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uman mutations in MTHFDI

have recently been identified in
patients with severe combined immuno-
deficiency (SCID). SCID results from
inborn errors of metabolism that cause
impaired T- and B-cell proliferation and
function. One of the most common
causes of SCID is adenosine deaminase
(ADA) deficiency, which ultimately
inhibits DNA synthesis and cell division.
MTHFD1 has been shown to translocate
to the nucleus during S-phase of the cell
cycle; this localization is critical for syn-
thesis of thymidyate ({TMP or the “T”
base in DNA) and subsequent progres-
sion through the cell cycle and cell prolif-
Identification of MTHFDI
mutations that are associated with SCID
highlights the potential importance of
adequate dTMP synthesis in the etiology
of SCID.

eration.

Introduction

Primary immunodeficiencies (PIDs)
can be a consequence of rare inborn errors
of metabolism resulting in immunological
insufficiencies. Severe combined immuno-
deficiency (SCID), generally considered
the most severe type of PID, is defined by
impaired adaptive immunity and T- and
B-cell function. PIDs and SCID can result
from defects in nucleotide, carbohydrate,
amino acid, or lipid metabolism as well as
from mitochondrial disorders." Recently,
expanded newborn screening has revealed
that the prevalence of SCID is about twice
as high as previously estimated." Agnostic
genome-wide DNA discovery approaches,
such as whole-exome sequencing (WES),
have also revealed previously unidentified
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genetic causes of SCID, which have impli-
cated new metabolic pathways and associ-
ated nutritional exposures that may
interact with and modify genetically-sensi-
tized immunological phenotypes. In
2011, a girl presented with SCID com-
bined with several features of impaired
folate/vitamin Bj,-dependent one-carbon
metabolism, including megaloblastic ane-
mia, hyperhomocystenemia, and methyl-
malonic aciduria. Exome sequencing
revealed 2 deleterious mutations in the
MTHFDI gene.2 More recently, 4 addi-
tional MTHFD1-deficient patients have
been identified using similar approaches.’
Subsequent studies in fibroblasts from the
original patient revealed that impaired
thymidylate (dTMP) synthesis, leading to
genome instability, was the primary meta-
bolic defect causally related to SCID.*
While inborn errors in the adenosine
deaminase (ADA) gene and other purine
synthesis genes are classically associated
with SCID, this is the first study to pro-
vide evidence that impaired folate-depen-
dent de thymidylate (dTMP)
synthesis could contribute to the etiology
of SCID, and suggests the potential for
nutrition-based regimens for management

and prevention of SCID.

novo

Causes of SCID

All cases of SCID involve diminished
T-cell proliferation and function, and
most cases also involve insufficient B-cell
proliferation.1 Therefore, mutations that
influence any basic cellular process that
impair T-cell and/or B-cell survival and/or
proliferation may present as SCID."’
Infants with SCID are susceptible to
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life-threatening recurrent infections, espe-
cially respiratory and gut infections."’
Many cases of SCID are treatable and can
be managed with stem cell transplantation
or enzyme replacement therapy, highlight-
ing the importance of early detection and
diagnosis.'

SCID does not have a single etiology.
It may result from genetic mutations in
pathways involved in cytokine produc-
tion, immuloglobin formation (i.e. VD]
recombination) and synthesis of T-cell
antigen receptors.G Processes involved in
DNA synthesis, DNA repair, and cell
division have also been implicated,
including impaired function of cell cycle
checkpoint proteins and components of
the replication machinery such as heli-
cases and repair proteins.6 However, the
etiology of immunodeficiencies includes
inborn errors of metabolism, including
impairments in micronutrient and mac-
ronutrient  metabolism.”  Adenosine
deaminase (ADA) deficiency is the classi-
cal metabolic cause of SCID, and
accounts for 15-20% of all SCID cases.®
ADA functions in purine catabolism, and
its deficiency results in the accumulation
of the toxic metabolites deoxyadenosine

(dAdo) and deoxyadenosine triphosphate

ribonucleotide reductase (RNR), a key
enzyme in the conversion of deoxyribo-
nucleotide triphosphates (NTPs)
dNTPs. Under normal physiological
conditions, dATP regulates RNR activity
through feedback inhibition. The accu-
mulation of dATP in ADA deficiency
leads to impaired synthesis of other DNA
precursor dNTPs, resulting in impaired
DNA replication and repair, DNA dam-
age, and apoptosis. Although dAdo and
dATP accumulation may cause SCID
other
genes that encode enzymes that function

to

through multiple mechanisms,’

in purine metabolism, including purine
nucleotide phosphorylase (PNP), are
associated with less severe combined
PNP  deficiency
causes accumulation of deoxyguanosine
triphosphate (dGTP), which also inhibits
RNR, perturbs dTNP  pools and
decreases rates of DNA synthesis.” The
identification of MTHFDI mutations as
a potential contributor to the etiology of
SCID emphasizes the importance of
nucleotide biosynthesis to SCID pheno-
types and expands the causal pathways to
include de novo nucleotide biosynthesis,

immunodeficiencies.

and also raises the possibility for the

involvement of nutritional factors,

Folate and One-Carbon
Metabolism

Impairments in folate-mediated one-
carbon metabolism (FOCM) have been
shown to be associated with risk for con-
genital anomalies, certain cancers, neuro-
degeneration and vascular disease and
cognitive decline.'®* Folate, also known
as vitamin Bo, is a water-soluble vitamin
found in fresh fruits and vegetables or as
an oxidized, synthetic pro-vitamin known
as folic acid. Folic acid is available as a
dietary supplement and is added to forti-
fied foods and converted to natural folate
in cells to serve as a cofactor. FOCM
refers to a highly interconnected network
of intracellular reactions that utilize folate
and are necessary for synthesis of 3 of the
4 nucleotide bases in DNA (purines aden-
osine (A) and guanosine (G) and thymidy-
late (dTMP)) and for the remethylation of
homocysteine to methionine (Fig. 1.1
of FOCM
capacity are commonly used to assess the
function of de novo dTMP synthesis and
homocysteine remethylation, but are lack-

Functional biomarkers

ing for de novo purine biosynthesis.
Impaired dTMP leads

increased uracil (dU) misincorporation

synthesis to

(dATP). These metabolites inhibit including folate, in the etiology of SCID. into DNA, DNA damage, impaired cell
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Figure 1. One-carbon metabolism in the cytoplasm and nucleus. The products of one-carbon metabolism, purines, thymidylate (dTMP) and methionine
are shown in red. Sources of one-carbon units are shown in green. Formate generated in the mitochondria serves as the major source of one-carbon
units for cytoplasmic and nuclear one-carbon metabolism. Serine is also a source of one-carbon units. Enyzmes that translocate to the nucleus during S-
phase of the cell cycle are surrounded by dashed-line boxes. THF, tetrahydrofolate; dTMP, thymidylate; MTHFD1, methylenetetrahydrofolate dehydroge-
nase 1, (S) synthetase activity, (C) cyclohydrolase activity, (D) dehydrogenase activity; SHMT1, cytoplasmic serine hydroxymethyltransferase; TYMS, dTMP
synthase; MTR, methionine synthase; AdoMet, S-adenosylmethionine; AdoHcy, S-adenosylhomocysteine; MTHFR, methylenetetrahdryfolate reductase.
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division, and megaloblastic anemia. Bio-
markers of impaired homocysteine reme-
and
capacity include depressed plasma methio-
nine and S-adenosylmethionine (SAM,
the principal methyl donor co-factor in

thylation cellular  methylation

cellular metabolism), elevated plasma
homocysteine and S-adenosylhomocys-
teine, chromatin hypomethylation, and
altered gene expression.

Inherited disorders of folate- and vita-
min Bj,-dependent one-carbon metabo-
lism are often characterized by both
elevated homocysteine/impaired methio-
nine synthesis and impaired de novo thy-
midylate  biosynthesis  leading  to
megaloblastic anemia. Elevated homocys-
teine is a biomarker for cardiovascular and
cerebrovascular disease,'® although lower-
ing homocysteine levels does not improve

1
outcomes. 7

9 Homocysteine levels are
regulated through the activity of methio-
nine synthase (MTR), betaine homocyste-
ine methyltransferase (BHMT), and
cystathionine 3 synthase (CBS). While
folate deficiency can impair both de novo
thymidylate synthesis and homocysteine
remethylation, mutations that impact
homocysteine metabolism and result in
elevated homocysteine in the absence of
impairments of de novo thymidylate bio-
synthesis (such as severe MTHFR defi-
ciency) do not result in megaloblastic
anemia, which is caused by impaired de
novo  thymidylate biosynthesis.  The
MTHEFR 677C>T polymorphism, which
has an allelic frequency as high as 70% in
some populations,”’?* is associated with
5-methylTHF
lower rates of methionine synthesis, ele-

decreased production,
vated homocysteine, and a low folate sta-
tus but improved de novo thymidylate
biosynthesis.>

Folate-dependent pathways and folate-
utilizing enzymes within the cell compete
for a limited amount of available folate
cofactors, and this competition is most
pronounced for binding the cofactor 5-
10-methylenetetrahydrofolate (5,10-
methyleneTHF). 5, 10-methyleneTHF
exists at a branch point in FOCM, and is
either used directly for dTMP synthesis or
irreversibly methylated to form 5-meth-
yITHF  for methionine synthesis.24
MTHEDI is the primary source of folate-
activated one-carbon units for de novo
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dTMP biosynthesis and homocysteine
remethylation, and plays a key role in reg-
ulating the partitioning of 5,10-methyle-
neTHF  to homocysteine
remethylation or de novo dTMP synthesis.

MTHED]1 establishes this metabolic pri-
4,25

either

ority through its nuclear localization.
In the cytosol and nucleus, MTHFDI is a
trifunctional enzyme that serves as a pri-
mary entry point of chemically-activated
single-carbon units into one carbon
metabolism, by converting formate and
THF to 10-formylTHF through its syn-
thase domain, and by catalyzing the
NADPH-dependent interconversion of
the one-carbon substituted folate cofactors
10-formylTHF and 5,10-methyleneTHF
through the cyclohydrolase/dehydroge-
nase (C/D) activity (Fig. 1).”> Serine
hydroxymethyltransferase  (SHMT) can
also generate 5,10-methyleneTHF using
serine as a one-catbon source for dTMP
synthesis and homocysteine remethylation
in the nucleus and cytoplasm, but it makes
relatively minor contributions to 5,10-
methylene THF pools (Fig. 1).%*

Recent studies have demonstrated that
nuclear localization of MTHFD1 regu-
lates the partitioning of 5,10-methyle-
neTHF between
remethylation and de novo thymidylate
biosynthesis. ~ The  folate-dependent
enzymes of the de novo thymidylate

homocysteine

cycle, including thymidylate synthase
(TYMS), dihydrofolate reductase
(DHFR), MTHFDI1, and SHMT1/
SHMT2a«, translocate to the nucleus
during the S-phase of the cell cycle and
in response to UV radiation in mamma-
lian cells.”>?® These enzymes form a
complex with the DNA replication com-
plex to synthesize dTMP at sites of DNA
synthesis.”” Recently, we have shown
that MTHFDI1, which is the primary
source of one-carbon units for 5,10-
methyleneTHF and dTMP synthesis,
translocates to the nucleus in response to
folate deficiency and that it colocalizes
with SHMT1, which serves as a scaffold
for the dTMP synthesis enzyme com-
plex.”>*” Increased MTHFD1 nuclear
enrichment during folate deficiency shifts
the flux of one-carbon units in the form
of 5,10-methyleneTHF from methionine
synthesis, which occurs in the cytoplasm,
to nuclear dTMP synthesis.
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Vitamin Bj, deficiency has also been
linked to impaired de novo dTMP biosyn-
thesis. It is required for the methionine
synthase-dependent conversion of homo-
cysteine to methionine, which regenerates
THF from 5-methylTHF in the cyto-
plasm. In vitamin B;, deficiency, THF
cannot be regenerated, causing folate co-
factors to accumulate as 5-methylTHF.
This comes at the expense of the availabil-
ity of THF for other folate-dependent
reactions such as purine and dTMP syn-
thesis, thus creating a functional folate
deficiency. This “methyl trap” then leads
to impaired DNA synthesis and megalo-
blastic anemia.”®

One-Carbon Metabolism
Pathways and SCID

Inborn errors in two FOCM genes
have been implicated in SCID, among
other adverse pathologies. Hereditary
folate malabsorption (HFM) is caused by
mutations in the proton-coupled folate
transporter (PCFT), which is responsible
for intestinal folate uptake.””?° HEM
patients exhibit severe folate deficiency,
often with megaloblastic anemia and
SCID, and can develop neurological
symptoms in the absence of parenteral
folate treatment.”” Similarly, patients with
deleterious mutations in transcobalamin
(TC, product of the TCN2 gene), which
is responsible for transporting vitamin By,
to peripheral tissues after
absorption, also exhibit megaloblastic ane-

intestinal

mia, SCID, and numerous neurological
impairments.”’ > The lack of vitamin
B, within the cell leads to accumulation
of intracellular folate as 5-methylTHF
and a functional deficiency of other folate
cofactors (by forming a “methyl trap” as
described above). Impaired vitamin B,
metabolism and vitamin By, deficiency
have also been associated with impaired
bone marrow function and immunologi-
cal complications,®® sometimes in con-
junction with megaloblastic anemia.
However megaloblastic anemia due to
vitamin B, deficiency does not always
present  with an impaired immune
response.

Inborn errors of metabolism can result

in metabolic impairments that may be
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managed and/or ameliorated with nutri-
tional interventions that include dietary
restrictions or nutrient supplementation.
For example, the low tissue folate and
abnormal hematological measures that
characterize HFM can often be reversed
with high-dose reduced folate treat-
ment.>>*® Similarly, patients with TC
deficiency also exhibit clinical responses to
vitamin By, therapy.”” However, there
can be significant inter-individual varia-
tion in responses to these nutrient-based
therapies,””*® likely due to the complexity
of gene-nutrient interactions that underlie
the biochemistry and physiology of

human metabolism.*’

The Role of MTHFD1 Mutations in
Folate Pathways and SCID

Mthfdl has been shown to be an essen-
tial gene in mice, and human MTHFDI
single-nucleotide polymorphisms are asso-
ciated with adverse pregnancy outcomes,
including neural tube defects and congeni-
tal heart defects.®®** The recently
reported patient with severe MTHFDI
deficiency presented with SCID and other
classical signs of impaired vitamin B,
metabolism including elevated plasma
homocysteine, decreased plasma methio-
nine and megoblastic anemia. The pro-
band was shown to have inherited
deleterious mutations in both MTHFDI
alleles.” One allele resulted in an early
stop codon in the C/D domain and the
other resulted in a R173C mutation in the
NADP binding site. /n vivo studies com-
paring proband and matched-control
fibroblasts revealed that patient fibroblasts
expressed 50% less full-length MTHFD1
protein  and displayed compromised
methionine and dTMP synthesis; de novo
purine  synthesis not affected.
MTHFD1-catalyzed incorporation of for-
mate-derived
methionine (a cytoplasmic process) was
reduced by 90% in the patient’s fibro-
blasts, while formate incorporation into

was

one-cartbon units into

dTMP (which occurs in the nucleus) was
reduced by only 50%." The decrease in de
novo dTMP synthesis was associated with
a 15% increase in uracil misincorporation
into DNA and severe DNA damage. Fur-
ther studies showed that the MTHFD1

e1112479-4

protein was preferentially shuttled to the
fibroblasts.  This
increased nuclear translocation helped to
protect nuclear dTMP synthesis at the
expense of cytoplasmic methionine syn-
thesis, which limited uracil misincorpora-
tion into DNA. The mechanisms by
which MTHFD1 the
nucleus and “responds” to impaired
dTMP synthesis are currently under
investigation.

It is likely that the impairment in

nucleus in patient

translocates to

dTMP synthesis, and not homocysteine
remethylation, is responsible for the
patient’s SCID phenotype. There are
numerous inborn errors in homocysteine
remethylation and transsulfuration that
are associated with high plasma homocys-
teine levels, but those that do not result in
decreased dTMP synthesis (CBS defi-
ciency, severe MTHFR deficiency) are not
associated with hematological impair-
ments including megaloblastic anemia or
SCID.'® These findings highlight the
importance of de novo dTMP synthesis in
maintaining genome stability, and by
extension cell viability. The lack of associ-
ation between elevated homocysteine and
SCID in other inborn errors of metabo-
lism suggests that the presentation of
SCID in the MTHFD1-deficient proband
is likely caused by impaired dTMP syn-
thesis. MTHFD1-deficient patient fibro-
blasts also exhibited
vYH2AX levels, which serve as a marker of
DNA double-strand breaks, relative to
control fibroblasts. Interestingly, fibro-
blasts from SCID patients with ADA defi-
ciency did not exhibit impaired de novo

increased nuclear

dTMP synthesis or increased nuclear
YH2AX levels relative to control fibro-
blasts,* indicating that MTHFD1 and
ADA deficiency cause SCID by distinct
mechanisms that are independent of

DNA damage.

Conclusion

Impaired purine nucleotide metabo-
lism (as in ADA deficiency) and DNA
synthesis have been shown to be causal in
several types of SCID and other less severe
PIDs.® As mentioned above, next-genera-
tion sequencing has revealed that the prev-
alence of SCID is much higher than
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previously appreciated and that it is associ-
ated with previously undiagnosed inborn
errors of metabolism." The folate and vita-
min B, metabolic pathways are tightly
interconnected and the binding capacity
of intracellular folate-utilizing enzymes
exceeds the amount of available cofac-
tor."” Therefore, the flow of one-carbon
units to either nucleotide synthesis or
methionine synthesis is strongly regulated
by enzyme compartmentalization, multi-
protein complex formation, and substrate
channeling.15 While numerous inborn
errors of metabolism lead to impaired
homocysteine remethylation and/or mega-
loblastic anemia, only severe disruption of
folate absorption or vitamin Bi, delivery
(PCFT and TC mutations, respectively)
have previously been associated with
SCID. The association of MTHFDI defi-
ciency with SCID highlights the potential
importance of de novo dTMP synthesis, as
opposed to impaired purine synthesis (as
observed in ADA deficiency), for lympho-
cyte proliferation and effective immune
response.  Although vitamin therapies,
such as folic acid supplementation, may
not be sufficient to overcome severe
MTHFD1 mutations that lead to SCID,
nutritional therapies that provide the cell
with dTMP for DNA synthesis, including
nucleoside supplementation, may prove to
be beneficial, as has been shown for neural
tube  defect
models.*?

prevention in  animal
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