
American Journal of Medical Genetics 125A:299–305 (2004)

Clinical Report

Novel Mutation in the SLC19A2 Gene in an
African-American Female With Thiamine-
Responsive Megaloblastic Anemia Syndrome

William H. Lagarde,* Louis E. Underwood, Billie M. Moats-Staats, and Ali S. Calikoglu
University of North Carolina at Chapel Hill, Chapel Hill, North Carolina

Thiamine-responsive megaloblastic anemia
(TRMA) syndrome is an autosomal recessive
disorder characterized by diabetes mellitus
(DM), progressive sensorineural deafness,
and thiamine-responsive anemia. Mutations
in theSLC19A2gene encoding a high-affinity
thiamine transporter protein THTR-1 are
responsible for the clinical features asso-
ciated with TRMA syndrome. We report an
African-American female with TRMA-syn-
drome associated with thyroid disease and
retinitis pigmentosa caused by a novel muta-
tion in the SLC19A2 gene. The patient pre-
sented at 12 months of age with paroxysmal
atrial tachycardia and hepatosplenomegaly.
One month later, she developed DM requiring
intermittent insulin therapy. At 2-1/2 years
of age, profound sensorineural hearing loss
was discovered. By 4 years of age, daily
insulin therapy (0.5 U/kg/day) was instituted
and her insulin requirement gradually in-
creased to 1.0 U/kg/day by 9 years of age. She
developed optic atrophy, retinitis pigmen-
tosa, and visual impairment by 12 years of
age with severe restriction of peripheral
vision by 16 years. At age 19, a thiamine-
responsive normocytic anemia was discov-
ered. She was diagnosed with autoimmune
thyroiditis at 20 years and she experienced a
psychotic episode associated with a mood

disorder at age 21. With oral thiamine ther-
apy, her insulin requirement decreased by
30% over a 20 month period. Molecular anal-
ysis revealed that the patient is homozygous
for a missense mutation (C152T) in exon 1 of
the SLC19A2 gene. � 2003 Wiley-Liss, Inc.

KEY WORDS: SLC19A2; TRMA; mutation;
thiamine; megaloblastic ane-
mia; diabetes mellitus; deaf-
ness; retinitis pigmentosa;
hypothyroidism

INTRODUCTION

Thiamine-responsive megaloblastic anemia (TRMA)
syndrome (OMIMNo. 249270) is an autosomal recessive
disorder characterized by diabetes mellitus (DM),
thiamine-responsive anemia, and progressive sensor-
ineural deafness [Rogers et al., 1969; Viana and
Carvalho, 1978; Rindi et al., 1992]. Other findings
reported in association with TRMA syndrome include
thrombocytopenia [Rindi et al., 1992; Bazarbachi et al.,
1998;Scharfeetal., 2000;Bappal etal., 2001;Gritli etal.,
2001], pancytopenia [Bazarbachi et al., 1998; Meire
et al., 2000; Bappal et al., 2001; Gritli et al., 2001],
myelodysplasia [Bazarbachi et al., 1998], cone-rod
dystrophy [Meire et al., 2000], optic atrophy [Poggi
et al., 1984; Marietti et al., 1995], retinal degeneration
[Scharfe et al., 2000], ataxia [Akinci et al., 1993], hepa-
tomegaly [Mandel et al., 1984; Scharfe et al., 2000],
atrial septal defects [Bappal et al., 2001], ventricular
septal defects [Abboud et al., 1985], myocardial conduc-
tion defects [Mandel et al., 1984], congestive cardiomyo-
pathy [Mandel et al., 1984; Meire et al., 2000; Bappal
et al., 2001;Gritli et al., 2001], situs inversus [Viana and
Carvalho, 1978], and stroke [Mandel et al., 1984; Meire
et al., 2000; Villa et al., 2000].

ThehumanTRMAgene,SLC192A(OMIMNo.603941),
contains six exons that encode a 497 amino acid protein
with 12 putative transmembrane domains that exhibits
high-affinity thiamine transport activity [Diaz et al.,
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1999; Dutta et al., 1999; Fleming et al., 1999; Labay
et al., 1999]. The gene is expressed in a wide range of
human tissues including bonemarrow, pancreas, brain,
retina, heart, skeletal muscle, kidney, liver, lung, small
intestine, colon, placenta, lymphocytes, and fibroblasts
[Diaz et al., 1999;Dutta et al., 1999; Fleming et al., 1999;
Labay et al., 1999; Said et al., 2001]. Mutations in
SLC19A2 have been identified in individuals with
TRMA syndrome [Diaz et al., 1999; Fleming et al., 1999;
Labay et al., 1999; Raz et al., 2000; Scharfe et al., 2000;
Gritli et al., 2001]. These mutations have been shown,
using in vitro transfection assays [Balamurugan and
Said, 2002], to diminish thiamine uptake compared to
non-mutated controls.Mutations inSLC19A2 described
to date include: (1) insertions or deletions that cause a
frame shift with introduction of an early stop codon
causing premature termination of the THTR-1 peptide,
(2) nonsense mutations that cause premature termina-
tion of the THTR-1 peptide, (3) missense mutations
coding for amino acid substitutions, or (4) exon/intron
splice site mutations resulting in abnormal exon/exon
splicing (Table I). TRMA syndrome has been reported in
individuals of various ethnic backgrounds including
kindreds of Tunisian, Turkish, Pakistani, Iranian,
Lebanese, Israeli, Indian, Italian, French, Japanese,
and Alaskan decent (Table I). Here we describe the first
case of TRMA syndrome with an African-American
background. She also has retinitis pigmentosa, auto-
immune thyroiditis, and psychosis associated with a
mood disorder, findings that have not been described in
association with TRMA syndrome.

CLINICAL REPORT

An African-American girl presented at 12 months of
age with a 1 week history of poor feeding and emesis.
She had irritability, mild dehydration, tachycardia, and
hepatosplenomegaly. Laboratory evaluation revealed
elevated serum aspartate aminotransferase (444 U/L),
alanine aminotransferase (580 U/L), lactate dehydro-

genase (1103 U/L), mild anemia (Hgb 9.5 g/dl and Hct
30%), thrombocytopenia (platelet count 19.6� 109/L),
hyperglycemia (glucose 271mg/dl), mild acidosis (bicar-
bonate 16meq/L), trace glycosuria, and trace ketonuria.
Serum creatine kinase and amylase were normal. An
EKG revealed paroxysmal atrial tachardia (PAT), and
digoxin therapy was begun. After digitalization and
hydration, her condition improved with resolution of
emesis, tachycardia, and hepatosplenomegaly. Liver
enzymes returned to normal and her thrombocytopenia,
hyperglycemia, acidosis, glycosuria, and ketonuria
resolved. One month later she experienced polyuria,
polydipsia, andpoor feeding. Shewasmildly dehydrated
and laboratory evaluation revealed hyperglycemia
(glucose 257 mg/dl), relative insulinopenia (insulin
7.6 mIU/ml), acidosis (bicarbonate 10 meq/L), glyco-
suria, and ketonuria leading to a diagnosis of new-onset
DM. After rehydration and subcutaneous insulin ther-
apy, her hyperglycemia, acidosis, and ketosis resolved.
She was discharged home requiring regular insulin as
needed on an intermittent basis only. At 2-1/2 years,
hearing impairment was suspected and brainstem
auditory evoked response testing revealed profound
sensorineural hearing loss. At 4 years, daily insulin
therapy (0.5 U/kg/day) was begun because of deteriora-
tion in glycemic control. Her insulin requirement
gradually increased to 1.0 U/kg/day by 9 years of age.
Progressive optic nerve pallor was noted at 3-3/4 and
6 years with development of optic atrophy, retinitis
pigmentosa, and visual impairment by 12 years. Visual
field testing at age 12 years revealed loss of peripheral
vision progressing to severe loss of peripheral vision by
16 years. At age 19, anemia (Hgb 7.8 g/dl and reticulo-
cyte count 1.8%) was discovered. Serum folate and
vitamin B12 were normal and her anemia was not
responsive to oral iron therapy (325 mg orally, three
times daily). She was started on thiamine (75 mg orally,
daily). With initiation of thiamine therapy, her reticu-
locyte count increased to 8.6% after 12 days and Hgb to
10.9 g/dl after 2 months. She developed episodes of

TABLE I. Mutations Described in the SLC19A2 Gene

Mutation Exon Amino acid Effect Kindred Author

Frame shift
242InsA 2 Stop Term 97 Pakistan, Iran Diaz et al., 1999; Raz et al., 2000
G287Del 2 Stop Term 117 Tunisia Gritli et al., 2001
TT429Del 2 Stop Term 239 Iran Diaz et al., 1999; Raz et al., 2000
C724Del 2 Stop Term 259 Israel, Israel–Arab, Lebanon Labay et al., 1999; Raz et al., 2000
T885Del 3 Stop Term 313 Alaska Fleminget al., 1999;Raz et al., 2000
GT1147Del 4 Stop Term 385 Turkish–Kurdish Fleminget al., 1999;Raz et al., 2000

Nonsense
G196T 1 E65X Term 65 Pakistan Raz et al., 2000
C484T 2 R162X Term 162 Turkey, Pakistan, Japan Labay et al., 1999; Raz et al., 2000
G750A 2 W250X Term 250 India Labay et al., 1999; Raz et al., 2000
G1074A 4 W358X Term 358 Turkey Scharfe et al., 2000

Missense
G277C 2 D93H Transition France Raz et al., 2000
C428T 2 S142F Transition Brazil Raz et al., 2000
G515A 2 G172D Transition Italy Labay et al., 1999; Raz et al., 2000

Splice site
C1223þ1G>A 50 end

intron 4
408þ1 Splice variant Lebanon Raz et al., 2000
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hypoglycemia necessitating reduction in her insulin
dosing. Her insulin requirement, titrated according to
blood glucose readings, decreased from 1 to 0.85 U/kg/
dayat5weeksand0.65U/kg/dayat20months (Table II).
She was diagnosed with autoimmune thyroiditis at
age 20 years (TSH 48.10 mIU/ml, total T4 5.8 mcg/dl,
thyroglobulin antibodies 2.9 U/ml, and thyroid perox-
idase antibodies 22.5 U/ml), and was treated with
levothyroxine with acceptable control of her thyroid
disease with an appropriate response using doses com-
monly prescribed for primary hypothyroidism. After
treatment of hypothyroidism, she was admitted to an
inpatient psychiatric unit for treatment of a psychotic
episode associated with a mood disorder characterized
by auditory, visual, and tactile hallucinations, paranoia,
and bizarre behavior. At 23 years, she developed hyper-
thyroidism (mild goiter, lid lag, TSH<0.06 mIU/ml and
total T4 24.5 mcg/dl). Progressive reductions in her
levothyroxine replacement failed to correct her abnorm-
alities. Levothyroxine was discontinued and she was
begun on methimazole. Normalization of her biochem-
ical and clinical findings followed.

MUTATION ANALYSIS

This study was reviewed and approved by the
University of North Carolina at Chapel Hill institu-
tional committee on the protection of the rights of
human subjects.

DNA Extraction and Amplification
of SLC19A2 Exons

Blood samples were obtained from the patient, the
patient’s mother, and a healthy control. The patient’s
mother and father are both African-American and
unaffected with TRMA syndrome. The mother denied
consanguinity. The father was not available for study.
DNA was extracted from whole blood using a QIAamp
DNA blood maxi kit (Qiagen) as per the manufacturer’s
instructions. All six SLC19A2 exons and exon/intron
boundaries were amplified by PCR using primers pre-
viously described by Labay et al. [1999] (Table III). Due

to its large size, exon 2 was amplified in two segments.
Primers were synthesized by the University of North
Carolina Nucleic Acid Core Facility and PCR reactions
were performed (reaction volume 100 ml; Invitrogen
1� PCR buffer; Invitrogen 1� PCR enhancer; 2 mM
MgCl2; 0.2 mM Qiagen dNTP mix; 25 mU/ml Invitrogen
Platinum Taq polymerase; 1 pmol/ml primer 1; 1 pmol/ml
primer 2; 800 pg/ml sample DNA) with the following
PCR conditions: exons 1 and 6—denaturation 948C�
2 min, 35 cycles of 948C� 30 sec, 608C� 60 sec, 728C
60 sec, final step 728C� 7 min; exons 2a, 2b, and 3—
denaturation 948C� 2 min, 35 cycles of 948C�30 sec,
488C� 60 sec, 728C� 60 sec, final step 728C� 7 min;
exons 4 and 5—denaturation 948C� 2 min, 35 cycles of
948C� 30 sec, 558C� 60 sec, 728C� 60 sec, final step
728C� 7min. Predicted PCR product sizes were: exon 1,
477 bp; exon 2a, 498 bp; exon 2b, 493 bp; exon 3, 560 bp;
exon 4, 440 bp; exon 5, 387 bp; exon 6, 434 bp. PCR
products were checked for size and purity by gel
electrophoresis.

DNA Sequencing

PCR products were purified using a QIAquick PCR
purificationkit (Qiagen) according to themanufacturer’s

TABLE II. Response of Insulin Requirement and Hematological Parameters to Thiamine Treatment

Time (months) Hgb (g/dl) Hct (%) MCV (fl) Retic (%) Insulin (U/kg/day) Hgb A1c (%) C-peptide (ng/ml)

�0.6a 7.8 26 85 1.8 1 8.0
0b 5.8 18 79
0.4 7.1 25 90 8.6
0.6 9 33 96 5.1
0.7 10 35 97 2.2
1 10.9 37 93 0.7
1.3 0.4 0.85c 6.2
6 13 41 94 1.5 0.75 6.8
9 1.5

13 12.6 39 0.75 7.3
20 0.65 8.4
24 0.6
49 1.1

aStarted FeSO4 325 mg orally, three times daily.
bStarted thiamine 75 mg orally, daily.
cDeveloped recurrent episodes of hypoglycemia.

TABLE III. Primers Used to Amplify Exons of SLC19A2

Exon Primer Nucleotide sequence (50 !30)

1 1 50-GCGTCCGCTGTGATTGGTT-30

2 50-CTCCCTCTCGGTCAGGTT-30

2a 1 50-AGATCTTTGAGGTATTTGTAGG-30

2 50-ACACAGGTAAGAGAGATGACA-30

2b 1 50-ACAGCCACTGAAATTGCCTA-30

2 50-AGATCTACCAAGAGGGAGTTT-30

3 1 50-TTCGCCAGAGGGGATAAATG-30

2 50-CCTGCTCCACTTGAGTACTT-30

4 1 50-CCCTCCATAATCTTGAGCTATT-30

2 50-TTCCTCCCATTTGCCTCATTT-30

5 1 50-GTTGGAAAGGCAATTGACAGT-30

2 50-ACTTTACATCTGTTCCCTATTG-30

6 1 50-CTCAGGCAGTCAGGCTTTATT-30

2 50-GCTGCTGTGAAGTCAAGAAAT-30
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instructions and then sequenced by the University of
North Carolina Automated Sequencing Facility. Se-
quencing reactions were performed by the chain termi-
nator method [Sanger et al., 1977] utilizing the ABI
PRISMTM BigDyeTM Terminator Cycle Sequencing
Ready Reaction Kit with AmpliTaq1 DNA Polymerase,
FS (Applied Biosystems). Each PCR product was
sequenced two times; once with each primer. DNA
sequences were compared by BLAST analysis to online
human GenBank sequences for SLC19A2 (GenBank
Accession No. AJ238412). Exons containing identified
mutations were sequenced two additional times; once
with each primer.

Restriction Analysis

Identified mutations were confirmed by restriction
fragment length polymorphism (RFLP) analysis. The
C152T mutation introduces a Sac1 restriction site
(GAGCTC) into exon1 PCR product. Sac1 will cut exon
1 PCR product once in the presence of the mutation
C152T but will not cut exon 1 PCR product in the
absence of theC152Tmutation.Exon1PCRproducts for
the patient, the patient’smother, and the control patient
were digested with Sac1 for 1.5 hr at 378C (reaction
volume 30 ml; Roche 1X SuRE/Cut buffer A; 0.33 U/ml
Sac1 (Roche); 3.3 mmol/ml Spermidine; 15–25 ng/ml exon
1 PCR product). Digested and undigested exon 1 PCR
products were analyzed by gel electrophoresis.

RESULTS

Amplification of SLC19A2 Exons

All six SLC19A2 exons including exon/intron bound-
aries were amplified and PCR products analyzed by gel
electrophoresis. A single bandwas visualized for all PCR
products (exons 1, 2a, 2b, 3, 4, 5, and 6) for the patient,
the patient’s mother, and the control (Fig. 1, Panel A).
The size of each PCR product was equal to its predicted
size thus ruling out large exonic DNA deletions.

DNA Sequencing

DNA sequencing identified a C to T transition within
exon 1 at base pair 152 of the SLC19A2 gene (Fig. 1,
Panel B). The patient was homozygous for the C152T
mutation, the patient’s mother was heterozygous, and
the control was negative for this mutation. This tran-
sition predicts a missense mutation at amino acid 51
of the THTR-1 polypeptide resulting in substitution of
leucine for proline. No mutations were found in exons
2–6 and all exon/intron boundaries were intact (data
not shown).

Restriction Analysis

After Sac1 digestion and electrophoretic analysis,
the patient’s DNA yielded two bands (426, 51 bp), the
patient’s mother’s DNA yielded three bands (477, 426,
51 bp), and the control DNA yielded one band (477 bp)
(Fig. 1, Panel C). This confirms that the patient is
homozygous and her mother is heterozygous for the
C152T transition.

DISCUSSION

We report a case of TRMA syndrome in an African-
American female due to a novel mutation in the
SLC19A2 gene. She exhibited a clinical course typical
for this disorder with a few exceptions. She presented
withasensorineuralhearing loss early in life followedby
an insulin dependent DM. Mild anemia was present at
1 year of age. However, no information is present in the
patient’s medical record regarding the specifics and
course of her anemia until age 19 when a normocytic
anemia was discovered. Anemia in TRMA syndrome is
usually an early finding. Therefore, it is likely that she
had chronic mild to moderate anemia for many years
prior to its rediscovery at age 19. The classical hemato-
logical profile in this syndrome is a macrocytic anemia
sometimes associated with moderate thrombocytopenia
and/or neutropenia early in life. However, sideroblastic
anemia presenting with normocytosis has also been
reported [Haworth et al., 1982; Bazarbachi et al., 1998;
Bappal et al., 2001]. Although our patient did not have
a bone marrow biopsy performed, we believe that her
presentation is consistent with this variant.

DM in TRMA syndrome differs from typical type 1
DM. Although insulin treatment is eventually required,
insulin secretory capacity is often partially preserved
for many years prior to the development of full-blown
diabetes. Our patient presented with hyperglycemia in
infancy, but did not become completely insulin-depen-
dent until age four. Furthermore, she maintains a
measurable C-peptide level 24 years after diagnosis.
As has been reported [Rogers et al., 1969; Mandel et al.,
1984; Poggi et al., 1989; Akinci et al., 1993; Valerio et al.,
1998; Bappal et al., 2001], a reduction in insulin re-
quirement after thiamine treatment was observed.
This suggests that an abnormality in insulin secretory
function plays a central role in the pathogenesis of DM
observed in TRMA syndrome, while gradual beta cell
loss may result in complete insulin dependency in
adolescence [Valerio et al., 1998]. Studies in SLC19A2
knockout mice demonstrating impaired insulin secre-
tion and normal peripheral glucose utilization provide
further evidence that insulin production and/or secre-
tion leads to DM in TRMA syndrome [Oishi et al., 2002].

In addition to the classic triad of thiamine-responsive
anemia, DM, and sensorineural deafness, our patient
developed autoimmune thyroiditis, retinitis pigmen-
tosa, and psychosis, disease processes that may be
associated with the disorder. Although retinal disorders
including optic atrophy, retinal degeneration, and cone-
rod dystrophy have been reported in TRMA syndrome
[Poggi et al., 1984; Marietti et al., 1995; Meire et al.,
2000; Scharfe et al., 2000], retinitis pigmentosa has not
been described in TRMA. Retinitis pigmentosa results
from loss of photoreceptors over time. It is characte-
rized by ‘bone-spicule’ intraneural retinal pigment,
peripheral atrophy of the retinal pigment epithelium,
waxy pallor of the optic nerve head, and attenuation of
retinal arterioles. Retinitis pigmentosa is caused by
mutations in genes encoding proteins involved in the
phototransduction cascade or photoreceptor structure.
Animal models of retinitis pigmentosa show that loss of
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photoreceptors results from apoptosis [Portera-Cailliau
et al., 1994]. Cultured fibroblasts from TRMA-affected
individuals die when grown in thiamine-free media and
terminal deoxynucleotide transferase-mediated dUTP
nick end-labeling (TUNEL) staining of these fibro-
blasts suggests that cell death is via apoptosis. It is,
therefore, possible that thiamine depletion of photo-
receptors in TRMA-affected individuals results in their
loss by apoptosis. Apoptosis of other retinal cells may
result in TRMA-associated retinal degeneration and
optic atrophy.

The course of our patient’s thyroid disease is some-
what atypical. She initially developed primary hypo-
thyroidism with positive thyroglobulin and peroxidase

antibodies suggesting an autoimmune etiology. Three
years later she developed hyperthyroidism. Patients
with hypothyroidism associated with autoimmune thy-
roiditis have been reported to recover and to develop
Gravesdisease later.While it is possible thather thyroid
disease is related to TRMA, it seemsmore likely that her
thyroid disease is coincidental and independent from
TRMA when one considers that 3–4.5% of the popula-
tion has some degree of thyroid dysfunction related to
autoimmune thyroiditis.

Finally, she developed psychosis associated with a
mood disorder characterized by auditory, visual, and
tactile hallucinations, paranoia, and bizarre behavior.
Neurologic manifestations may result from thiamine

Fig. 1. Panel A: Amplified PCR products of SLC19A2 exons 1, 2a, 2b, 3,
4, 5, and 6 for the patient, patient’s mother, and control patient. All PCR
products were equal to their predicted size, thus ruling out large DNA
deletions. S, standard. Panel B: DNA sequencing phoregrams showing a C
to T transition at base pair 152 in exon 1 of theSLC19A2 gene. The patient is
homozygous for themutation, the patient’s mother is heterozygous, and the
control patient is negative for themutation. Arrow indicates position of base
pair 152. Panel C: Restriction enzyme analysis confirming a C152T

mutation in exon 1 of the SLC19A2 gene. Exon 1 PCR products were
digested with the restriction enzyme Sac1. The presence of a C152T
mutation introduces a restriction site into exon 1 PCR product. The patient
is homozygous for the mutation and has two bands after Sac1 digestion.
Themother is heterozygous and has three bands. The control is negative for
the mutation and has one band. U, undigested; D, digested; S, standard.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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deficiency, and include ataxia, ophthalmoplegia, and
global confusion (Wernicke encephalopathy). Patients
are often profoundly disoriented, indifferent, and inat-
tentive. In chronic thiamine deficiency, an amnestic
state with impairment of recent memory and learning
may occur (Korsakoff psychosis). While some of these
neurological findings have been described in TRMA
including ataxia [Akinci et al., 1993], psychosis has not.
As SLC19A2 is expressed in the brain, it is plausible
that her mental illness may be secondary to thiamine
depletion of specific populations of neurons or certain
regions of the brain.

Because TRMA syndrome or mutations in SLC19A2
have not been reported in our patient’s ethnic group, we
expected to find a novel mutation in the SLC19A2 gene.
Sequencing of all six SLC19A2 exons revealed a C152T
transition in exon 1 of the SLC19A2 gene that was con-
firmed byRFLP analysis. TheC152T transition predicts
substitution of leucine for proline at amino acid 51 of the
THTR-1 peptide resulting in a P51Lmissensemutation.
Hydropathy analysis using the SOSUImodeling engine
(http://sosui.proteome.bio.tuat.ac.jp/sosuiframe0.html)
predicts the P51L substitution is located in the first
extracellular loop of the THTR-1 peptide. Furthermore,
a change in THTR-1 conformation is predicted when the
P51L substitution is present and this conformational
change appears to disrupt THTR-1 transport activity.
Most of the mutations in the SLC19A2 gene reported to
date are nonsense or frameshift mutations located in
exon 2 (Table I). These mutations predict premature
termination of the THTR-1 peptide resulting in ablation
of THTR-1 function and the resultant clinical pheno-
type. Missense mutations in the SLC19A2 gene in-
cluding D93H, S142F, and G172D (Table I) have been
reported. Although these mutations do not predict pre-
mature termination of the THTR-1 peptide, all three
have been shown to ablate THTR-1 function in in vitro
transfection assays [Balamurugan and Said, 2002]. No
missense mutation in exon 1 of SLC19A2 affecting the
first transmembrane domain or extracellular loop of
THTR-1 has been reported previously. However, mis-
sense mutations in SLC19A1 affecting the homologous
region of the reduced folate carrier protein (RFC-1) have
been described [Zhao et al., 1998a,b, 2000; Drori et al.,
2000]. SLC19A1 codes for RFC-1, which is a member
of the same family of solute carrier transporters as
THTR-1. These mutations have been shown to affect
RFC-1 transport function by altering the transporter’s
Km and Vmax for RFC-1 substrates [Zhao et al., 1998a,b,
2000; Drori et al., 2000]. It is plausible, therefore, that
the missense mutation we describe in SLC19A2 affects
THTR-1 function in a similar fashion. These data along
with the patient’s clinical phenotype support ablation of
THTR-1 function by the C152Tmutation as the cause of
TRMA syndrome.

The clinical features of TRMA syndrome overlap
with those of DIDMOAD syndrome, Alstrom syndrome,
hydroxyacyl-CoA dehydrogenase deficiency, and some
mitochondrialdisorders includingPearsonandKearns–
Sayre syndrome. As expected, TRMA syndrome also has
some clinical features in common with thiamine defi-
ciency. Findings reported in both TRMA-affected and

thiamine deficient patients include hepatomegaly, car-
diomegaly, cardiomyopathy,highoutput cardiac failure,
ataxia, mental confusion, focal CNS lesions, and hyper-
glycemia. Infantile wet beriberi (cardiomegaly, tachy-
cardia, a loud piercing cry, cyanosis, dyspnea, and
vomiting) has been reported in TRMA syndrome [Mandel
et al., 1984], however, wet beriberi is not a ubiquitous
feature of the disorder. This could be explained by
differential sensitivity of tissues to thiamine depletion
[Pekovich et al., 1998], redundancy of thiamine trans-
port by other cation transporters such as THTR-2 and
RFC-1 [Eudy et al., 2000; Rajgopal et al., 2001; Zhao
et al., 2002], or differential expression patterns of these
transporters.

TRMA syndrome has been described in various ethnic
backgrounds. Most patients are of Middle-eastern or
Mediterranean descent (Table I). This is the first case of
TRMA syndrome with a confirmed mutation in the
SLC19A2 gene reported in the continental United
States. Our patient is most likely homozygous for the
mutation while her mother is a heterozygous carrier. It
is possible, however, the patient inherited one allele
containing the C152T mutation from her mother and a
complete allelic deletion in the allele inherited from her
father. There is no known consanguinity between the
parents.However, both parents are from the same small
rural community, and therefore we speculate that they
may both be descended from the same founder for this
mutation. Since the father’s location is unknown and he
is not available for study, it is not possible to confirm
whetherhe carries theC152Tmutation.WhileSouthern
blot analysis would help confirm if she were truly homo-
zygous for the C152T mutation, the presence of a dele-
tion would not change the relevance of the mutation
we describe. The patient exhibits the TRMA phenotype
which implies both of her SLC19A2 alleles are non-
functional. This suggests that despite the possibility of
a paternally inherited complete allelic deletion, her
C152T mutation does in fact affect THTR-1 function.
Deletions in SLC19A2, although possible, have yet to be
reported in association with TRMA syndrome. Since the
mother is a carrier, it indicates the C152T mutation is
inherited and not de novo. Therefore, it is reasonable to
speculate that additional cases of TRMA syndrome
associatedwith thismutation remain to be discovered in
the African-American population. Because of the poten-
tial benefits of thiamine treatment, TRMA syndrome
should be considered in the differential diagnosis of
patients with sensorineural hearing loss and DM.

GENBANK ACCESSION NUMBERS

Human thiamine transporter (SLC19A2) gene, exon
1, C152T mutation—accession No. AY288293; Homo
sapiens TRMA gene for thiamine transporter (THTR-1
protein)—accession No. AJ238413; Homo sapiens high
affinity thiamine transporter mRNA, complete cds—
accession No. AF135488.
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