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Homocysteine, a sulfur-containing amino acid derived from the methionine metabolism, is located at the branch
point of two pathways of the methionine cycle, i.e. remethylation and transsulfuration. Gene abnormalities in the
enzymes catalyzing reactions in both pathways lead to hyperhomocysteinemia. Hyperhomocysteinemia is
associated with increased risk for congenital disorders, including neural tube closure defects, heart defects,
cleft lip/palate, Down syndrome, and multi-system abnormalities in adults. Since hyperhomocysteinemia is
known to affect the extent of DNA methylation, it is likely that abnormal DNA methylation during embryogenesis,
may be a pathogenic factor for these congenital disorders. In this review we highlight the importance of
homocysteinemia by describing the genes encoding for enzymes of homocysteine metabolism relevant to the
clinical practice, especially cystathionine-3-synthase and methylenetetrahydrofolate reductase mutations, and
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Folate cycle the impairment of related metabolites levels. Moreover, a possible correlation between hyperhomocysteine
Methionine cycle and congenital disorders through the involvement of abnormal DNA methylation during embryogenesis is
Cobalamin

discussed. Finally, the relevance of present and future diagnostic tools such as tandem mass spectrometry and

next generation sequencing in newborn screening is highlighted.

© 2014 Published by Elsevier Inc.

1. Introduction

Homocysteine (Hcy) is a sulfur-containing, non-proteinogenic
amino acid derived from the methionine metabolism. In the homocyste-
ine cycle, Hcy is located at the branch-point of two pathways:
remethylation and transsulfuration pathways (Fig. 1) [1,2]. In the
remethylation pathway, methionine is resynthesized through two
reactions. In the first reaction, which occurs in all tissues, a methyl
group is transferred to homocysteine from 5-methyl-tetrahydrofolate
(5-methyl-THF) by the vitamin B12-requiring 5-methyl-THF-homocys-
teine-methyltransferase (folate cycle in all tissues). In the second

Abbreviations: AHCY, adenosylhomocysteinase; BHMT, betaine-homocysteine
methyl-transferase; Cbl-C, cobalamin C; CHD, congenital heart defects; CTH, cystathionine-
v-lyase; CBS, cystathionine->-synthase; DS, Down syndrome; hHcy, hyperhomocysteinemia;
Hcy, homocysteine; MAT, methionine adenosyltransferase; MS/MS, tandem mass spectros-
copy; MTHFR, methylenetetrahydrofolate reductase; NGS, next generation sequencing;
NOC, nonsyndromic oral clefts; NTD, neural tube defects; SAH, S-adenosylhomocysteine;
SAM, S-adenosylmethionine; THF, tetrahydrofolate; tHcy, total Hcy; WES, whole
exome sequencing; WGS, whole genome sequencing.
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reaction, which occurs mainly in liver and kidney, the methyl group is
transferred from betaine to homocysteine by betaine-homocysteine
methyl-transferase (BHMT). In the transsulfuration pathway, homocys-
teine is irreversibly condensed to serine to give cystathionine by the vi-
tamin B6-dependent enzyme cystathionine 3-synthase (CBS). Then, the
vitamin B6-dependent enzyme cystathionine y-lyase (CTH) breaks
down cystathionine into cysteine, which could be a precursor of gluta-
thione [3]. In liver, levels of methionine and homocysteine are tightly
regulated. Abnormal accumulation of homocysteine results from inabil-
ity to regulate this pathway and can be attributed to endogenous factors
(polymorphisms of the genes coding for the main enzymes involved in
homocysteine metabolism) or exogenous factors (dietary deficiency of
folate, vitamin B6 or B12) [4]. Increased homocysteine is considered to
be an independent risk factor for cardiovascular [5] and cerebrovascular
diseases, like stroke or dementia [6], cancer [7], and is highly suspected
to increase the risk of congenital defects, such as neural tube defects
(NTD), congenital heart defects (CHD), nonsyndromic oral clefts
(NOC), and Down syndrome (DS) [8]. However, mild to moderate accu-
mulation of homocysteine due to homocysteine/folate cycle disorders
are underdiagnosed.

This review summarizes the most important features related to the
hyperhomocysteinemia (hHcy), particularly congenital defects, and
highlights the importance of tandem mass spectrometry (MS/MS) and
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Fig. 1. Schematic representation of the homocysteine metabolism and relationship between folate and methionine cycles. AHCY, adenosylhomocysteinase; B6, vitamin B6; B12, vitamin
B12; BHMT, betaine-homocysteinemethyltransferase; CBS, cystathionine-p-synthase; CTH, cystathionine-y-lyase; DHF, dihydrofolate; DHFR, dihydrofolatereductase; Hcy, homocysteine;
MAT, methionine adenosyltransferase; MTHFR, methylenetetrahydrofolate reductase; MTR, methionine synthase; 5-methyl-THF, 5-methyl-tetrahydrofolate; 5,10-methylene THF,
5,10-methylene-tetrahydrofolate; TPMT, thiopurine S-methyltransferase; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine; SHMT, serine hydroxymethyltransferase; THF, tet-

rahydrofolate; TYMS, thymidylatesynthetase.

next generation sequencing (NGS) as fundamental tools for expanded
newborn screening.

2. Hyperhomocysteinemia caused by inborn errors of metabolism

The reference values for total Hcy (tHcy) in plasma are 5-13 pM [6].
Circulating homocysteine is present in different forms: 80-90% as
protein-bound, 10-20% as homocysteine-cysteine mixed disulfide and
homocystine (dimer of homocysteine) and less than 1% as free reduced
form [6]. Even though the relative composition of these three fractions
of homocysteine can give some information [9], the measurement of
total Hcy is considered in the clinical settings of great importance [10].
High Hcy levels are found in the remethylation and transulfuration
pathways defetcs that are better clarified by determination of a second
metabolite. For example, high Hcy and low methionine indicate a
remethylation defect, whereas high Hcy and methionine levels suggest
a transulfuration disorder. Evaluation of Hcy levels is also indicative of
the folate status, since they are inversely correlated [11]. Epidemiologi-
cal findings regarding the inverse relationship between Hcy and folate
levels also stimulated the interest on Hcy as potentially modifiable
risk factor [11]. The main indications for determining tHcy include: di-
agnosis of homocystinuria, identification of individuals with or at risk
of developing folate or cobalamin deficiencies and identification of sub-
jects at risk for cardiovascular disease [12]. Indeed, there is no general
agreement on whether plasma homocysteine should be measured as
part of any assessment of a patient with vascular occlusive event. It is
likely that other measurements, such as B-vitamin, thyroid, and renal
functional status, should be evaluated together with Hey [13].

Several types of hHcy are classified in relation to the total plasma con-
centrations: moderate (15-30 umol/L), intermediate (31-100 pumol/L) or
severe (>100 umol/L), respectively [14]. Homocystinuria is a term for a
group of disorders characterized by elevated levels of homocysteine in
plasma and urine. It is caused by genetic disorders in methionine, homo-
cysteine and transcobalamin metabolism [15]. Dietary deficiencies in folic
acid, vitamin B6, and/or vitamin B12 may also cause hHcy [16]. In general,
hHcy is observed in approximately 5% of the population [14]. The most
severe cases of homocystinuria are due to homozygous (or compound
heterozygous) defects in the 5,10-methylenetetrahydrofolate reductase
(MTHFR) gene, cystathionine-beta-synthase (CBS) gene and cobalamin

(vitamin B12) metabolism genes. Defects in other enzymes of homocyste-
ine cycle cause less severe phenotypes (Table 1). Table 1 reports the
mutations found in the genes coding the deficient enzymes and the corre-
sponding ranges of plasma concentrations of methionine, Hcy, SAM and
SAH. Often the range of variation is quite large. The extent of elevation de-
pends on the specific mutation(s) causing the impairment of the homo-
cysteine/folate cycle.

2.1. Methylenetetrahydrofolate reductase (MTHFR) deficiency

MTHEFR is an important enzyme in the homocysteine metabolism
(Fig. 1). So far 67 mutations have been identified in patients with
MTHEFR deficiency (http://www.hgmd.org). The frequency of mutations
is quite common and varies tremendously among different ethnic
groups and in different locations. Depending on the mutation, clinical
manifestations could be different: acute neurological disturbance in
early infancy; progressive encephalopathy in early childhood. However,
most mutations are diagnosed in the first months of life. Two functional
polymorphisms, C677T and A1298C, respectively, can be associated to a
reduced activity. One copy of C677T variant reduces 40% of enzyme ac-
tivity, whereas two copies result in about 70% decrease of the MTHFR
enzyme activity [17]. The variant C677T gives rise to different problems
concerning cardiovascular function, homocysteine regulation, DNA reg-
ulation, glutathione production, and low methylfolate levels. MTHFR
polymorphism A1298C also affects MTHFR enzyme activity,reduces
tetrahydrobiopterin levels, and is associated to nitric oxide production
leading to aberrant regulation of neurotransmitters [18].

2.2. Cystathionine-B3-synthase (CBS) deficiency

Cystathionine-3-synthase (CBS) catalyzes the conversion of homo-
cysteine to cystathionine (Fig. 1). This reaction is the gateway (CBS
pathway) for essential biochemical processes, such as glutathione
synthesis, a critical component for normal detoxification and defense
mechanisms in every cell. The CBS pathway contributes to removal
of excess sulfur amino acids. Deficiency of CBS leads to accumulation
of homocysteine, methionine, S-adenosylmethionine (SAM), S-
adenosylhomocysteine (SAH), and sarcosine with reduced cystathio-
nine and cysteine production (Table 1). Thus, the most effective
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Table 1

Main clinical features, mutations and biochemical characteristics of homocysteine/folate cycle important for different diagnosis.
Enzyme deficiency Main clinical presentation Mutations in the Met (mM) Hcy (mM) SAM (nM) SAH (nM) Refs.

deficient enzyme
CBS Multi-system abnormalities: musclo-skeletal, eye, 181 353-1891 155-471 888-2.03 147-1.70 [67]
nervous system, vascular system

MTHFR Acute neurological disturbance 67 na. >40" na. na. [68]
Cbl-C multi-system abnormalities:nervous system, eye, heart 24 na. 30-107 na. na. [51]
MAT I/1l In most cases asymptomatic; variable neurological 42 (1A) 206-1394 5.0-26.1 48-120 11-36 [67]
AHCY Psychomotor delay, myopathy, variable symptoms 10 44-657 2.2-154 817-2.971 329-5.04 [69,70]
GNMT Hepatomegaly (asymptomatic ?) 3 426-1049 7.8-13.0 1.15-3.87 21-72 [71]
Reference range - - 13-45 5.5-13.9 92.8 £+ 16.2 15-45 [67]

Abbreviations: AHCY, adenosylhomocysteinase; CBS, cystathinine-B-synthase; Cbl-C, cobalamin C; CTH, cystathionine-y-lyase; GNMT, glycine N-methyltransferase; Hcy, homocysteine;
MAT, methionine adenosyltransferase; Met, methionine; MTHFR, methylenetetrahydrofolate reductase; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine; n.a.: not available.

Range of values are taken from the cited publications.
¢ Mainly from the C677T polymorphism in MTHFR (themolabile enzyme form).

diagnostic parameters arehomocysteine (or homocystine, methionine,
SAM, SAH) in plasma or urine. In addition a CBS activity assay in certain
cells (i.e. cultured skin fibroblasts) can be performed. Infants with CBS
deficiency are normal at birth, but, if untreated, will develop the various
signs and symptoms associated with the disorder (Table 1). At present
181 mutations have been detected in CBS deficient patients (http://
www.hgmd.org).

Patients with CBS deficiency may be classified in two groups: those
who respond to therapy with pyridoxine (vitamin B6) and those who
do not [19]. Generally, individuals who respond to pyridoxine therapy
have a milder form of the disorder, most likely because of residual
activity of the CBS enzyme.

Interestingly, some clinical observations [20] indicate that there are
subjects with elevated CBS/transsulfuration activity with no apparent
CBS mutation. This has probably to be ascribed to individual betaine-
homocysteine-methyltransferase (BHMT) down-regulation as conse-
quence of specific mutations. CBS pathway “up-regulations” will result
in a higher production of ammonia, urinary sulfates, as well as decreases
in glutathione synthesis, and/or possibly imbalances in glutathione
redox (reduction/oxidation) ratio.

2.3. Cobalamin (vitamin B12) metabolism defects

The most common inborn error of cobalamin (vitamin B12) metab-
olism is cobalamin C (Cbl-C) defect that causes an impaired conversion
of dietary cobalamin in its two active forms, methycobalamin and
adenosylcobalamin, respectively. Methylcobalamin is a cofactor for
methionine synthase, required for the conversion of homocysteine to me-
thionine (Fig. 1). Adenosylcobalamin is the cofactor for methylmalonyl-
CoA mutase, which converts methylmalonic acid to succinic acid. It is
not easy to diagnose Cbl-C defect clinically due to its heterogeneous
presentations. Two phenotypes have been recognized: an early onset
(within the first year) and a late onset (in childhood or later) presenta-
tion [21]. The exact pathophysiology of Cbl-C defects is not clear. Most
likely a synergistic effect of different mechanisms, including accumula-
tion of toxic metabolites and deficiencies of metabolites downstream of
the defect, are responsible for the multisystem organ involvement
(Table 1). An important feature is the toxic accumulation of homocyste-
ine together with SAH that inhibits methyltransferase enzyme resulting
in reduction of methionine synthesis, and then SAM. Since this is the
principal methyl donor of the cell, SAM unavailability results in inade-
quate methylation of various biomolecules, such as DNA, histones
[22], neurotransmitters [23], proteins and nucleic acids [24].

3. Hyperhomocysteinemia and abnormal DNA methylation: a risk
factor in congenital diseases

When Hcy is present in high concentration it competes with SAM for
the binding site on DNMT leading to DNA hypomethylation with

consequence in epigenetic programming. Evidences from various stud-
ies related to different diseases support this hypothesis [25-29]. A
genome-wide analysis on human fetal cord blood highlights the possi-
ble influence of homocysteine on the fetal epigenome [30,31].
Although the effect of high homocysteine in the developing human
fetus has not yet fully established, it is likely that impairment of methyl-
ation process during embryogenesis, when DNA methylation is
reprogrammed, might play a fundamental role in the etiology of
malformations in newborns. Various congenital defects affecting
newborns may be associated to abnormal homocysteine and folate
metabolism. These defects include: DS, NTD, CHD and NOC.

3.1. Down syndrome (DS)

A general DNA methylation derangement is found in DS subjects
resulting in hypermethylation of nuclear DNA [32] and hypomethyla-
tion of mitochondrial DNA [33]. Although the molecular mechanism of
this alteration is not known, it might be related to imbalanced induction
of CBS gene overexpression (located on chromosome 21) that alters ho-
mocysteine metabolism leading to compromised folate-dependent re-
synthesis of methionine [34]. The decreased availability of
homocysteine promotes the so called “folate trap”, a functional folate
deficiency that may contribute to etiology of this complex genetic disor-
der during embryogenesis [34].

Some studies have shown that mothers with high homocysteine
levels together with increased frequency of polymorphism of MTHFR,
C677T, are more likely at risk of giving birth to DS affected babies [35].
An elevated risk for DS is also the presence of the MTR 2756G allele, in
combination with elevated Hcy concentration [36]. Another study con-
ducted with mothers of children with DS and control mothers analyzed
total homocysteine and several variants in the folate pathway (MTHFR
C677T, MTHFR A1298C, MTRR A66G, MTR A2756G, and CBS 844ins68)
found a correlation between high homocysteine levels and the occur-
rence of DS in their children, although only the 677T allele was associat-
ed with altered levels of total homocysteine. However, when the
presence of the alleles was evaluated together, the mothers of children
with DS display a tendency to carry a higher number of variant alleles
than the control mothers [37]. It has been also demonstrated that Hcy
concentrations are higher in DS mother carrying the MTHFR1298CC as
compared to the control group [38].

3.2. Neural tube defects (NTD)

Reduction of global DNA methylation might also be a genetic
risk for NTD, one of the most common defects at birth. Different stud-
ies on mouse embryos support this view. Inactivation of DNA
methyltransferase3B has been shown to alter the de novo DNA methyl-
ation and causes multiple developmental defects including NTD in mice
[39]. Inhibition of enzymes of the homocysteine cycle (AHCY and MAT)
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in an in vitro chick embryo model shows increased SAH level and re-
duced SAM/SAH ratio, which correlates to the embryos cranial closure
defect [40]. Also proteins located in the neural tube are hypomethylated
in cultured rat embryos on low methionine containing media [41].

Similar evidence has been reported also in humans. The SAM/SAH
ratio is reduced in mothers of children affected by NTD [42]. Mutation
C677T in MTHFR gene, high maternal homocysteine levels and low me-
thionine levels are associated with increased risk of offspring with NTD
[43,44]. Global hypomethylation was also found to be associated
with NTD in brain tissue [45]. Long Interspersed Elements-1 (LINE1)
hypomethylation has been associated with the risk of NTD [46]. Also
the specific gene, MGMT, involved in the DNA-repair is hypomethylated
in brain tissue of NTD cases [47]. A reduction of DNA methylation was
reported in a case with DS and spina bifida [48].

3.3. Congenital heart defects (CHD)

The mechanisms of homocysteine-mediated cardiac defects
are poorly understood. Recently, experiments performed on
cardiomyocytes have shown that hyperhomocysteinemia related
abnormal DNA methylation might be one of the factors for outcome
of heart disease. High homocysteine concentrations triggers the epi-
genetic modification through the activation of NMDAR1 (N-methyl-
p-aspartate receptor-1) followed by increased oxidative stress,
which leads to decreased level of miR-133 and -499. Decreased
level of miRNAs gives rise to an increase of DNMT1 level and likely
to an abnormal DNA methylation of different genes. Histone
deacetylase (HDCA1) gene results to be hypermethylated leading
to a damage of histone deacetylation process. Thus, H3K9 histone
acetylation increases resulting in chromatin modification. These
changes provide a molecular insight into epigenetic mechanisms
that rise in the presence of high homocysteine in cardiomyocytes
leading to a cardiac remodeling and dysfunction. Similar results
were also obtained in vivo on mouse models (CBS+/—) [49]. A
meta-analysis demonstrated that maternal hHcy is associated with
an increased risk for offspring with CHD. MTHFR polymorphisms
(C677T and A1298C) in both mother and children are not indepen-
dently associated with CHD [50].

Heart defects have been reported to be highly frequent in pa-
tients with cbl-C disease [51]. Even though the pathophysiological
mechanisms are not well understood, it is very likely that dysregu-
lation of homocysteine cycle and change in expression of some
genes by epigenetic mechanism might responsible for the clinical
phenotype. Patients with cbl-C defect exhibit a reduced methio-
nine synthase activity, which results in an alteration of homocyste-
ine cycle metabolites levels that may affect cardiac development. It
is also likely that disruption of intracellular pool of SAM or change
in SAM/SAH ratio may have effect on DNA and histone methylation
process [52]. Of note, if perturbation of methylation process occurs
during embryogenesis, cardiac development together with other
organs might be seriously damaged [53]. Experiments performed
on murine embryos carrying methionine synthase [54] and
MTHFR [55] knockouts display lethality and developmental
defects.

3.4. Nonsyndromic oral clefts (NOC)

Impaired folic acid metabolism and hHcy has been suggested to play
a role in clefting. A case-control study showed that mother of children
with NOC had higher plasma tHcy concentrations at fasting as well as
after methionine loading test, compared to control mothers. Moreover,
periconceptional use of folate has been reported to prevent the occur-
rence of cleft lip and palate [56].

Taken together these data support the idea that embryogenic DNA
methylation impairment, maternal hHcy and some methyl cycle gene
mutations could be serious risk factors for congenital disorders.

4. Newborn mass screening programs

The true incidences of all homocysteine/folate cycle disorders are
only partially known. These abnormalities may remain underdiagnosed
for many reasons. First of all, routine screening of these metabolites is
not applied to patients with unexplained presentations (especially neu-
rological signs) as the incidence of these genetic diseases is considered
extremely low. Furthermore, the panels of metabolites included in
neonatal mass screening programs vary in the different countries. In
particular, homocystinuria screening is excluded from panels of many
laboratories in most nations. Even when countries use the same screen-
ing for the same disorders there may be significant differences in prac-
tice. Methionine level is the preferred target metabolite included in
most newborn screening protocols. Methionine is assayed at birth to
identify cases of hypermethioninemia or homocystinuria, which result
from deficiencies of MAT and CBS, respectively [57,58]. However, the
pyridoxine-unresponsive form of homocystinuria due to CBS deficiency
is often undiagnosed since methionine levels might be in the normal
range right after birth due to the lower dietary protein intake. As a
matter of fact a systematic revision of the literature newborn screen-
ing for homocistinuria could not draw any conclusion based on
controlled studies, although uncontrolled case-series support the ef-
ficacy of newborn screening for homocystinuria and its early treat-
ment. Homocystinuria is better defined and diagnosed when both
hypermethioninemia and homocysteinemia are assessed. Quantifica-
tion of other metabolites of the methyl cycle (methionine, SAM, SAH,
Hcy) appears to be fundamental in the clinical setting and diagnosis
but this extended panel is not included in newborn screening programs.
Therefore, there is an obvious need for improved diagnostic approaches.

4.1. Tandem mass spectrometry (MS/MS)

The need of a better diagnostic approach has been addressed by the
development of multitask analytical technologies such as tandem mass
spectrometry (MS/MS). MS/MS allows the quantitative simultaneous
detection of many metabolites by restricting measurements to specific
selected ions and by dramatically increasing the number of disorders
screened. Detection of methionine and other methyl-related analytes,
such as SAM, SAH and Hcy is now possible in a single run without
requesting further sample collection and second-tier assays. For exam-
ple, it has been proposed to use low methionine as secondary analyte
for specific detection of cbl-C disorders among a larger pool of infants
with elevated propionylcarnitine (C3) on newborn screening [58].
Often screening centers use the same basic protocols with different
cut-offs, with positive predictive values for initial positive test ranging
from 4.6% to 81% [59]. Many studies have suggested that lowering the
cut-off values produces a beneficial effect in increasing the number of
abnormal specimens identified [60], but these efforts did not drive any
common policy on this matter. Therefore, adoption of common policies
and protocols, management and program evaluation by different
laboratories is strongly requested.

Large scale use of a MS/MS expanded screening inevitably raises
economic issues as samples positive for a rare disease represent a very
small fraction of the analyzed samples due to the extremely low fre-
quencies of the evaluated diseases. This means that the cost associated
to a detection is destined to be about 5000-fold higher than that for
single MS/MS procedure, assessed at around 7 euros [61]. However,
this apparently very high cost is counterbalanced by the fact that it rep-
resents the lifetime expense for a patient diagnosed with an inborn
error of metabolism, and still much lower than the cost expected for a
patient with the same disease but not diagnosed and thus recurrently
treated (up to 1 million euros) [61]. Newborn screening by MS/MS
thus produces a clear economic advantage.

The real potential of MS/MS screening is still emerging, although the
analytical aspects of MS/MS protocols are continuously updated.
However, some problems need to be overcome. Most newborn
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screening programs have not reported data on outcome, making diffi-
cult to evaluate whether neonatal screening and early treatments before
appearance of treatments prevents mortality. Program evaluation by
different laboratories is necessary. Management policies, protocols, cut
off values are far from being common among laboratories. Efforts to
adopt common policies management and follow-up inside a complex
and well-organized network linking laboratories with medical units
are strongly needed.

4.2. Next generation sequencing (NGS)

While MS/MS screening programs are well established tools of
analysis today, recently the possible application of NGS to newborn
screening has been proposed and discussed [62]. Pilot projects to exam-
ine whether sequencing of newborns' genome can provide useful
medical information beyond what current newborn screening already
do have been funded by the National Institute of Child health and
Development (NICHD) (http://www.nih.gov/news/health/sep2013/
nhgri-04.htm). NGS is a high-throughput technology introduced into
clinical practice to diagnose single gene disorders as well as diseases
caused by a group of related genes and multi-gene disorders. Indeed,
the extensive sequencing of the human genome at birth could represent
an effective instrument to identify a large majority of Mendelian dis-
eases - including inborn errors of metabolism - and to obtain complete
information about late-onset genetic diseases for which effective inter-
ventions could be available. Until now, the testing of DNA has not been a
first-line newborn screening method, but has been used to confirm the
screening results of some disorders, such as cystic fibrosis. A blood
specimen collected from the neonate could be tested by whole exome
sequencing (WES) or whole genome sequencing (WGS), presumably
within current NBS programs. A more practical choice would be that
of a targeted exome NGS, limited to a restricted panel of genes encoding
the enzymes involved in genetic defects meeting the current criteria for
the newborn screening. In addition to identify gene mutations lead-
ing to loss of metabolic enzyme activity, array-based analysis of DNA
methylation pattern from affected vs healthy newborns might reveal
new epigenetic mechanisms in the pathogenesis of congenital
disease. NGS could legitimately represent an option to be introduced
into newborn care, although the clear opportunities are counter-
balanced by many challenges, ranging from medical to ethical and
socio-economical issues. The main issues to be solved include a
lower cost of genomic sequencing, though already rapidly decreas-
ing, a reduced turnaround time for NGS to be set at 2-3 days as re-
quired for newborn screening, improvement of bioinformatics tools
to provide a clinical interpretation of the data and availability of ge-
netic professionals, trained to communicate the information and for-
mulate management plans.

Together with the previous method, a non-invasive method based
on the analysis of circulating cell-free fetal DNA in maternal blood will
allow the identification of defects during fetal life [63]. It is known
that within the 5th week of gestational age about 10-20% of the total
DNA circulating in the maternal blood is cell-free fetal DNA [64]. This
DNA is currently used in clinical practice for diagnosis of fetal RhD de-
termination, trisomies 21, 18 and 13 and fetal sex assessment, and to
avoid invasive diagnosis in X-linked conditions such hemophilia [65].
Of course, this analysis might be extended to homocysteine metabolism
genes and in general applied to all genetic and metabolic defects. Thus,
through sophisticated sequencing protocols and bioinformatics algo-
rithm applied to maternal plasma DNA it will be possible to perform a
genetic and mutational scans across the whole fetal genome in a non-
invasive manner [66]. We can easily foresee that problems similar to
those discussed for newborn screening will arise when high-
throughput NGS technologies will be applied to non-invasive prenatal
molecular testing on fetal DNA for genetic disorders [66], including
those of the homocysteine/folate cycle.

5. Conclusion

Considering the important role of homocysteine and folate in the
cellular metabolism (protein and DNA methylation, purine synthesis,
glutathione production) it is not surprising that homocysteine/folate
cycle impairment is associated to a wide range of diseases. It is becom-
ing more and more evident that DNA methylation impairment as conse-
quence of hHcy, caused by endogenous (polymorphisms of the
homocysteine/folate cycle genes) and exogenous factors (dietary defi-
ciency of folate), may be significantly involved in the pathogenesis of
congenital diseases. Thus, discerning the many factors that may affect
the methyl balance and understanding the pathophysiology of these
congenital diseases from the “methylation point of view” still remain a
great challenge.

MS/MS is a powerful tool to potentially diagnose all these
defects. However, according to the current protocols, only classic
homocystinuria due to CBS deficiency can be considered a candidate for
such screening program, since early detection of the disease can lead to
more efficacious treatment. For the other disorders of homocysteine/
folate cycle we do not have any evidence of proven efficacy for current
therapeutic approaches.

Introduction of microarray, gene-scanning technology and NGS to
newborn screening virtually allow analysis and diagnosis of an unlimit-
ed number of inherited disorders. In particular, the availability of
NGS creates high expectations regarding the potential of this technolo-
gy in the context of Newborn screening. However, the application of
NGS technologies to the diagnosis of genetic disorders, including
hyperhomocysteinemias, can be presently considered premature. It is
likely that its implementation in newborns will become routine in the
(near) future. This possibility will change the landscape of newborn
screening, although it will raise new medical, ethical and social prob-
lems concerning the consequences of a positive screen test. For exam-
ple, interpretation of DNA data in a population of healthy newborns is
a challenge. In fact, the genotype-phenotype correlation in metabolic
conditions often is not straightforward. Storage of genetic information
raises other questions, ranging from governance and privacy to
handling and accessibility of the data.

In conclusion, NBS programs are aimed to establish a comprehensive
system to identify, save, and improve the lives of infants affected by dif-
ferent genetically based conditions. The advent of multitask analytical
technology (MS/MS) and, more recently, of sequence testing (WES
and WGS) is leading NBS to incorporate new ideas, technologies, ongo-
ing program of evaluation and processes into their systems. Improve-
ments of sensitivity and specificity of screening technologies as well as
screening of multiple disorders at the same time, will make future pro-
gram expansions more practical and help keep cost more manageable.

References

[1] M. Medina, J.L. Urdiales, M.I. Amores-Sanchez, Roles of homocysteine in cell
metabolism: old and new functions, Eur. J. Biochem. 268 (2001) 3871-3882.

[2] ].D. Finkelstein, Methionine metabolism in mammals, J. Nutr. Biochem. 1 (1990)
228-237.

[3] J.D. Finkelstein, Pathways and regulation of homocysteine metabolism in mammals,
Semin. Thromb. Hemost. 26 (2000) 219-225.

[4] Y. Moriyama, T. Okamura, K. Kajinami, H. Iso, A. Inazu, M. Kawashiri, M. Mizuno, Y.
Takeda, Y. Sakamoto, H. Kimura, H. Suzuki, H. Mabuchi, Effects of serum B vitamins
on elevated plasma homocysteine levels associated with the mutation of methylene-
tetrahydrofolate reductase gene in Japanese, Atherosclerosis 164 (2002) 321-328.

[5] E.L. Mayer, D.W. Jacobsen, K. Robinson, Homocysteine and coronary atherosclerosis,
J. Am. Coll. Cardiol. 27 (1996) 517-527.

[6] S. Seshadri, A. Beiser, ]. Selhub, P.F. Jacques, I.H. Rosenberg, R.B. D'Agostino, P.W.
Wilson, P.A. Wolf, Plasma homocysteine as a risk factor for dementia and
Alzheimer's disease, N. Engl. ]. Med. 346 (2002) 476-483.

[7] CF.Sun, T.R. Haven, T.L. Wu, K.C. Tsao, J.T. Wu, Serum total homocysteine increases
with the rapid proliferation rate of tumor cells and decline upon cell death: a
potential new tumor marker, Clin. Chim. Acta 321 (2002) 55-62.

[8] S.Brustolin, R. Giugliani, T.M. Felix, Genetics of homocysteine metabolism and asso-
ciated disorders Brazilian journal of medical and biological research = Revista
brasileira de pesquisas medicas e biologicas, Sociedade Brasileira de Biofisica 43
(2010) 1-7 ([et al.]).

Please cite this article as: V. Iacobazzi, et al., Hyperhomocysteinemia: Related genetic diseases and congenital defects, abnormal DNA methylation
and newborn screening issues, Mol. Genet. Metab. (2014), http://dx.doi.org/10.1016/j.ymgme.2014.07.016



http://www.nih.gov/news/health/sep2013/nhgri-04.htm
http://www.nih.gov/news/health/sep2013/nhgri-04.htm
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0330
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0330
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0335
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0335
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0340
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0340
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0345
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0345
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0345
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0345
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0350
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0350
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0355
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0355
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0355
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0360
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0360
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0360
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0365
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0365
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0365
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0365
http://dx.doi.org/10.1016/j.ymgme.2014.07.016

(9]

[10]

(1]

[12]

[13]

(14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

(22]
(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

[35]

[36]

V. lacobazzi et al. / Molecular Genetics and Metabolism xxx (2014) XXX-Xxx

M. Iciek, G. Chwatko, E. Lorenc-Koci, E. Bald, L. Wlodek, Plasma levels of total, free
and protein bound thiols as well as sulfane sulfur in different age groups of rats,
Acta Biochim. Pol. 51 (2004) 815-824.

B.M. Gilfix, D.W. Blank, D.S. Rosenblatt, Novel reductant for determination of total
plasma homocysteine, Clin. Chem. 43 (1997) 687-688.

P.F. Jacques, J. Selhub, A.G. Bostom, P.W. Wilson, LH. Rosenberg, The effect of folic
acid fortification on plasma folate and total homocysteine concentrations, N. Engl.
J. Med. 340 (1999) 1449-1454.

0. Nygard, J.E. Nordrehaug, H. Refsum, P.M. Ueland, M. Farstad, S.E. Vollset, Plasma
homocysteine levels and mortality in patients with coronary artery disease, N.
Engl. J. Med. 337 (1997) 230-236.

G. Liaugaudas, P.F. Jacques, J. Selhub, LH. Rosenberg, A.G. Bostom, Renal insufficiency,
vitamin B(12) status, and population attributable risk for mild hyperhomocysteine-
mia among coronary artery disease patients in the era of folic acid-fortified cereal
grain flour, Arterioscler. Thromb. Vasc. Biol. 21 (2001) 849-851.

C. Ji, N. Kaplowitz, Hyperhomocysteinemia, endoplasmic reticulum stress, and
alcoholic liver injury, World ]. Gastroenterol. 10 (2004) 1699-1708.

F.D. Testai, P.B. Gorelick, Inherited metabolic disorders and stroke part 2:
homocystinuria, organic acidurias, and urea cycle disorders, Arch. Neurol. 67
(2010) 148-153.

R. Obeid, H. Schorr, R. Eckert, W. Herrmann, Vitamin B12 status in the elderly as
judged by available biochemical markers, Clin. Chem. 50 (2004) 238-241.

P. Frosst, HJ. Blom, R. Milos, P. Goyette, C.A. Sheppard, R.G. Matthews, G.J. Boers, M.
den Heijer, L.A. Kluijtmans, L.P. van den Heuvel, A candidate genetic risk factor for
vascular disease: a common mutation in methylenetetrahydrofolate reductase,
Nat. Genet. 10 (1995) 111-113.

N.M. van der Put, F. Gabreels, E.M. Stevens, J.A. Smeitink, F.J. Trijbels, T.K. Eskes, L.P.
van den Heuvel, HJ. Blom, A second common mutation in the methylenetetrahydro-
folate reductase gene: an additional risk factor for neural-tube defects? Am. J. Hum.
Genet. 62 (1998) 1044-1051.

].D. Picker, H.L. Levy, in: R.A. Pagon, M.P. Adam, H.H. Ardinger, T.D. Bird, C.R. Dolan, C.
T. Fong, RJ.H. Smith, K. Stephens (Eds.), Homocystinuria Caused by Cystathionine
Beta-Synthase Deficiency, GeneReviews(R), Seattle (WA), 1993.

L.S. Weisberg, E. Park, K.V. Ballman, P. Berger, M. Nunn, D.S. Suh, A.P. Breksa III, T.A.
Garrow, R. Rozen, Investigations of a common genetic variant in betaine-homocysteine
methyltransferase (BHMT) in coronary artery disease, Atherosclerosis 167 (2003)
205-214.

D.S. Rosenblatt, A.L. Aspler, M.I. Shevell, B.A. Pletcher, W.A. Fenton, M.R. Seashore,
Clinical heterogeneity and prognosis in combined methylmalonic aciduria and
homocystinuria (cblC), J. Inherit. Metab. Dis. 20 (1997) 528-538.

P. Cheung, P. Lau, Epigenetic regulation by histone methylation and histone variants,
Mol. Endocrinol. 19 (2005) 563-573.

A.L. Miller, The methylation, neurotransmitter, and antioxidant connections
between folate and depression, Altern. Med. Rev. 13 (2008) 216-226.

V. lacobazzi, A. Castegna, V. Infantino, G. Andria, Mitochondrial DNA methylation as
a next-generation biomarker and diagnostic tool, Mol. Genet. Metab. 110 (2013)
25-34.

R. Castro, . Rivera, E.A. Struys, E.E. Jansen, P. Ravasco, M.E. Camilo, HJ. Blom, C. Jakobs, I.
Tavares de Almeida, Increased homocysteine and S-adenosylhomocysteine concentra-
tions and DNA hypomethylation in vascular disease, Clin. Chem. 49 (2003) 1292-1296.
D. Ingrosso, A. Cimmino, A.F. Perna, L. Masella, N.G. De Santo, M.L. De Bonis, M.
Vacca, M. D'Esposito, M. D'Urso, P. Galletti, V. Zappia, Folate treatment and unbal-
anced methylation and changes of allelic expression induced by hyperhomocystei-
naemia in patients with uraemia, Lancet 361 (2003) 1693-1699.

H. Lv, X. Ma, T. Che, Y. Chen, Methylation of the promoter A of estrogen receptor
alpha gene in hBMSC and osteoblasts and its correlation with homocysteine, Mol.
Cell. Biochem. 355 (2011) 35-45.

M. Kinoshita, S. Numata, A. Tajima, S. Shimodera, I. Imoto, T. Ohmori, Plasma total
homocysteine is associated with DNA methylation in patients with schizophrenia,
Epigenetics 8 (2013) 584-590.

S.M. Krishna, A. Dear, ].M. Craig, P.E. Norman, ]. Golledge, The potential role of
homocysteine mediated DNA methylation and associated epigenetic changes in
abdominal aortic aneurysm formation, Atherosclerosis 228 (2013) 295-305.

A.A. Fryer, RD. Emes, K.M. Ismail, K.E. Haworth, C. Mein, W.D. Carroll, W.E. Farrell,
Quantitative, high-resolution epigenetic profiling of CpG loci identifies associations
with cord blood plasma homocysteine and birth weight in humans, Epigenetics 6
(2011) 86-94.

J.R. Glossop, N.B. Nixon, R.D. Emes, K.E. Haworth, ].C. Packham, P.T. Dawes, A.A.
Fryer, D.L. Mattey, W.E. Farrell, Epigenome-wide profiling identifies significant
differences in DNA methylation between matched-pairs of T- and B-lymphocytes
from healthy individuals, Epigenetics 8 (2013) 1188-1197.

M. Pogribna, S. Melnyk, I. Pogribny, A. Chango, P. Yi, SJ. James, Homocysteine metab-
olism in children with Down syndrome: in vitro modulation, Am. J. Hum. Genet. 69
(2001) 88-95.

V. Infantino, A. Castegna, F. lacobazzi, 1. Spera, I. Scala, G. Andria, V. lacobazzi,
Impairment of methyl cycle affects mitochondrial methyl availability and glutathione
level in Down's syndrome, Mol. Genet. Metab. 102 (2011) 378-382.

C.A. Hobbs, S.L. Sherman, P. Yi, S.E. Hopkins, C.P. Torfs, R}J. Hine, M. Pogribna, R.
Rozen, SJ. James, Polymorphisms in genes involved in folate metabolism as
maternal risk factors for Down syndrome, Am. J. Hum. Genet. 67 (2000) 623-630.
L.R. da Silva, N. Vergani, C. Galdieri Lde, M.P. Ribeiro Porto, S.B. Longhitano, D.
Brunoni, V. D'Almeida, A.B. Alvarez Perez, Relationship between polymorphisms
in genes involved in homocysteine metabolism and maternal risk for Down
syndrome in Brazil, Am. ]. Med. Genet. A 135 (2005) (263-267.P.).

P. Bosco, R.M. Gueant-Rodriguez, G. Anello, C. Barone, F. Namour, F. Caraci, A.
Romano, C. Romano, J.L. Gueant, Methionine synthase (MTR) 2756 (A — G)

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

polymorphism, double heterozygosity methionine synthase 2756 AG/methionine
synthase reductase (MTRR) 66 AG, and elevated homocysteinemia are three risk
factors for having a child with Down syndrome, Am. J. Med. Genet. A 121A (2003)
219-224.

I. Scala, B. Granese, M. Sellitto, S. Salome, A. Sammartino, A. Pepe, P. Mastroiacovo, G.
Sebastio, G. Andria, Analysis of seven maternal polymorphisms of genes involved in
homocysteine/folate metabolism and risk of Down syndrome offspring, Genet. Med.
8 (2006) 409-416.

J.M. Biselli, E.M. Goloni-Bertollo, B.L. Zampieri, R. Haddad, M.N. Eberlin, E.C.
Pavarino-Bertelli, Genetic polymorphisms involved in folate metabolism and
elevated plasma concentrations of homocysteine: maternal risk factors for Down
syndrome in Brazil, Genet. Mol. Res. 7 (2008) 33-42.

M. Okano, D.W. Bell, D.A. Haber, E. Li, DNA methyltransferases Dnmt3a and Dnmt3b
are essential for de novo methylation and mammalian development, Cell 99 (1999)
247-257.

L.P. Dunlevy, KA. Burren, K. Mills, LS. Chitty, AJ. Copp, N.D. Greene, Integrity of the
methylation cycle is essential for mammalian neural tube closure, Birth Defects Res.
A Clin. Mol. Teratol. 76 (2006) 544-552.

S.R. Moephuli, N.W. Klein, M.T. Baldwin, H.M. Krider, Effects of methionine on the
cytoplasmic distribution of actin and tubulin during neural tube closure in rat
embryos, Proc. Natl. Acad. Sci. U. S. A. 94 (1997) 543-548.

W. Zhao, B.S. Mosley, M.A. Cleves, S. Melnyk, S.J. James, C.A. Hobbs, Neural tube
defects and maternal biomarkers of folate, homocysteine, and glutathione
metabolism, Birth Defects Res. A Clin. Mol. Teratol. 76 (2006) 230-236.

HJ. Blom, G.M. Shaw, M. den Heijer, R.H. Finnell, Neural tube defects and folate: case
far from closed nature reviews, Neuroscience 7 (2006) 724-731.

L. Stolk, M.I. Bouwland-Both, N.H. van Mill, M.M. Verbiest, P.H. Eilers, H. Zhu, L.
Suarez, A.G. Uitterlinden, R.P. Steegers-Theunissen, Epigenetic profiles in children
with a neural tube defect; a case-control study in two populations, PLoS One 8
(2013) e78462.

X. Chen, J. Guo, Y. Lei, J. Zou, X. Lu, Y. Bao, L. Wu, J. Wu, X. Zheng, Y. Shen, BL. Wu, T.
Zhang, Global DNA hypomethylation is associated with NTD-affected pregnancy: a
case-control study, Birth Defects Res. A Clin. Mol. Teratol. 88 (2010) 575-581.

L. Wang, F. Wang, J. Guan, ]. Le, L. Wu, J. Zou, H. Zhao, L. Pei, X. Zheng, T. Zhang,
Relation between hypomethylation of long interspersed nucleotide elements and
risk of neural tube defects, Am. ]. Clin. Nutr. 91 (2010) 1359-1367.

S.Tran, L. Wang, ]. Le, J. Guan, L. Wu, J. Zou, Z. Wang, ]. Wang, F. Wang, X. Chen, L. Cai,
X. Lu, H. Zhao, J. Guo, Y. Bao, X. Zheng, T. Zhang, Altered methylation of the DNA
repair gene MGMT is associated with neural tube defects, J. Mol. Neurosci. 47
(2012) 42-51.

LI Al-Gazali, R. Padmanabhan, S. Melnyk, P. Yi, L.P. Pogribny, M. Pogribna, M. Bakir,
Z.A. Hamid, Y. Abdulrazzaq, A. Dawodu, S,J. James, Abnormal folate metabolism and
genetic polymorphism of the folate pathway in a child with Down syndrome and
neural tube defect, Am. ]. Med. Genet. 103 (2001) 128-132.

P. Chaturvedi, A. Kalani, S. Givvimani, P.K. Kamat, A. Familtseva, S.C. Tyagi, Differen-
tial regulation of DNA methylation versus histone acetylation in cardiomyocytes
during HHcy in vitro and in vivo: an epigenetic mechanism, Physiol. Genomics 46
(2014) 245-255.

M.C. Walker, G.N. Smith, S.L. Perkins, EJ. Keely, P.R. Garner, Changes in homocyste-
ine levels during normal pregnancy, Am. J. Obstet. Gynecol. 180 (1999) 660-664.
L.E. Profitlich, B. Kirmse, M.P. Wasserstein, G.A. Diaz, S. Srivastava, High prevalence
of structural heart disease in children with cblC-type methylmalonic aciduria and
homocystinuria, Mol. Genet. Metab. 98 (2009) 344-348.

N. Detich, S. Hamm, G. Just, ].D. Knox, M. Szyf, The methyl donor S-adenosylmethionine
inhibits active demethylation of DNA: a candidate novel mechanism for the
pharmacological effects of S-adenosylmethionine, J. Biol. Chem. 278 (2003)
20812-20820.

L. Deng, C.L. EImore, AK. Lawrance, R.G. Matthews, R. Rozen, Methionine synthase
reductase deficiency results in adverse reproductive outcomes and congenital
heart defects in mice, Mol. Genet. Metab. 94 (2008) 336-342.

D.A. Swanson, ML.L. Liu, P.J. Baker, L. Garrett, M. Stitzel, ]. Wu, M. Harris, R. Banerjee,
B. Shane, L.C. Brody, Targeted disruption of the methionine synthase gene in mice,
Mol. Cell. Biol. 21 (2001) 1058-1065.

P. Chen, R. Poddar, E.V. Tipa, P.M. Dibello, C.D. Moravec, K. Robinson, R. Green, W.D.
Kruger, T.A. Garrow, D.W. Jacobsen, Homocysteine metabolism in cardiovascular
cells and tissues: implications for hyperhomocysteinemia and cardiovascular
disease, Adv. Enzym. Regul. 39 (1999) 93-109.

A. Verkleij-Hagoort, ]. Bliek, F. Sayed-Tabatabaei, N. Ursem, E. Steegers, R. Steegers-
Theunissen, Hyperhomocysteinemia and MTHFR polymorphisms in association
with orofacial clefts and congenital heart defects: a meta-analysis, Am. ]. Med.
Genet. A 143A (2007) 952-960.

D.H. Chace, S.L. Hillman, D.S. Millington, S.G. Kahler, B.W. Adam, H.L. Levy,
Rapid diagnosis of homocystinuria and other hypermethioninemias from new-
borns' blood spots by tandem mass spectrometry, Clin. Chem. 42 (1996)
349-355.

].D. Weisfeld-Adams, M.A. Morrissey, B.M. Kirmse, B.R. Salveson, M.P. Wasserstein,
P.J. McGuire, S. Sunny, ].L. Cohen-Pfeffer, C. Yu, M. Caggana, G.A. Diaz, Newborn
screening and early biochemical follow-up in combined methylmalonic aciduria
and homocystinuria, cblC type, and utility of methionine as a secondary screening
analyte, Mol. Genet. Metab. 99 (2010) 116-123.

S.F. Kingsmore, ].D. Lantos, D.L. Dinwiddie, N.A. Miller, S.E. Soden, E.G. Farrow, CJ.
Saunders, Next-generation community genetics for low- and middle-income
countries, Genome Med. 4 (2012) 25.

A. Bustamante-Aragones, M. Rodriguez de Alba, S. Perlado, M.J. Trujillo-Tiebas, J.P.
Arranz, ]. Diaz-Recasens, . Troyano-Luque, C. Ramos, Non-invasive prenatal diagnosis
of single-gene disorders from maternal blood, Gene 504 (2012) 144-149.

Please cite this article as: V. lacobazzi, et al., Hyperhomocysteinemia: Related genetic diseases and congenital defects, abnormal DNA methylation
and newborn screening issues, Mol. Genet. Metab. (2014), http://dx.doi.org/10.1016/j.ymgme.2014.07.016



http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0035
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0035
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0035
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0370
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0370
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0375
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0375
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0375
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0380
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0380
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0380
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0055
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0055
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0055
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0055
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0060
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0060
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0065
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0065
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0065
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0070
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0070
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0385
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0385
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0385
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0385
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0080
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0080
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0080
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0080
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0390
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0390
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0390
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0395
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0395
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0395
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0395
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0400
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0400
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0400
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0405
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0405
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0100
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0100
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0410
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0410
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0410
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0415
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0415
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0415
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0420
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0420
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0420
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0420
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0425
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0425
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0425
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0430
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0430
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0430
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0435
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0435
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0435
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0135
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0135
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0135
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0135
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0440
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0440
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0440
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0440
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0445
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0445
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0445
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0450
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0450
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0450
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0455
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0455
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0455
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0460
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0460
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0460
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0460
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0465
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0465
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0465
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0465
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0465
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0465
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0470
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0470
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0470
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0470
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0475
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0475
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0475
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0475
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0175
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0175
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0175
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0180
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0180
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0180
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0480
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0480
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0480
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0190
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0190
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0190
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0195
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0195
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0200
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0200
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0200
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0200
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0205
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0205
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0205
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0485
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0485
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0485
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0490
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0490
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0490
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0490
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0495
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0495
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0495
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0495
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0500
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0500
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0500
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0500
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0505
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0505
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0510
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0510
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0510
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0515
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0515
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0515
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0515
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0520
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0520
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0520
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0525
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0525
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0525
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0530
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0530
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0530
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0530
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0260
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0260
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0260
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0260
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0535
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0535
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0535
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0535
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0270
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0270
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0270
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0270
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0270
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0540
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0540
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0540
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0545
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0545
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0545
http://dx.doi.org/10.1016/j.ymgme.2014.07.016

V. lacobazzi et al. / Molecular Genetics and Metabolism xxx (2014) xXX-xxx 7

[61] A. Schulze, M. Lindner, D. Kohlmuller, K. Olgemoller, E. Mayatepek, G.F. Hoffmann,
Expanded newborn screening for inborn errors of metabolism by electrospray
ionization-tandem mass spectrometry: results, outcome, and implications,
Pediatrics 111 (2003) 1399-1406.

[62] Y.E. Landau, U. Lichter-Konecki, H.L. Levy, Genomics in newborn screening, J.
Pediatr. 164 (2014) 14-19.

[63] Y.M. Lo, N. Corbetta, P.F. Chamberlain, V. Rai, L.L. Sargent, CW. Redman, J.S.
Wainscoat, Presence of fetal DNA in maternal plasma and serum, Lancet 350
(1997) 485-487.

[64] N.B. Tsui, R.A. Kadir, K.C. Chan, C. Chi, G. Mellars, E.G. Tuddenham, T.Y. Leung, T.K.
Lau, RW. Chiu, Y.M. Lo, Noninvasive prenatal diagnosis of hemophilia by
microfluidics digital PCR analysis of maternal plasma, DNA Blood 117 (2011)
3684-3691.

[65] 1. Scala, G. Parenti, G. Andria, Universal screening for inherited metabolic diseases in
the neonate (and the fetus), ]. Matern Fetal Neonatal. Med. 25 (2012) 4-6.

[66] B.M. Knoppers, A. Thorogood, R. Chadwick, The human genome organisation:
towards next-generation ethics, Genome Med. 5 (2013) 38.

[67] S.P.Stabler, C. Steegborn, M.C. Wahl, J. Oliveriusova, J.P. Kraus, R.H. Allen, C. Wagner,
S.H. Mudd, Elevated plasma total homocysteine in severe methionine
adenosyltransferase I/ deficiency, Metab. Clin. Exp. 51 (2002) 981-988.

(68]

[69]

[70]

[71]

A.B. Guttormsen, P.M. Ueland, I. Nesthus, O. Nygard, J. Schneede, S.E. Vollset, H.
Refsum, Determinants and vitamin responsiveness of intermediate hyperhomocys-
teinemia (>or = 40 micromol/liter) The Hordaland Homocysteine Study, J. Clin.
Invest. 98 (1996) 2174-2183.

I. Baric, K. Fumic, B. Glenn, M. Cuk, A. Schulze, ].D. Finkelstein, S.]. James, V.
Mejaski-Bosnjak, L. Pazanin, I.P. Pogribny, M. Rados, V. Sarnavka, M. Scukanec-
Spoljar, R.H. Allen, S. Stabler, L. Uzelac, O. Vugrek, C. Wagner, S. Zeisel, S.H.
Mudd, S-Adenosylhomocysteine hydrolase deficiency in a human: a genetic
disorder of methionine metabolism, Proc. Natl. Acad. Sci. U. S. A. 101 (2004)
4234-42309.

N.R. Buist, B. Glenn, O. Vugrek, C. Wagner, S. Stabler, R.H. Allen, 1. Pogribny, A.
Schulze, S.H. Zeisel, 1. Baric, S.H. Mudd, S-Adenosylhomocysteine hydrolase deficiency
in a 26-year-old man, J. Inherit. Metab. Dis. 29 (2006) 538-545.

S.H. Mudd, R. Cerone, M.C. Schiaffino, AR. Fantasia, G. Minniti, U. Caruso, R. Lorini, D.
Watkins, N. Matiaszuk, D.S. Rosenblatt, B. Schwahn, R. Rozen, L. LeGros, M. Kotb, A.
Capdevila, Z. Luka, ].D. Finkelstein, A. Tangerman, S.P. Stabler, R.H. Allen, C. Wagner,
Glycine N-methyltransferase deficiency: a novel inborn error causing persistent
isolated hypermethioninaemia, J. Inherit. Metab. Dis. 24 (2001) 448-464.

Please cite this article as: V. Iacobazzi, et al., Hyperhomocysteinemia: Related genetic diseases and congenital defects, abnormal DNA methylation
and newborn screening issues, Mol. Genet. Metab. (2014), http://dx.doi.org/10.1016/j.ymgme.2014.07.016



http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0285
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0285
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0285
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0285
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0550
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0550
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0555
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0555
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0555
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0560
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0560
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0560
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0560
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0565
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0565
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0570
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0570
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0575
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0575
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0575
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0315
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0315
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0315
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0315
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0315
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0315
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0580
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0580
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0580
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0580
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0580
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0580
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0325
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0325
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0325
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0585
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0585
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0585
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0585
http://refhub.elsevier.com/S1096-7192(14)00220-0/rf0585
http://dx.doi.org/10.1016/j.ymgme.2014.07.016

	Hyperhomocysteinemia: Related genetic diseases and congenital defects, abnormal DNA methylation and newborn screening issues
	1. Introduction
	2. Hyperhomocysteinemia caused by inborn errors of metabolism
	2.1. Methylenetetrahydrofolate reductase (MTHFR) deficiency
	2.2. Cystathionine-β-synthase (CBS) deficiency
	2.3. Cobalamin (vitamin B12) metabolism defects

	3. Hyperhomocysteinemia and abnormal DNA methylation: a risk factor in congenital diseases
	3.1. Down syndrome (DS)
	3.2. Neural tube defects (NTD)
	3.3. Congenital heart defects (CHD)
	3.4. Nonsyndromic oral clefts (NOC)

	4. Newborn mass screening programs
	4.1. Tandem mass spectrometry (MS/MS)
	4.2. Next generation sequencing (NGS)

	5. Conclusion
	References


