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Abstract

Efficient DNA repair is essential to maintain genomic integrity. An average of 30,000 base lesions
per cell are removed daily by the DNA glycosylases of the base excision repair machinery. With
the advent of whole genome sequencing, many germline mutations in these DNA glycosylases
have been identified and associated with various diseases, including cancer. In this graphical
review, we discuss the function of the NTHL1 DNA glycosylase and how genomic mutations and
altered function of this protein contributes to cancer and aging. We highlight its role in a rare
tumor syndrome, NTHL1-associated polyposis (NAP), and summarize various other
polymorphisms in NTHL1 that can induce early hallmarks of cancer, including genomic instability
and cellular transformation.

Introduction

DNA repair mechanisms are critical in maintaining genomic stability and efficient cellular
replication. Specifically, the base excision repair (BER) pathway processes about 30,000
damaged base lesions per cell per day [1]. The key players for the initiation of BER, DNA
glycosylases, recognize and remove specific base damages, such as oxidized or alkylated
bases resulting in an apurinic/apyrimidinic site. In the case of monofunctional glycosylases,
apurinic/apyrimidinic endonuclease 1 (APE1) cuts the DNA backbone 5’ to the abasic site,
leaving a gap with a 5’deoxyribose phosphate (5’dRP) (Fig. 1A). DNA polymerase B (Pol B)
removes the 5’dRP and fills in the single nucleotide gap. Bifunctional glycosylases,
including NTHL1, remove the damaged base, cleave the DNA backbone and create a single-
strand gap harboring modified 3’ends, which require remodeling by enzymes including
APEL1 and polynucleotide kinase (PNK) phosphatase. Pol  fills the gap and the nick is
sealed in combination with ligase Il1la-X-ray cross-complementing protein (XRCC1) [1].
Bifunctional glycosylases (NTHL1, OGG1, NIEL1/2/3) can perform both glycosylase and
lyase functions unlike monofunctional glycosylases (MBD4, MYTYH, MPG, SMUGL,
TDG1, UNG) that contain only glycosylase activity [1].
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Defects in DNA repair pathways have been associated with various diseases, including
cancer [1]. Cancer progression is a multistep process from tumor initiation, due to mutations
and genetic alteration, to cellular transformation leading to tumor growth and metastasis.
DNA glycosylases are the first line of defense in the BER pathway to prevent cellular
mutations. If mutations occur in these glycosylases, it may lead to increased mutagenesis in
the cells and possibly genomic alterations. Hence, the need to understand the implications of
BER proteins in disease progression is widely appreciated and requires further investigation.
Here, we focus on the bifunctional glycosylase NTHL1, and review its function in BER,
aging and cancer.

NTHL1 and its importance

NTHL1, a bifunctional DNA glycosylase, belongs to the endonuclease 111 family, and is
evolutionarily conserved from Escherichia coli (Nth-Eco) to Saccharomyces sp. (Nth-Spo),
and mammals including mice and humans (NTHL1) (Fig. 1B) [2, 3]. Each of these NTHL1
homologues is comprised of an evolutionarily conserved catalytic Endolll structure in the C-
terminal tail which contains a helix-hairpin-helix (HhH) motif and an iron-sulfur binding
cluster (FES). Interestingly, the mammalian NTHL1 contains additional residues in the N-
terminal tail, and is thought to have a regulatory function in mouse and humans [4]. Though
not fully characterized, the N-terminal region of human NTHL1 is less conserved compared
to mice (53% identity, 68% similarity) and is structurally disordered in comparison to the
rest of the protein (84% identity, 92% similarity) [5].

In human and mouse, the N-terminal tail has three clusters of basic residues that harbor the
nuclear localization signal (NLS) and one mitochondrial transit peptide (MTP) sequence.
Several studies have indicated localization differences between the mouse and human
NTHLL1. Ikeda et al. have shown that human NTHL1 exclusively localizes to the nucleus,
and mouse NTHL1 localizes to the mitochondria, while others have seen that both have dual
transport abilities to either organelle [3, 6]. Although not fully understood, this region is
probably important in regulating protein transport and may provide additional regulatory
mechanisms in the complex BER pathway of evolutionarily advanced life forms.

Human NTHL1 is known to excise oxidized pyrimidine lesions, including thymine glycol
(Tg), 5-hydroxycytosine (5-OH-Cyt), 5-hydroxy-6-hydrothymine (5-OH-6-HThy), 5-
hydroxycytosine (5-OH-Cyt), 5,6-dihydrouracil (5,6-DHU), and purine derived 2,6-
diamino-4-hydroxy-5-formamidopyrimidine (Fapy) and 5-hydroxyuracil (5-OH-U),
indicating the importance of this enzyme in the removal of oxidative pyrimidine damage
(Fig. 1C) [2, 5, 7]. Interestingly, /n vivo studies found that NTHL1-deficient mice lacked the
ability to remove Tg but not 5-OH-Cyt or 5-OH-6-HThy, indicating that compensatory
activity from other glycosylases may serve as an additional defense to maintain genomic
integrity [7].

NTHL1-Associated Polyposis and cancer

Recently, a germline variant of NTHL1, p.Q90*, has been associated with a rare colorectal
cancer (CRC) syndrome called NTHL1-associated polyposis (NAP) (Fig 2). This variant is
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rare in the European population (Mutant Allele Frequency= 0.0023) shown by the Exome
Aggregation Consortium (ExAC) database [8]. This pathogenic variant has a nonsense
mutation, changing a glutamine to a premature stop codon [9]. The p.Q90* variant is
predicted to lack a DNA binding domain and glycosylase activity. This extremely rare
syndrome (0.014%) was initially identified in the germlines of seven patients [8].
Interestingly, all individuals developed adenomatous polyps which has been a key feature of
this tumor syndrome. Since these initial studies, other families have been observed to carry
this mutation with either a homozygous p.Q90* mutation or heterozygous mutations
(p.Q90*/c.709+1G>A and p.Q90*/p.Q287%*) [8]. From these studies, the p.Q90* NTHL1
variant is now known to have a highly-penetrant predisposition to adenomatous polyposis
while also having a high risk for developing colorectal cancer (CRC), breast cancer, and
various other malignancies [8, 10]. To date, NAP is associated with a spectrum of benign
and malignant tumors but further investigation into this syndrome is needed to accurately
define the cancer risk and susceptibility.

In mice harboring an NTHL1 targeted deletion (NTHL "), there was no evidence of any
gross phenotypic abnormalities, including spontaneous development of tumors. However,
they did have a deficiency in the genomic repair of pyrimidine oxidative lesions, as
expected, with increased endogenous levels of Fapy in the liver [7, 11, 12]. The Tg levels
however remained below detection level in both wild-type and NTHL ™~ mice. Other studies
in human organoids have shown that a deficiency in NTHL1 results in a unique mutational
signature (signature 30 characterized by C->T transition) [13]. This unique signature was
also observed in a breast cancer patient harboring another germline nonsense mutation of
NTHL1, p.Q287*, indicating that an NTHL1 deficiency can lead to a multi-tumor phenotype
[8, 10]. These findings highlight the importance of germline DNA repair defects and their
consequences in cancer.

NTHL1 variants and cancer

With the advent of genomic sequencing, many single nucleotide polymorphisms (SNPs) in
NTHL 1 and other BER genes have been catalogued in the human population. These have
been mapped to both exonic and intronic sequences, often resulting in functional variants of
NTHLZ1 protein [8, 14, 15]. However, as these germline SNP alleles are rare, their
correlation to human diseases has remained elusive due to inadequate statistical power. The
cumulative contribution of these rare variants is expected to be more pronounced in the
population in determining susceptibility to human diseases. Alternate approaches using
molecular techniques will be important to define these variants in the etiology of cancer and
other diseases.

Specific cellular and biochemical studies have identified key amino acids in NTHL1, which
if mutated, can alter its enzymatic activity, lesion recognition or DNA binding abilities. Our
work on two different SNPs in NTHL1 has shown that these induce cellular transformation
(Fig. 3A) [14, 15]. SNP rs3087468 is found in 6.2% of population, results in a single amino
acid substitution variant of NTHL1, D239Y, which renders the glycosylase inactive [14].
Expression of this variant in non-transformed mammary epithelial cells led to genomic
instability, a hallmark of cancer. The inability of D239Y to repair DNA lesions resulted in
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increased double stranded breaks (DSBs) and chromosomal aberrations. These defects
accumulated in S and G2/M phases, which was perhaps a consequence of replication fork
collapse at unrepaired DNA lesions. Within 2—3 passages, we observed an increase in
anchorage independent growth, focus formation and cell invasion indicating that cellular
transformation had occurred.

Another rare SNP (rs2302172) resulting in a missense mutation, R33K, had no effect on the
enzymatic activity or substrate specificity of NTHL1, but led to similar cellular
transformation [15]. How a conservative arginine-to-lysine mutation induces cellular
transformation without altering enzymatic activity remains an interesting question. R33K is
located in the disordered N-terminal region, unique to mammalian cells. This region has
been previously shown to negatively regulate NTHL1 activity by inhibiting product release
[4]. Conversely, it can also stimulate NTHL1 activity by mediating homodimerization of
NTHL1 or interaction with transcription factor Y box-binding protein 1 (YBX-1) [16, 17].
Interestingly, the lysine 63 residue in the N-terminal tail is a site for ubiquitination by
TRIM26, hence regulating its degradation [18]. These data suggest that the N-terminal tail
of NTHL1 has evolved as a critical regulatory mechanism in complex DNA repair pathways
of advanced life forms. Mutations in this region may interfere with this tight regulation and
lead to instability.

Various other mutations in NTHL1 catalogued in the database of single nucleotide
polymorphisms (dbSNP) have been functionally characterized. Using biochemical assays,
four NTHLZ1 variants, Q90X, Y130X, R153X, Q287X, were found to be defective in
repairing exogenously induced 5-OH-U lesions [19]. This led to an increased accumulation
of somatic mutations, particularly C->T, in human cells. Taken together, above mentioned
studies have identified many variants of NTHL1 with a capacity to induce mutagenesis and
cellular transformation. Whether the mechanism relies on the differences in the interacting
proteome of NTHL1 variants and their altered regulation in BER pathways requires further
investigation.

In addition to mutations, NTHL1 is reported to be upregulated in cancer. Among various
BER genes, NTHL1 was overexpressed in Non-small cell lung cancer (NSCLC) [20]. In a
clinical study of urothelial cancer patients, high NTHL1 expression negatively correlated
with disease-free survival characterized by local recurrence of resected tumor or metastasis
[21]. However, the overall NTHL1 expression remained insignificant in prognosis of grade
or overall survival. In cellular models, overexpression of NTHL1 led to replication stress and
cellular transformation (Fig. 3B) [20]. Overexpression of a catalytically inactive NTHL1
also resulted in similar effects. Hence, the resultant phenotypes were observed irrespective
of its enzymatic activity, suggesting potential contributions from interacting proteins. One
possible mechanism was attributed to its interaction with XPG, a critical player in
homologous recombination (HR) repair of DSBs. The authors showed that NTHL1
overexpression decreased HR, possibly by sequestering XPG, and a switch to the error prone
non-homologous end joining (NHEJ) pathway [20]. This study revealed a balance between
NTHL1 expression and other DNA repair pathways, and that dysregulation can potentially
impact the progression of cancer.

DNA Repair (Amst). Author manuscript; available in PMC 2021 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Das et al. Page 5

NTHL1 in ageing

Increased oxidative stress and defects in DNA repair pathways have been long associated
with accelerated ageing. Telomeres are classically known for maintenance of genomic
stability and a marker for ageing, as the telomere length decreases with each cell cycle.
Telomeric DNA is susceptible to damage by oxidative agents and can induce a persistent
DNA damage response [22]. In a striking study, Vallabhaneni et a/. discovered that
NTHL1~~ mice significantly compromised telomeric integrity (Fig.4) [12]. NTHL™~ MEFs
isolated from these mice accumulated DNA lesions in telomeric sequences compared to non-
telomeric loci. Various telomeric defects were evident, including fragile telomeres, 53BP1
positive foci and chromatid exchange. Overall, telomere length was not affected
spontaneously, but the exogeneous addition of pro-inflammatory 1L-6 induced significant
attrition. In a telomerase null background, NTHL1 deletion led to shortening of telomeres
and the activation of Chk1/2 regulated DNA damage response. No follow-up studies are yet
reported testing if NTHL1 associates with telomeric sequences or the proteins responsible
for telomeric maintenance.

In vitro studies revealed no significant NTHL1 activity in repairing the telomeric Tg lesion,
unlike NEIL1 and NEIL3 [23]. It is important to note that these experiments were performed
on telomeric sequences assembled into quadruplex DNA /i vitro and may be limited in
identifying the role of NTHLL1 in telomeric maintenance in whole organism. This is reflected
in significant associations of NTHL1 with human longevity, discovered in two independent
studies. In a case controlled 11-year longitudinal study in the Danish population, a rare
allelic variant of NTHL1, rs3211994, was discovered to be significantly associated with
longer lifespan, especially males [24]. In another study on genotyped participants of
Framingham Heart Study cohort, out of 550,000 SNPs, a rare SNP in the intronic sequence
of NTHL1 (rs2516739) emerged among the top 40 candidates significantly associated with
longevity [25]. These results are very promising and warrant future investigation into the
function of NTHL1 in maintaining telomeric integrity and ageing.

Conclusion

We conclude that genomic polymorphisms in NTHL1 and its altered function compromise
genomic integrity and induce cancer-associated phenotypes. However, future investigations
are necessary to determine the underlying mechanisms and explore the potential to confer
individual susceptibility to cancer.
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Figure 1.
NTHLZ1 structure and function. (A) The first step in BER is the removal of the damaged base

by a DNA glycosylase [1]. Upon removal of the damaged base by a monofunctional DNA
glycosylase, an endonuclease (APE1) cleaves the DNA phosphate backbone to the abasic
site, creating a single nucleotide gap. Pol B then fills in the gap. Bifunctional DNA
glycosylases, including NTHL1, remove the damaged base, cleave the DNA phosphate
backbone, and create a gap with modified 3’ ends of phosphate (P) or phospho-a.,p-
unsaturated aldehyde (PUA), then remodeled by enzymes APE1 or PNK. This is followed
by gap filling by Pol . The XRCC1 ligase then seals the nick. (B) NTHL1 is evolutionarily
conserved between human, mouse, yeast, Drosophila, plant species like Arabidopsis sp. and
the E. coliendonuclease Nth. Each of these homologues is composed of a conserved
catalytic Endolll structure in the C-terminal which contains a helix-hairpin-helix (HhH)
motif and the iron-sulfur binding cluster (FES). The N-terminus is less conserved, is
structurally disordered and not completely characterized in these homologs. The nuclear
localization signal (NLS) and mitochondrial transit peptide (MTP) are present in both
human and mouse species. Yeast Nth1 has a longer N-terminal tail that is reported to contain
a calcium binding EF hand motif. (C) NTHL1 has DNA glycosylase activity primarily on
oxidized pyrimidine lesions such as Tg, 5-OH-Cyt, 5-OH-6-HThy, 5-OH-Cyt, 5,6-DHU,
FapyG and 5-OH-U [2, 5, 7].
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Figure 2.
NTHL1-associated polyposis. A germline NTHL1 p.Q90* variant is associated with a rare

colorectal cancer (CRC) syndrome called NTHL1-associated polyposis (NAP) affecting
0.014% of the population. The NAP syndrome is associated with various other cancers as
well, such as breast, bladder, endometrial cancers, meningioma, and basal cell carcinoma.
Studies in human organoids and breast cancer patients have shown that a deficiency in
NTHL1 leads to development of a unique mutational signature (signature 30, characterized
by C->T transition) in normal cells [13].
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Figure 3.

Altered NTHL1 function leads to genomic instability and cell transformation. (A) Germline
variants of NTHL1 arising from rare SNPs found in the human population have altered
function in DNA repair pathways. Cells expressing D239Y that renders the NTHL1
glycosylase inactive accumulate DSBs, chromatid breaks and fusions [14]. Similarly,
another variant R33K, despite having unaltered function in lesion recognition and
glycosylase/lyase activity, induces chromosomal aberrations [15]. The mechanism is not
known but is hypothesized to be due to possible differences in the interacting protein
partners of NTHL1, many of which remain unidentified. The expression of either the D239Y
or R33K variant results in phenotypes associated with cancer, including increased
proliferation, cellular transformation, and anchorage independent growth. (B) When NTHL1
is overexpressed, an increased replication stress is observed accompanied with a decrease in
DSB repair by HR [20]. This is attributed to sequestration of a key HR associated protein,
XPG, by NTHL1. NTHL1 overexpression ultimately results in micronuclei, a marker of
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genetic instability and cellular transformation. Together, these defects in repair and genomic
instability may induce tumorigenesis.
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Figure 4.
NTHL1 maintains telomeric integrity. NTHL1 knockout mice (NV7+~") show multiple

telomeric defects [12]. Mouse embryonic fibroblasts and bone marrow-derived cells
exhibited a spontaneous increase in fragile telomeres, 53BP1 positive double stranded
breaks in telomeric loci and sister chromatid exchange of telomeres. Upon dual knockout of
NTHL 1 and telomerase reverse transcriptase (7ERT) (NTH™~TERT™"), spontaneous
telomere attrition was observed, significantly higher than 7ER7~~ mice. Application of
exogenous oxidative stress also led to telomeric attrition, replication fork failure and
activation of Chk1/2 resulting in apoptosis.
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