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ABSTRACT: Riboflavin, or vitamin B2, is a precursor to flavin adenine dinucleotide (FAD) and
flavin mononucleotide (FMN) molecules, required in biological oxidation-reduction reactions. We
previously reported a case of a newborn female who had clinical and biochemical features of
multiple acyl-CoA dehydrogenation deficiency (MADD), which was corrected by riboflavin
supplementation. The mother was then found to be persistently riboflavin deficient, suggesting
that a possible genetic defect in riboflavin transport in the mother was the cause of the transient
MADD seen in the infant. Two recently-identified riboflavin transporters G protein-coupled
receptor 172B (GPR172B or RFTI) and riboflavin transporter 2 (C20orf54 or RFT2) were screened
for mutations. Two missense sequence variations, ¢.209A>G [p.Q70R] and ¢c.886G>A [p.V296M ]
were found in GPRI72B. In vitro functional studies of both missense variations showed that
riboflavin transport was unaffected by these variations. Quantitative real-time PCR revealed a de
novo deletion in GPR1728B spanning exons 2 and 3 in one allele from the mother. We postulate
that haploinsufficiency of this riboflavin transporter causes mild riboflavin deficiency, and when
coupled with nutritional riboflavin deficiency in pregnancy, resulted in the transient riboflavin-
responsive disease seen in her newborn infant. This is the first report of a genetic defect in
riboflavin transport in humans. ©2010 Wiley-Liss, Inc.
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INTRODUCTION

Riboflavin or vitamin B2 is a water-soluble vitamin essential for normal cellular functions. It is a precursor in
the synthesis of flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD), both of which are important
molecules in biological reduction-oxidation reactions (Powers, 2003). In particular, FAD is a cofactor for the
electron transfer flavoprotein (ETF) and ETF ubiquinone oxidoreductase (ETF:QO) making up the electron
transport pathway for a number of mitochondrial flavoprotein dehydrogenases (most of which are acyl-CoA
dehydrogenases) mainly involved in fatty acid and amino acid metabolism. A defect in either ETF or ETF:QO
causes multiple acyl-CoA dehydrogenation deficiency (MADD), or glutaric aciduria type 2 (MIM# 231680). This
is an autosomal recessive disorder with mutations commonly found in the two genes encoding the two subunits of
ETF (ETFA; MIM# 608053, and ETFB; MIM# 130410), or in ETFDH (MIM# 231675) which encodes ETF:QO
(Indo et al., 1991; Beard et al., 1993; Colombo et al., 1994; Goodman et al., 2002). The clinical phenotype varies
from severe neonatal onset with congenital anomalies and early death to mild and/or later onset forms (Rhead et
al., 1987). Some patients respond dramatically to pharmacological doses of riboflavin, in particularly those with
mutations in the ETFDH gene (Olsen et al., 2007; Law et al., 2009).

We now report on a novel genetic mutation in the mother of a neonatal case of suspected MADD, the latter of
whom had no identifiable genetic defects in ETFA, ETFB or EFTDH. A newborn female presented on the first day
of life with clinical and biochemical findings consistent with MADD. Riboflavin supplementation corrected the
biochemical abnormalities 24 hours after commencing the vitamin. The mother was subsequently shown to be
persistently riboflavin-deficient. We postulated that a primary genetic defect in one of the recently identified
riboflavin transporter genes in the mother was the cause of the transient MADD in the infant, and that such defect
would be absent in the infant.

MATERIALS AND METHODS

The clinical details of this family have been previously reported (Chiong et al., 2007). In brief, a female infant
(IIL:1 — Figure 1), the first child of nonconsanguineous parents of Australian and Maltese background, presented
within the first 24 hr of life with clinical features and urinary organic acids highly suggestive of multiple acyl-CoA
dehydrogenase deficiency (MADD). Urine metabolic screening performed on day 2 showed a typical dicarboxylic
aciduria with gross increases in hexandioate, octandioate, decanediaoate and decenedioate, moderate increases in
cthylmalonate, glutarate, 2-hydroxyglutarate, 5-hydroxyhexandioate and 7-hydroxyoctanedioate. Hexanoylglycine
was also markedly increased but no other acylglycines were detected. Blood spot screening from the baby on day 2
by tandem mass spectrometry showed normal acylcarnitines, C4-carnitine, 0.52 and 0.45 pmol/L (cut off 1.3
pmol/L), C10-carnitine, 0.76 pmol/L and 0.63 pmol/L (cut off 1 pmol/L), C10:1-carnitine, 0.39 pmol/L and 0.21
umol/L (cut off 1 pmol/L), C14-carnitine, 0.73 pmol/L and 0.7 pmol/L (cut off 1 pmol/L), C14:1-carnitine, 0.6
and 0.51 (cut off 1), Cl16-carnitine, 1.91 pmol/L and 1.93 pmol/L (cut off 11 pmol/L), C6é-carnitine 0.37 pmol/L
and 0.27 pmol/L (cut off 1 pmol/L) and C5D-carnitine 0.21 pmol/L and 0.22 pmol/L (cut off 0.3 pmol/L). C12 -
carnitine was not measured in the blood spots. Plasma carnitine and acylcarntine levels on day 2 were: total — 26
mmol/L (normal range [NR] 8 — 45), free — 11 (NR 4 — 33), glutarylcarnitine — 0.40 (NR 0 — 0.16),
hexanoylcarnitine — 0.2 (NR 0 — 0.1), octanoylcarnitine — 0.4 (NR 0 — 0.4), decaonylcarnitine — 0.9 (NR 0 - 0.4),
decenoylcarnitine — 0.2 (0 — 0.2), dodecanoylcarnitine — 1.15 (NR 0 — 0.34), tetradecenoylcarnitine — 1.08 (NR 0 —
0.27), tetradecanoylcarnitine — 0.77 (NR 0 — 0.19), palmitoylcarnitine — 0.91 (NR 0 —0.74).

Remarkably, within 24 hr of the commencement of resuscitative therapy, including oral riboflavin, her clinical
condition improved dramatically and her chemistry returned to normal. Fibroblast ETF and ETF:QO enzymology
of cells cultured in riboflavin replete or depleted medium were all normal, making MADD highly unlikely.
Riboflavin was ceased at 15 months of age, and now aged 5 yrs she has remained healthy with no further episodes
of metabolic decompensation and with normal urinary organic acids and plasma acylcarnitines.

Based on these findings, her mother (II:1 — Figure 1) was suspected of having riboflavin deficiency, and this
was confirmed biochemically. Initially, the low riboflavin level was thought to be nutritional in origin, but
sustained correction of the plasma acylcarnitines in the mother only when she continued oral riboflavin therapy led
to the conclusion that she was likely to have a primary genetic defect of riboflavin transport or metabolism. Her
husband (I1:2) and parents (I:1 and 1:2) had normal riboflavin levels, urinary organic acids and plasma
acylcarnitines. A second child (II1:2) had normal urine organic acids, plasma acylcarnitines and riboflavin levels
at 1 month of age. During the pregnancy with this child the mother (II:1) had been on riboflavin supplementation.
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Figure 1. Pedigree and Haplotypes of Family with Riboflavin Deficiency. Pedigree of the family, showing I:1, maternal
grandmother, 1:2, maternal grandfather, II:1, riboflavin-deficient mother (in black), I1:2, father; III:1, infant with transient
riboflavin deficiency; I11:2, unaffected infant. 1:1, I:2, II:2 and III:2 had normal plasma acylcarnitines and riboflavin levels.
Schematic diagrams of the GPRI72B gene show the haplotypes of each family member for the three polymorphisms,
p.Q70R, p.A271V and p.V296M. The dashed line represents the position of the region deleted in the pathogenic allele in
II:1.

We postulated that a primary genetic defect in riboflavin metabolism or transport in the mother was the cause of
the transient MADD in the infant III:1, and that such defect would be absent in the infant. Mutations in ETFA,
ETFB and ETFDH have been previously excluded (Chiong et al., 2007). We also excluded mutations of FAD
synthesis in the riboflavin kinase (RFK) and FAD synthetase (FLADI) genes as the cause of riboflavin deficiency.
The newly identified human riboflavin transporters, G protein-coupled receptor 172B (GPR172B; MIM# 607883)
or riboflavin transporter 1 (RFT1) (Yonezawa et al., 2008) and riboflavin transporter 2 (C200rf54 or RFT2; MIM#
613350) (Yamamoto et al., 2009) were screened for mutations that may potentially lead to riboflavin deficiency.
GPRI172B, a 2.8 kb gene located at chr17p13.2, contains 5 exons and has two mRNA transcript variants (GenBank
reference numbers NM_001104577.1 and NM 071986.3). The two transcripts differ only in the 5° untranslated
region (5’ UTR) and encode the same protein of 448 amino acids (NP_001098047.1 and NP_060456.3).
Nucleotide numbering reflects cDNA numbering with +1 corresponding to the A of the ATG translation initiation
codon in the reference sequences, according to journal guidelines (www.hgvs.org/mutnomen). The initiation
codon is codon 1.

These studies were approved by the Ethics Committee of the Children’s Hospital at Westmead, and informed
consent was obtained from the parents of the proband. Using the genomic DNA of the riboflavin-deficient mother
(I1:1), the four coding exons (exons 2 - 5) in GPR172B were screened using direct sequencing (Macrogen, Seoul,
Korea). Primers and PCR conditions are available upon request. Two single nucleotide polymorphisms were
identified in exon 3 of GPRI72B.
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In order to exclude pathogenicity of the two mutations, the in vitro function of the two mutated GPR172B
proteins was characterized. Experimental procedures were previously described (Yonezawa et al., 2008). Briefly,
human GPRI72B ¢DNA was subcloned into pcDNA3.1/Hygro(+) plasmid vector. Site-directed mutations in
GPRI172B gene was introduced with QuikChange II Site-Directed Mutagenesis Kit (Agilent Technologies, Santa
Clara, CA) and the mutations were confirmed by direct sequencing. HEK 293 cells were seeded onto poly-D-
lysine-coated 24-well plates at a density of 7.5 x 10* cells per well. The cells were transfected with 200 ng of
plasmid DNA per well using 1 pl of Lipofect AMINE 2000 (Life Technologies, Carlsbad, CA). Forty-eight hours
after the transfection, the cells were used for the subsequent experiments. Cells were incubated in the incubation
buffer containing 10 nM [*H]riboflavin (0.903 TBg/mmol, Moravek Biochemicals, Inc., Brea, CA) for 1 min, and
then washed twice with ice cold incubation buffer. The cells were solubilized in 0.5 N NaOH, and the
radioactivity was measured by liquid scintillation counting. The composition of the incubation buffer was as
follows: 145 mM NaCl, 3 mM KCI, 1 mM CaCl, 0.5 mM MgCl,, 5 mM D-glucose and 5 mM HEPES (adjusted
with NaOH to pH 7.4).

In order to identify any copy number variations in GPRI72B, primers were designed using Primer3 software
(Rozen and Skaletsky, 2000) at five different sites along the length of GPRI72B, with two pairs of primers
spanning the locations of the missense mutations in exon 3, and one pair of primers in the remaining coding ¢xons
(exons 2, 4 and 5), as well as a pair of primers in a remote genomic region as a reference. Primer sequences arc
available upon request. Real-time PCR was performed using a Rotorgene 6000 (Corbett Life Sciences, now
QIAGEN, Doncaster, Vic, Australia). Each reaction of 10 pl contained 0.5 U Hotmaster Taq polymerase (5
PRIME, Hamburg, Germany), 1x Hotmaster Taq buffer provided with polymerase, 0.2 mM of each dNTP
(Invitrogen, Carlsbad, CA), 0.5 pM of each primer, 0.5 M betaine (Sigma-Aldrich, Castle Hill, NSW, Australia),
5.0% DMSO (Sigma-Aldrich, Castle Hill, NSW, Australia), 1x SYBR green dye (Invitrogen, Carlsbad, CA) and
25 ng genomic DNA. The PCR program conditions were as follows: initial denaturation at 94°C for 4 min,
followed by 40 cycles of 94°C for 20s, 56°C for 20s and 70°C for 30s, with a fluorescence measurement at the end
of each 70°C ¢longation step. Analysis of qPCR was carried out as previously described (Pfaffl, 2001).

RESULTS

Two previously reported single nucleotide polymorphisms (SNP) in exon 3 of GPRI72B were identified
(GenBank reference NC_000017.9), both of which were apparently homozygous in II:2, as shown in Figure 2.
The first was a transition from an adenine residue to guanine at ¢cDNA position 209 resulting in a missense
mutation at glutamine 70 to arginine (¢.209A>G; p.Q70R). The second was a transition from a guanine to adenine
at ¢.886, changing valine 296 to methionine (c.886G>A; p.V296M). Both missense mutations have previously
been reported in the dbSNP (reference ID for ¢.209A>G rs346822, ¢.886G>A rs2304445).

The uptake of riboflavin of three mutant GPR172B proteins was investigated along with the wild-type protein:
p-Q70R, p.V296M and a third containing both p.Q70R and p.V296M. Results are shown in Figure 3. There were
no significant differences between the rates of uptake of any of the three mutant proteins compared to the wild-
type GPR172B.

A further possibility is the occurrence of a large deletion that would not be detectable by PCR and direct
sequencing. We used a quantitative PCR (qPCR) strategy to search for heterozygous deletions in GPRI72B,
which revealed a partial deletion of the GPRI72B gene in the riboflavin-deficient mother II:1. Figure 4 shows
reduced copy numbers of exon 2 and both regions tested in exon 3, indicating that II:1 carries one intact and one
truncated copy of GPR172B, whereas the infant III:1 has two intact copies. Array CGH using the Human Genome
CGH Microarray 244A (Agilent Technologies, [nc. Santa Clara CA) array did not detect any deletions in II:1 (data
not shown), limiting the size of the deletion to a maximum of 1.9 kb, We were unable to define the exact position
of the breakpoints of the deletion.

Additional screening of other family members at these loci revealed that infant I11:1 was homozygous for
p-Q70R and for p.V296M. Infant III:2 and the father (II:2) of the infants III:1 and III:2 and infant III:2 were
homozygous for p.Q70R and heterozygous for p.V296M. The genotype and quantitative PCR results for the infant
IIL:1 is consistent with our hypothesis that she has not inherited the deleterious allele from II:1. The maternal
grandfather I:2 was heterozygous for p.Q70R and for p.V296M. The maternal grandmother I:1 was homozygous
for p.Q70R and heterozygous for p.V296M. It was not possible to determine from which parental chromosome
the partial deletion of GPRI72B in II:1 has arisen. Screening also revealed a third common SNP at ¢.812C>T
(p.A271V, rs346821), heterozygous in the father, the infant III:2 and the maternal grandmother. Genotype data are
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summarized in Figure 1. Biochemical testing for the father, infant II1:2 and maternal grandparents revealed normal
plasma acylcarnitines and riboflavin levels.

A B

c.209A>G c.886G>A

TGGAGGCGGCTGGCC CAATGGCATGCTGCC

Patient

Normal
control

Figure 2. GPRI72B Missense Mutations ¢.209A>G (p.Q70R) and c.886G>A (p.V296M). (A) Chromatograms showing
the apparently homozygous change in the riboflavin-deficient mother II:1 from the genomic reference sequence (adenine,
top panel) to guanine (bottom panel) at cDNA position ¢.209. (B) Chromatograms showing the apparently homozygous
change in the riboflavin-deficient mother II:1 from the genomic reference sequence (guanine, top panel) to adenine (bottom
panel) at cDNA position ¢.886.
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Figure 3. Uptake of Riboflavin by Variant GPR172B Proteins. Uptake of [*H]riboflavin (10
nM) in HEK293 cells transfected with pcDNA3.1/Hygro(+) plasmids containing wild-type
(WT) or variant (p.Q70R alone, p.V296M alone, or combined p.Q70R and p.V296M)
GPR172B cDNA. No significant differences were found between the wild-type protein and any
of the variant proteins. Data are presented as mean +/- SE (n=3).



Maternal Riboflavin Deficiency Caused by Mutation in GPR172B  E1981

) ATG c.zosIAa-G c.88816>A
o I

Ex2 Ex3-1 Ex3-2 Ex4 Ex5

E ‘ on

mControl

SO

Lo

Ratio of Normalised Copy Number

Figure 4. Structure of GPR/72B and Relative Copy Number in II:1 and IIL:1. (A) Schematic diagram of the arrangement
of exons in GPR172B on chromosome 17, showing the five exons (box), with the coding regions highlighted in grey and
the untranslated regions in white. Introns are indicated by a line. The initiation ATG codon is marked as shown. The two
missense sequence variations detected in the riboflavin-deficient mother (II:1) are indicated by arrows above the gene.
The arrows below the gene mark the locations of the primers used for the quantitative PCR studies to identify copy
number variations. (B) Normalised copy numbers for five regions of GPRI72B in riboflavin-deficient mother (white bars)
and infant (grey) relative to 3 controls from normal population (black). The threshold for a deletion is 0.6 (solid line).
The riboflavin-deficient mother carried a deletion over the regions of Ex2, Ex3-1 and Ex3-2, whilst Ex4 and Ex5 showed
normal copy numbers. The infant did not carry any deletions in this locus. Data are presented as means +/-SD (n=4).

DISCUSSION

We hypothesized that a genetic defect in the riboflavin-deficient mother II:1 was responsible for the transient
MADD-like phenotype observed in the infant IIl:1. Screening of the recently discovered riboflavin transporter
GPR172B revealed a heterozygous deletion of exons 2 and 3. This deletion was identified only in the mother, but
not the infant, in accordance with our hypothesis. The deletion is also de novo, inferred from the presence of
heterozygous SNPs in both parents of 1I:1 at the same location. The initiation codon of GPRI72B is located in
exon 2, and therefore the deletion of exons 2 and 3 is likely to completely disrupt expression of GPR172B from
that allele. We surmise that the haploinsufficiency is the cause of the mild riboflavin deficiency observed in II:1.

We also identified two missense mutations which are unlikely to have any pathogenic effects on riboflavin
transport. The observed rates of riboflavin uptake of different alleles of GPR172B, expressed in vitro, suggest that
neither the two missense mutations individually, p.Q70R or p.V296M, nor the combination of both p.Q70R and
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p.V296M in cis, has any effect on the functionality of the GPR172B protein (Figure 3). In addition, in silico
splicing prediction suggested that neither variation would affect exon splicing.

The frequencies of these alleles in normal populations lend further support to their non-pathogenicity. The
genotypic frequency of homozygous p.Q70R is 94.5%, suggesting that the p.R70 is the predominant allele.
Alignment of GPR172B to its homologues reveals that p.R70 is the ancestral allele (data not shown). Although
the genotypic frequency of homozygous p.V296M is lower (only 1.8%), it is more common than the prevalence of
MADD. The screening of the other family members (summarized in Figure 1) and biochemical testing also
suggest that the missense mutations p.Q70R and p.V296M are not the genetic causes for riboflavin deficiency.

The second riboflavin transporter gene C20orf54 (RFT2) was also screened, with eleven variations identified
(Table 1). We excluded pathogenicity in the only nonsynonymous change identified (data not shown). Large
genomic deletions were excluded by the presence of heterozygous variations throughout the length of the gene.

Table 1. Variations in RFT2 identified in individual I1:1

Systematic name *  Predicted protein  Status ° Location dbSNP entry ¢
effect ”
c.-14_-6del9 - pM1? Heterozygous 5’ UTR rs11467076
c321C>T p= Heterozygous Exon 2 rs3746808
c.456C>T p= Heterozygous Exon 2 rs3746807
c.765C>T p= Heterozygous Exon 3 rs3746805
¢.800C>T p.P267L Heterozygous Exon 3 rs3746804
c.1073+21A>T no change to Heterozygous Intron 3 n/a
splicing
c.1197+106A>G  no change to Homozygous Intron 4 rs6054589
splicing
c.1197+108C>T no change to Heterozygous Intron 4 rs3746801
splicing
c.1233T>C p= Homozygous Exon 5 rs910857
c.*16delC Heterozygous 3’ UTR 1s3215628

* Systematic name designations based on GenBank reference sequence NM_033409.3. Nucleotide numbering reflects
c¢DNA numbering with +1 corresponding to the A of the ATG translation initiation codon in the reference sequences,
according to journal guidelines (www.hgvs.org/mutnomen).

® Protein changes based on GenPept reference sequence NP_212134.3, with initiation codon numbered 1; splicing
predictions by Berkeley Drosophila Genome Project Splice Site Predictor,
http://www.fruitfly.org/seq_tools/splice.html

¢ Status in individual II:1

¢ dbSNP, http://www.ncbi.hlm.nih. gov/projects/SNP/

In contrast to previous disorders involving riboflavin metabolism, the case we have reported is a dominant
disorder with a very mild phenotype. None of the usual symptoms of riboflavin deficiency were observed in the
mother II-2, and the deficiency was only detected biochemically. This may be in part due to a compensatory effect
of at least one other riboflavin transporter, RFT2 (Yamamoto et al., 2009). RFT2 is expressed predominantly in
the small intestine, and is thought to be the primary transporter involved in riboflavin uptake (Yamamoto et al.,
2009). The manifestation of the MADD-like phenotypes in only the infant can be attributed to the greater demand
for nutrients in the growing fetus, as well as the high expression level of GPRI72B in placenta (Yonezawa et al.,
2008), suggesting that its main role may be placental transport of riboflavin.

To our knowledge, this is the first description of a genetic defect involving riboflavin uptake in humans.
Although there are no similar parallels in human, the mouse ascorbic acid (vitamin C) transporter Slc23al shows a
similar gene dosage response, with heterozygote mice having a reduced level of ascorbic acid compared to wild-
type, and with homozygous wildtype offspring of heterozygous females showing mild ascorbic acid deficiency
(Sotiriou et al., 2002). Interestingly, supplementation of ascorbic acid of heterozygous females during pregnancy
normalizes ascorbic acid levels in the newborn pups, except for those homozygous for the mutation (Sotiriou et al.,
2002).
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It is interesting to note that the second child, III:2, had no postnatal problems and testing confirmed her to be
riboflavin replete. Her mother continued riboflavin supplementation throughout the pregnancy. We conclude that
the maternal riboflavin supplementation protected the second infant from the consequences of riboflavin
deficiency.

In conclusion, a deletion spanning exons 2 and 3 of the riboflavin transporter GPR172B was identified in the
mother of the infant initially suspected of MADD. The deletion was not present in the infant, indicating that
transient clinical and metabolic abnormalities in the infant were a consequence of maternal riboflavin deficiency.
Genes involved in cellular riboflavin metabolism/transport have previously been suggested to be associated with
riboflavin-responsive forms of MADD (Rhead et al., 1993; Vergani et al., 1999), but identification of mutations
have until now been limited to EFTA, EFTB and EFTDH. For patients with MADD and without mutations in
these three genes, screening of GPRI72B, and indeed the second riboflavin transporter RFT2, should be
considered.
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