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Abstract

Background & objectives: Folate is a UV-labile vitamin, critical
to maintenance of DNA synthesis and repair mechanisms. Evi-
dence supports a number of folate-dependent enzymes as being
UV-responsive, suggesting that the activity of pathways operating
through such enzymes may differ between geographic areas of
varied UV exposure. Therefore, we explored the possible associa-
tion of global UV levels with the prevalence of common polymor-
phisms in folate-metabolism enzymes. Methods: Data from the
PubMed electronic database was collated for the polymorphisms
MTHFR-C677T, MTHFR-A1298C, ¢SHMT-C1420T, TYMS 28bp
2R>3R, TYMS 3'UTR ins/del and DHFR 19bp deletion. Data ex-
tracted were analysed by the latitude of the study locations, as a
surrogate measure of population UV exposure. Results: Frequen-
cy of the MTHFR-C677T and MTHFR-A1298C polymorphisms
was positively associated with latitude, while a negative associa-
tion was observed between latitude and frequency of the cSHMT-
C1420T and TYMS 28bp 2R>3R variants. Conclusions: These
findings provide novel evidence suggestive of folate genotypes
being selected to maintain homeostasis between folate-dependent
de novo thymidylate synthesis and methylation pathways in envi-
ronments of differing UV levels. To the authors’ knowledge, this
is the first study to report significant associations between latitude
and the occurrence of MTHFR-A1298C, TYMS 28bp 2R>3R and
cSHMT-C1420T polymorphisms. On-going studies are required to
further explore the biological significance of these findings.

Introduction

Evolution by natural selection is the principle mechanism of adap-
tive biological change, the simplest yet most important theory
in the life sciences. The role of evolution is central to health and
disease, with the application of evolution to medicine referred to
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as evolutionary medicine or Darwinian medicine. Evolutionary
medicine complements traditional science-based medicine, and is
an approach that highlights humankind’s slow adaptation to a rap-
idly changing environment, and which examines our continuing
susceptibility to disease within the context of continuing evolu-
tion. This approach has utility in exploring the ‘hows’ and ‘whys’
of biology, exploring not only the cause of disease, but reasons
for its long-term occurrence.! The need for an approach offering
a more holistic and comprehensive view of the body and disease
is highlighted in the quote by evolutionary biologist Theodosius
Dobzhansky: “Nothing in biology makes sense, except in the light
of evolution”.? The usefulness of applying evolutionary principles
to medicine becomes apparent when we view the human body as
what it truly is, a product of natural selection, with a particular
focus on our reproduction, and not our health or well-being, being
favoured by evolution.

Passing on genetic material is the prime objective of any liv-
ing species, with the maintenance of this material’s stability being
fundamental to the maintenance of life. A primary dichotomy that
challenges this objective is the fact that DNA, the carrier of our
genetic information, is a chemical entity that is under constant as-
sault by endogenous and environmental agents. Arguably the most
pervasive environmental agent that attacks DNA is solar ultravio-
let radiation (UVR), a potent genotoxic agent capable of inducing
DNA damage and decreasing genomic stability.>* The effect of
UVR on DNA is accredited to the DNA nucleobases of irradiated
cells absorbing photons in the UV region, resulting in several cyto-
solic effects, mutagenic DNA lesions and DNA strand breaks.? To
counteract such biological effects, organisms such as humans have
evolved a number of cellular repair mechanisms.

The study of DNA damage and repair pathways is clearly im-
portant when considering the biological relevance of these path-
ways in disease processes. DNA damage-response pathways are
some of most important in cancer development, with genomic
instability being a key feature of these diseases.>® DNA damage
is also linked to neurodegenerative disorders, with the accumula-
tion of DNA lesions in neurons being associated with Alzheimer’s,
Huntington’s and Parkinson’s diseases.”® Alterations in DNA
damage-response pathways have been further associated with im-
mune deficiency, infertility, premature aging and the development
of atherosclerosis.”!!

Folate, a water-soluble B-vitamin, plays an essential role in
DNA stability and repair due to its actions as a cofactor for folate-
dependent enzymes involved in nucleotide synthesis and DNA
methylation.!? Therefore, since folate status modulates both genet-
ic stability and DNA methylation, these critical indices are deter-
mined by both dietary intake and the activity of a number of folate
metabolism enzymes, many of which exist in polymorphic form.!3

Numerous forms of natural folates may exist in the cell.'*
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Fig. 1. 5,10-methyleneTHF synthesis and utilization in the cell. 5,10-methyleneTHF acts as the cofactor in both the de novo thymidylate and homocysteine remethylation
pathways in the nucleus and cytoplasm respectively. First generated by the action of cSHMT, this vitamer can be used in the TYMS-catalysed conversion of dUMP to thymidylate,
generating DHF. DHFR then catalyses the reduction of DHF back to THF in order to fuel further cycles of thymidylate synthesis. Alternatively, this substrate may be redirected

toward the remethylation process catalysed by the MTHFR enzyme.!4-16

Folate, as 5,10- methylenetetrahydrofolate (5,10-methyleneTHF)
acts as the cofactor in both the de novo thymidylate and methio-
nine pathways. The enzymes that constitute the de novo thymi-
dylate pathway include cytosolic serinehydroxymethyl transferase
(cSHMT), thymidylate synthase (TYMS) and dihydrofolate re-
ductase (DHFR). These enzymes form a multienzyme metabolic
complex, which translocates to the nucleus during S (DNA repli-
cation) and G2/M (DNA damage checkpoint) phases, and is re-
quired for biosynthesis of the nucleotide precursor, thymidylate,
which is critical to DNA synthesis and repair. This mechanism
uses 5,10-methyleneTHF, although, alternatively, 5,10-meth-
yleneTHF may also be redistributed towards the methionine
pathway. This latter metabolic process involves the folate- and
B,,-dependent remethylation of homocysteine for genomic and
non-genomic methylation, catalysed by the enzyme methylene-
tetrahydrofolate reductase (MTHFR) through a non-reversible
process (Fig. 1).'316 Therefore, a balance exists in how folate is
distributed between these two metabolic pathways, with competi-
tion for the 5,10-methyleneTHF cofactor existing at the nexus of
these pathways.

Similar to the DNA nucleobases, folate vitamers are capable of
absorbing UVR and are now established as being photosensitive.
The absorption of UV radiation by folates ranges from 280-370
nm, indicating that these compounds absorb a spectrum of wave-
lengths that include UV-C, UV-B and UV-A radiation. In the pres-
ence of UVR, reduced folates may undergo irreversible oxidative
cleavage into by-products of pteridine and p-aminobenzoylgluta-
mate, both of which lack vitamin activity.!”-!® In a biological con-
text, photosensitive folates circulate in the vascular system, along
with a number of compounds including the flavins and porphyrins,
which are natural photosensitizers. Upon UVR exposure, these
compounds react to produce reactive oxygen species (ROS), which

have the potential to readily oxidise circulating folates.!*2!

One of the most UV-sensitive folates is 5-methyltetrahydro-
folate (5-methyl THF), produced via the activity of the MTHFR en-
zyme.'# Alongside the vitamer, the MTHFR enzyme itself has also
been found to be UV-responsive. In a 2012 study by Yafei et al, ep-
idemiological data showed a significant association between UVR
exposure and population frequency of the T allele of a common
genetic variant of the MTHFR gene (MTHFR-C677T).?? Interest-
ingly, UV levels have also been shown to influence activity of the
c¢SHMT enzyme, with a preliminary study observing translation of
this enzyme as increased significantly in UV-exposed cells.?? This
finding provides novel evidence to suggest a potential relationship
between UV levels and the enhanced activity of the DNA repair
multienzyme complex, of which cSHMT is a part, during times of
UV-induced DNA damage.'¢

Common gene variants within this multienzyme complex are
likely to modulate cellular response to UVR through alteration of
the ability of these enzymes to utilize folate and translocate to the
nucleus. Candidate polymorphisms in this context include ¢SH-
MT-C1420T, a common gene variant in ¢cSHMT which results in
an amino acid substitution that prevents the multienzyme complex
from undergoing localization to the nucleus.?* Two candidate poly-
morphisms exist for the 7YMS gene, one being the 7YMS double
or triple 28-base pair tandem repeat (7YMS 28bp 2R>3R) that oc-
curs at the promoter region of the enzyme and the second being
the TYMS 6-base pair insertion (7YMS 3'UTR ins/del) variant that
occurs in the enzyme region containing binding sites for regulatory
proteins and mRNA.?2¢ Carriage of the 3R and insertion alleles
for these variants results, respectively, in higher translation effi-
ciency and negatively altered mRNA stability.?>?¢ Furthermore, a
polymorphism of the DHFR enzyme resulting in a 19bp deletion
within the site of a key regulatory sequence has been theorized
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Table 1. Gene frequency information for folate polymorphisms
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Total Minimal Frequency Maximal Frequency (ollated Hardy-
Polymorphism Studies, n A A 3

Subjects, #  Frequency Latitude Frequency Latitude ¥requency® Weinberg
SHMTI-C1420T (rs1979277) 25 12,126 0.25 44.5 0.61 17.4 0.36 0.464
MTHFR-C677T (rs1801133) 41 23,570 0.08 17.4 0.47 45.5 0.34 0.772
MTHFR-A1298C (rs1801131) 19 7,029 0.09 28.6 0.40 38.4 0.31 0.628
TYMS-28bp 2R>3R (rs34743033) 35 10,109 0.38 58.2 0.74 34.1 0.53 0.576
TYMS-3'UTR ins/del 11 2,357 0.25 36.72 0.56 39.9 0.39 0.655
(rs16430/rs151264360)
DHFR 19bp deletion (rs70991108) 12 2,142 0.26 39.9 0.57 29.4 0.42 0.740

aCollated frequency was calculated as the average frequency of the polymorphic allele, and was used in Hardy-Weinberg equilibrium testing of each polymorphism.

to exhibit negative effects on the expression and activity of this
enzyme.?’

Competition in the distribution of 5,10-methyleneTHF between
thymidylate biosynthesis and remethylation pathways indicates
that common MTHFR variants (C677T and A1298C) may also al-
ter activity of the multienzyme complex in thymidylate production
during DNA repair. Furthermore, these polymorphisms are associ-
ated with decreased MTHFR enzyme activity and hence alter the
pool of 5,10-methyleneTHF substrate available for other biosyn-
thetic pathways in the folate system (i.e. thymidylate/methionine
biosynthesis).2%28

Given the new evidence that indicates key metabolism enzymes
of the folate system are capable of responding to UV and UV-in-
duced damage, it has been hypothesized that functionality of the
DNA repair complex will reflect UV exposure. It is suspected that,
to counteract possible increases in UV-induced DNA damage, a
greater requirement for the nuclear localization of this multien-
zyme complex and the availability of 5,10-methyleneTHF sub-
strate is needed in the case of high UV exposure. The aim of this
study was, therefore, to explore the possible association of global
UV levels on the prevalence of polymorphisms in key folate me-
tabolism enzymes.

Methods
Polymorphism data

A collation of data for the polymorphisms MTHFR-C677T
(rs1801133), MTHFR-A1298C (rs1801131), cSHMT-C1420T
(rs1979277), TYMS 28bp 2R>3R (rs34743033), TYMS 3'UTR ins/
del (rs16430/rs151264360) and DHFR 19bp deletion (rs70991108)
was performed using a computerized search of the PubMed da-
tabase. All searches took place before 10/04/2016 using the key
terms of ‘serinehydroxymethyl transferase’, ‘methylenetetrahy-
drofolate reductase’, ‘thymidylate synthase’ and ‘dihydrofolate
reductase’ or their abbreviated forms (SHMT, MTHFR, TYMS/TS,
DHFR) along with their respective gene variants: MTHFR-C677T
and A1298C, cSHMT-C1420T, TYMS 28bp 2R>3R and 3'UTR ins/
del and DHFR-16bp deletion.

Of the returned results, studies containing a healthy cohort or
control groups consisting of 40 participants or more as part of their
study design were included for analysis. Included studies had been
undertaken in Africa and the Eurasia region, including all of Eu-
rope and the southwestern parts of Asia. Studies from the African
and Eurasia region were chosen in accordance with them being

well defined, and containing populations with relatively limited
admixture; each population was predominately archaic in respect
to skin pigmentation and other factors likely to influence the degree
of cellular UV damage. Human’s second “out-of-Africa” migra-
tion encompasses these global areas, with this divergence giving
rise to Caucasian/European/Middle Eastern/south Asian ancestral
components, which was followed by a migration back to Northern
Africa.?® From reported studies found to fit the outlined selection
criteria, genotype frequencies of control groups or healthy cohorts
were recorded. Location of each study was documented.

Global UVR levels

The African and Eurasian global regions cover a wide latitudinal
range, with geographic latitude being a static surrogate measure of
global UV-levels. Geographic latitude is a routinely used measure
for UVR exposure; this applicability is supported by the finding
of Cahoon ef al demonstrating that latitude of residence explains
the greatest proportion of variability in daily individual UV expo-
sure.?? The latitudinal location of each study was used as a sur-
rogate measure of population UV exposure in the present study.
Latitude coordinates provided online (http://www.findlatitudeand-
longitude.com/) were used.

Statistical analysis

Genotype data from selected studies were used to calculate allele
frequency in the control or healthy cohort study groups. Allele
frequency was tested against the corresponding study’s latitudinal
location. Statistical analysis was performed using JMP (version 11;
SAS Institute Inc., Cary, NC, USA). Association between allele
frequencies and the study latitudinal position was examined using
a regression analysis. Hardy-Weinberg equilibrium was tested for
each polymorphism using the ? test.

Results

According to the search results and defined exclusion criteria, a
total of 51 studies were found suitable for analysis (Supplementa-
ry information S1). These selected studies, combined, represented
28,678 healthy individuals living in Africa and the Eurasia area.
Frequency of polymorphisms did not deviate from Hardy-Wein-
berg equilibrium; information on frequency data for each variant
is outlined in Table 1.
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Relationship between frequency of MTHFR polymorphisms and
latitude

Frequency of the MTHFR-C677T T allele in the Eurasia region
is shown in Figure 2. Frequency of the polymorphic T allele was
found to be significantly positively associated with latitude, with an
increase in degrees of latitude being associated with an increase in
polymorphism frequency (+2=0.14, p=0.017). Similarly, a positive
latitude-dependent relationship was seen for the polymorphic C al-
lele of the MTHFR-A1298C variant (+2=0.37, p=0.005) (Fig. 2).

Relationship between frequency of SHMT-C1420T and latitude

The T allele frequency of the ¢SHMT-C1420T polymorphism
across Eurasia is shown in Figure 2. A significant negative lati-
tude-dependent relationship was detected for carriage of the T al-
lele, with occurrence of the cSHMT-C1420T polymorphic allele
decreasing with increase in latitude (°=0.73, p<0.001).

Relationship between frequency of TYMS/DHFR polymorphism
and latitude

Analysis of TYMS 28bp 2R>3R frequency in reported African and
Eurasia studies found a significant negative relationship between
latitude and frequency of the 3R allele (*=0.12, p=0.039) (Fig. 2).
A negative trend was observed for the frequency of the TYMS 6bp
ins/del gene variant across Africa and Eurasia, but this was not
significant (+>=0.28, p=0.096). Additionally, no significant rela-
tionship between latitude and DHFR 19bp deletion frequency was
found (2=0.05, p=0.496) (Fig. 2).

Discussion

The findings presented herein indicate an association between
UV exposure and the activity of enzymes cSHMT, TYMS and
MTHFR, with results supporting those documented for the distri-
bution of the MTHFR-C677T variant.?? Interaction between genes,
termed epistasis, is a phenomenon increasingly highlighted in the
area of genetic epidemiology. The results of this study suggest the
existence of epistatic actions between folate metabolism enzymes
within two key metabolic pathways: those associated with DNA
synthesis and repair, as well as remethylation processes. In review-
ing these findings in concert with those of previous studies, plau-
sible biological and evolutionary models may be proposed for the
association of UVR on the folate system.

Given the importance of both methylation and de novo thy-
midylate biosynthesis processes and their obligate need to utilize
5,10-methyleneTHF, a strong rationale exists to examine genetic
variation in key enzymes involved in both pathways in the context
of the UVR influence on folate metabolism. This study documents
a positive association between frequency of MTHFR-C677T and
MTHFR-A1298C polymorphisms and latitude, with increases in
latitude significantly associated with increased frequency of the
polymorphic allele of these variants. The MTHFR polymorphisms
are associated with an up to 70% decline in enzymatic activity,
impairing methylation processes in the cell and resulting in eleva-
tions in homocysteine.3! These variants are additionally proposed
to result in a more robust de novo thymidylate biosynthesis as a
consequence of declining amounts of 5,10-methyleneTHF be-
ing available for irreversible reduction to 5-methylTHF via ac-

tion of the MTHFR enzyme. This event increases the amount of
5,10-methyleneTHF available to be channelled into de novo thy-
midylate synthesis.3? The positive association between frequency
of MTHFR-C677T and MTHFR-A1298C polymorphisms and lati-
tude documented in the current study suggests that in areas closer
to the equator, which are increasingly exposed to UVR, activity
of the MTHFR enzyme reflects greater functional competency be-
cause of the absence of the MTHFR polymorphisms. This begs
the question as to whether there may be a tendency for MTHFR
activity, and hence methylation and thymidylate pathways to be
modulated by a changing UV environment.

The current study documented a negative association between
frequency of both the TYMS 28bp 2R>3R and ¢cSHMT-C1420T
variants and latitude, with increases in latitude significantly asso-
ciated with a decline in frequency of these polymorphisms. The
folate-mediated enzymes TYMS and cSHMT, alongside DHFR,
are components within a nuclear multi-enzyme complex located
at the replication fork during DNA replication and repair. The
complex is responsible for synthesis of the DNA precursor, thy-
midylate, working alongside a group of ‘replitase’ enzymes (DNA
polymerase, ribonucleotide reductase, thymidine kinase and NDP
kinase) which act as the DNA replication and repair apparatus.’
Impaired activity of the folate-dependent enzyme complex in this
system results in uracil being misincorporated into DNA in the
place of thymine, with subsequent DNA instability.??

Activity of the thymidylate synthase enzyme is the rate limit-
ing step in this complex, responsible for synthesizing the thymine
precursor, thymidylate, during DNA repair.2> Two functional
polymorphisms associated with expression of this enzyme were
explored in this study, with the TYMS 28bp 2R>3R variant found
to be significantly associated with latitude. The 3R allele for this
variant is associated with a 2—4 fold increase in expression of the
TYMS enzyme, as a result of the effect of this variant on the trans-
lation efficiency of TYMS.3* Consequently, turnover of 5,10-meth-
yleneTHF via the TYMS enzyme is proposed to be greater in 3R3R
individuals, with a decrease in this vitamer and an increase in ho-
mocysteine levels previously observed in such individuals.3>-3¢ Ob-
served elevations in homocysteine in 3R3R individuals imply the
methylation pathway is being hindered in favour of de novo thy-
midylate synthesis. The negative association between frequency of
the TYMS 28bp 2R>3R and latitude recorded in the current study
suggests that in geographic areas exposed to increasing levels of
UVR, activity of the TYMS may be enhanced via the presence of
this variant, possibly at the expense of methylation processes.

The association between TYMS 28bp 2R>3R and latitude sug-
gests a potential trend towards de novo thymidylate biosynthesis
being enhanced in geographic areas increasingly exposed to UVR,
as a likely mechanism to counteract increases in UV-induced DNA
damage. However, this is challenged by the negative association
between frequency of the ¢SHMT-C1420T variant and latitude
documented in this study. This association implies that in locations
exposed to greater UVR, the nuclear localization of the multien-
zyme complex is increasingly inhibited via the cSHMT-C1420T
polymorphism.

In humans, the SHMT enzyme exists in two isoforms, with the
¢SHMT gene encoding the cytosolic/nuclear enzyme (cSHMT)
and the mSHMT gene encoding a mitochondrial SHMT enzyme.
These isoforms have distinct cellular roles but possess high se-
quence identity (66%) and comparable enzyme properties.’’ A
preliminary study has reported that the mSHMT enzyme allows
for functional redundancy in cases where activity of the cSHMT
enzyme is inhibited, and is up-regulated in cells lacking cSHMT
during DNA replication and repair cell phases.>* With respect to
this, the negative association between frequency of the c¢SHMT-
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C1420T variant and latitude documented in this study may indicate
that activity of the de novo thymidylate synthesis pathway is in-
creasingly impaired in populations exposed to higher UVR, but the
burden of this variant is unclear due to mSHMT likely maintaining
¢SHMT activity in such cases. However, analysis of ¢cSHMT and
mSHMT gene sequences finds the mSHMT gene likely originally
arose from the ¢cSHMT gene.?® This proposes an interesting ques-
tion; does the existence of two SHMT isoforms in the body serve
to support activity of thymidylate biosynthesis in varying UV en-
vironments?

Associations between the frequency of MTHFR-C677T, MTH-
FR-A1298C, TYMS 28bp 2R>3R and c¢SHMT-C1420T poly-
morphisms and latitude indicate a distinct but differential clinal
response to UVR. Each association suggests an independent mech-

anism by which the de novo thymidylate synthesis and remethyla-
tion pathways may be influenced by UV environment. However, in
considering all associations en masse, the findings do not appear to
point to a tendency of folate genotype to be selected in a manner
that favours specific pathways in folate metabolism in particular
UV environments, as hypothesized. Instead, these findings provide
novel evidence to suggest folate genotypes are selected to maintain
homeostasis between de novo thymidylate synthesis and methyla-
tion processes at differing UVR levels. This is supported by associ-
ations between latitude and both MTHFR polymorphisms, as well
TYMS 28bp 2R>3R, with these variants associated with elevations
in homocysteine levels in previous studies. Preliminary studies in-
dicate that in cases where these polymorphisms occur together, an
exacerbated build-up of homocysteine in the cell may occur. Popu-
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lation frequency of both MTHFR variants and 7YMS 28bp 2R>3R
were demonstrated to have reciprocal frequencies, suggesting that
frequency of these polymorphisms occur in a manner that limits
the incidence of their combined effect on the methylation pathway,
permitting activity of the methylation pathway to be sustained in
differing UV environments.

There are limitations to the current study; the number of studies
providing sufficient data for frequency of the 7YMS 3'UTR ins/del
and DHFR 19bp deletion polymorphisms was relatively low. Fur-
ther study power is required to assess if there is a relationship be-
tween these gene variants and UVR. Furthermore, studies review-
ing the relationship between UVR and human biology are hindered
by the infeasibility of measuring extended UVR exposure of popu-
lations. Static ecological variables, such as latitude, are therefore
commonly used as surrogate measures of UVR exposure. The use
of latitude as a UVR measure is based on the relationship of lati-
tude with solar zenith angle, with this angle smallest at the equator
and increasing as latitude increases towards the poles. Increases in
the solar zenith angle reflect an increase in the path sunlight travels
through the atmosphere, where the amount of UVR reaching the
Earth’s surface is reduced through scattering and absorption.>® A
further limitation of the current study is that levels of UVR may be
influenced by a number of additional geographical and meteoro-
logical factors, such as cloud cover, surface reflectance and alti-
tude.*? However, as outlined, latitude explains the greatest propor-
tion of variability in UV exposure over other such measures,’° with
the correlation between latitude and UVR levels well represented
by satellite data (Fig. S1). Consequently, a number of preliminary
studies have used study latitude as a confident measure of UVR
exposure; however, additional indices of UV exposure, such as UV
index, have also been used.*'~** Future studies may benefit from
utilizing a number of measures of UV exposure, whilst consider-
ing additional factors that may influence UV radiation levels, to
further elucidate the role of UVR on folate metabolism.

It was initially hypothesized that DNA repair would be en-
hanced in high UVR locations, through the increased activity of
the thymidylate synthesis pathway. This was examined by assess-
ing associations between frequency of polymorphisms in key me-
tabolism enzyme genes and latitude, with findings unsupportive of
this hypothesis but suggesting that folate genotypes are selected
to maintain homeostasis within the folate system. Given the con-
sequences of genotoxic stress, counteracting DNA damage in the
body may take the form of firstly, DNA repair mechanisms being
enhanced, or secondly, preventing DNA damage through strength-
ening the integrity of the epidermal barrier between UVR and our
UV-labile molecular components. Whilst study findings seem to
not support folate genotype being selected to enhance DNA repair
pathways in high UVR environments, the relationship between
UVR and folate is proposed to have a role in strengthening our
epidermal barrier.

The range of skin pigmentation observed in humans is an appar-
ent adaptation to UVR levels differing by latitude.*> The vitamin
D-folate hypothesis highlights a potential role for folate in prevent-
ing DNA damage through driving the evolution of skin pigmenta-
tion. This hypothesis proposes the cline in skin pigmentation is an
adaptive response to UVR and the need to protect vitamins that are
key to ensuring reproductive success. This hypothesis suggests the
evolution of dark skin protected against UV loss of folate, and the
occurrence of lighter skin tones in areas of low UVR allowed for
adequate vitamin D synthesis.*> The present findings suggest a po-
tential homeostasis in the folate system that is maintained in differ-
ing UVR environments via folate gene epistasis. This is supported
by the evidence that human skin pigmentation has evolved in par-
allel to our UVR environment, as a likely mechanism to maintain a

balanced biological influence of UVR, irrespective of latitude. The
presented findings are not inconsistent with the vitamin D-folate
hypothesis, but many other mechanisms have been reported as fac-
tors that drive the evolution of our skin phenotype.*’

In showing significant associations between latitude as a sur-
rogate measure of UVR and the frequency of four gene poly-
morphisms that influence folate cofactor partitioning in folate
metabolism, the present findings may provide new insight into
folate-related diseases. Since the 1990s, folate status and genetics
have been linked to a plethora of diseases, many of which stem
from impaired DNA-thymidylate and methylation pathways, and
include adverse prenatal, oncogenic, cardiovascular and neuro-
logical outcomes.*® Folate status and genotype are independent
but interacting risk factors in these outcomes, with occurrence of a
number of these diseases also showing seasonal variability and re-
flecting changes in global UVR levels.*7-*° Given that the epistatic
interactions presented here are key to folate-related thymidylate
and methylation pathways, it seems likely that environmental fac-
tors such as UVR will prove to be an important determinant of
disease occurrence in future studies.

The folate-dependent gene variants MTHFR-C677T, MTHFR-
A1298C, TYMS 28bp 2R>3R and ¢SHMT-C1420T exhibit a dif-
ferential global occurrence in response to UVR. Frequency of the
variant allele decreases towards the equator for the two MTHFR
variants, but increases for the 7YMS and SHMT variants. Based on
these findings, the authors hypothesize that a potential homeosta-
sis exists in the folate system that is maintained in differing UVR
environments via folate-related gene epistasis. Such a mechanism
would be driven by the UVR sensitivity of folate. Adaptation in the
form of optimal folate-related gene epistasis and skin pigmentation
would be selected to maintain provision of folate coenzymes for
crucial methylation and DNA-thymidylate biosynthetic processes.
Future research is required to examine the extent to which folate-
related epistatic interactions respond to environmental cues, such
as UVR exposure.

Future exploratory work should examine whether this “clinal”
response in folate homeostasis is an adaptive component within
current models of the evolution of skin pigmentation (the vitamin
D-folate hypothesis). Furthermore, the relevance of this environ-
ment-diet-gene interaction to the patho-aetiology of contemporary
disease needs to be explored with a considered approach, taking
into account interactions between skin pigmentation, UVR expo-
sure, folate status and folate-related gene epistasis. An improved
understanding of the relationship between the folate system, UVR
environment, and folate-related health outcomes may provide
new insight into humankind’s continued vulnerability to these
diseases. This study provides the first evidence of an association
between latitude and the occurrence of MTHFR-A1298C, TYMS
28bp 2R>3R and cSHMT-C1420T polymorphisms, and is first to
introduce the idea of UVR environments influencing folate-related
gene epistasis; with this having far reaching consequences for both
evolutionary constructs and mechanisms of disease.

Conclusion

This study documented associations between frequency of MTH-
FR-C677T, MTHFR-A1298C, TYMS 28bp 2R>3R and c¢SHMT-
C1420T polymorphisms and latitude as a surrogate measure for
UVR. Frequency of the MTHFR-C677T and MTHFR-A1298C
polymorphisms were found to be positively associated with lati-
tude, with a negative association between latitude and frequency
of the cSHMT-C1420T and TYMS 28bp 2R>3R variants also ob-
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served. These findings provide novel evidence to suggest that
folate genotype is selected to maintain homeostasis between folate
de novo thymidylate synthesis and methylation pathways in envi-
ronments of differing UV levels. To the authors’ knowledge, this
is the first study to report significant associations between latitude
and the occurrence of MTHFR-A1298C, TYMS 28bp 2R>3R, and
cSHMT-C1420T polymorphisms. On-going studies are required to
further explore the biological significance of these findings, and
the relevance of these findings to human phenotype and disease.
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