chemo-sensitivity in vitro.

With regard to neurological degeneration in stress conditions, the MUTYH 47-kDa
molecule could have a protective anti-oxidative stress function in the remaining
healthy neurons in patients with Parkinson's disease. In AD, a correlation between
MUTYH ¢.972G > C SNP and polymorphisms of other BER genes was observed.
However, another study confirmed that no MUTYH polymorphism was strongly
associated with AD. In Friedreich's ataxia, high levels of MUTYH were observed as
consequence of decreased levels of frataxin, responsible for Fe-S cluster deregulation
and oxidative DNA damage due to increased 8-oxo-G in microglia. In Huntington's
disease, the alteration of MUTYH with aberrant BER may influence the trinucleotide
expansion in HTT protein correlated with increased ROS production. MUTYH might
also have a role in RP, since in conditions of severe oxidative DNA damage it mediates
microglial activation with retina inflammation and photoreceptor degeneration.
Finally, an aberrant DNA repair mechanism resulting in MUTYH mutation has been
reported in NF. SNPs of DNA repair genes are little studied in genome-wide
association studies due to a very limited coverage of these genes and to small patient
populations. However, recently a robust study reported a 2-fold increased risk of LC
in heterozygotes for MUTYH p.GIn324His, independent of tobacco smoke. Other
findings reported evidence of increased colorectal and LC risk in the presence of the
same variant. The involvement of MUTYH in HCC has been well studied. A
significant association between the intronic MUTYH SNP (rs3219487) has been found
as well as reduced enzymatic activity in MUTYH-null mice that did not develop
tumors after an antioxidant-rich diet. MUTYH p.GIn324His has been associated with
significantly poor prognostic factors in cervical carcinoma, such as cell differentiation
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grade and lymph node metastasis. Interestingly, these findings support the use of this
variant as an early indicator of prognosis for patients at risk of cervical carcinoma and
HPV infection. MUTYH SNP (rs3219489) and AluYb8MUTYH insertion/deletion
polymorphisms have also been suggested to significantly increase susceptibility to the
development of other diseases, such as T2DM, OA and AR.

Therefore, we conclude that the involvement of MUTYH mutations and/or genetic
variants or alterations in the corresponding proteins could have the potential to
identify new predictive and diagnostic biomarkers for diseases other than MAP.
Moreover, MUTYH modifications could represent therapeutic targets to develop more
efficient treatment approaches and strategies for these diseases.
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