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Solute Carrier Family 19 Member 2 (SLC19A2) encodes
thiamine transporter 1 (THTR1), which facilitates thia-
mine transport across the cell membrane. SLC19A2
homozygous mutations have been described as a cause
of thiamine-responsive megaloblastic anemia (TRMA),
an autosomal recessive syndrome characterized by
megaloblastic anemia, diabetes, and sensorineural deaf-
ness. Here we describe a loss-of-function SLC19A2
mutation (c.A1063C: p.Lys355Gln) in a family with early-
onset diabetes and mild TRMA traits transmitted in an
autosomal dominant fashion. We show that SLC19A2-
deficient b-cells are characterized by impaired thiamine
uptake, which is not rescued by overexpression of
the p.Lys355Gln mutant protein. We further demonstrate
that SLC19A2 deficit causes impaired insulin secretion in
conjunction with mitochondrial dysfunction, loss of pro-
tection against oxidative stress, and cell cycle arrest.
These findings link SLC19A2 mutations to autosomal
dominant diabetes and suggest a role of SLC19A2 in
b-cell function and survival.

SLC19A2 encodes thiamine transporter 1 (THTR1), a trans-
membrane protein that facilitates the transport of thia-
mine by shielding its positive charge from the repulsive
force of the membrane. Homozygous SLC19A2 mutations
have been described as the cause of thiamine-responsive
megaloblastic anemia (TRMA) (Online Mendelian Inheri-
tance inMan [OMIM] #249270), a syndrome characterized
by megaloblastic anemia, diabetes, sensorineural deafness
(1), and the variable combination of other neurological,

cardiovascular, and neuroendocrine abnormalities such as
optic atrophy (2), arrhythmia, heart defects (3,4), thyroid
function alterations (5), and seizures (6).

Thiamine, also known as vitamin B1, acts as coenzyme
of the cytosolic enzyme transketolase (TKT), which is part
of the pentose phosphate pathway (PPP) responsible for
the generation of NADPH and ribose-5-phosphate—
a precursor of high-energy ribonucleotides (e.g., ATP)
and nucleotides. Thiamine is also the coenzyme for several
mitochondrial enzymes, including pyruvate dehydroge-
nase (PDH), a-ketoglutarate dehydrogenase (a-KGDH),
branched-chain a-ketoglutarate dehydrogenase (BCKD),
and 2-hydroxyphytanoyl-CoA lyase. Themegaloblastic ane-
mia associated with SLC19A2 mutations appears to be due
to impaired TKT activity, which, by reducing the availabil-
ity of nucleotides, causes red cell precursors to continue to
grow in size without dividing. The coexistence of senso-
rineural deafness and the other neurological and cardio-
vascular abnormalities found in the TRMA syndrome are
suggestive of an underlying mitochondrial dysfunction,
which might be due, in part, to impaired PDH (7) and
a-KGDH (8) activities causing defective energy production,
to which tissues with a high demand for energy, such as the
auditory, visual, cardiovascular, and central nervous sys-
tems, are particularly sensitive (9–11).

The form of diabetes that is part of the TRMA syndrome
is nonautoimmune and is characterized by an insulin se-
cretion deficit and a time of onset ranging from birth to
adolescence. Insulin treatment is usually needed, although
the insulin requirement may be reduced in some cases by
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high-dose thiamine supplementation (12,13). The TRMA
syndrome has been reported in .50 families worldwide
(14). While in most cases heterozygous SLC19A2 mutation
carriers have not been described as having diabetes, adult-
onset glucose intolerance with or without a hearing defect
was reported among these subjects in three TRMA kindreds
(15). The question as to whether a single allele defect of
SLC19A2 may cause diabetes has never been addressed. In
this study, we report a loss-of-function mutation in the
SLC19A2 gene linked, albeit with incomplete penetrance,
to autosomal dominant diabetes with mild TRMA clinical
signs and show suggestive evidence for SLC19A2 deficiency
causing impaired insulin secretion and diabetes by de-
termining mitochondrial dysfunction, loss of protection
against oxidative stress, and cell cycle arrest in b-cells.

RESEARCH DESIGN AND METHODS

Whole-Exome Sequencing
Fifty-two extended families with autosomal dominant di-
abetes underwent whole-exome sequencing as reported by
Prudente et al. (16). Variants were filtered as previously
described. Briefly, variants that were heterozygous, were
reported in public databases (dbSNP142, 1000 Genomes,
and Exome Variant Server [EVS]) with frequency ,0.01,
were shared by affected family members, and were poten-
tially deleterious as determined by a panel of prediction
softwares were included in the analysis (16). In the former
study, the focus was on variants that were located in genes
with functional relevance to glucose metabolism as de-
termined by an analysis with GeneDistiller (16). In the
current study, we reanalyzed those same exome sequenc-
ing data focusing on variants placed in a second set of
candidate genes, namely, genes that are mutated in rare
forms of syndromic diabetes. These included the WFS1,
CISD2, ALMS1, and SLC19A2 genes, which are mutated in
Wolfram type 1, Wolfram type 2, Alström, and TRMA
syndromes, respectively. Filtered variants were validated
and analyzed for segregation with diabetes in the families
by means of Sanger DNA sequencing. Variants were con-
sidered to segregate with diabetes if$80% of carriers.40
years old had developed diabetes and there were no
phenocopies whose phenotype was not consistent with
either type 1 or older-onset type 2 diabetes.

Cell Culture
The mouse insulinoma cell line MIN6-m9 (17) was kindly
provided by Prof. S. Seino, Kobe University. Unless in-
dicated otherwise, cells (passages 27–40) were maintained
in DMEM (Corning) containing 4 mmol/L L-glutamine,
25 mmol/L glucose, and 0.01 mmol/L thiamine, supple-
mented with 10% FBS (BenchMark), 0.1 mg/mL strepto-
mycin, and 100 units/mL penicillin (Corning) at 37°C and
with 5% CO2 humidified condition.

Human and Mouse Islets
Human islets were obtained from the Integrated Islet
Distribution Program. All studies and protocols were

approved by the Joslin Diabetes Center’s Committee on
Human Studies (CHS#5-05). Upon receipt, islets were
cultured overnight in Miami Media #1A (Cellgro). Mouse
islets were isolated from wild-type C57BL/6 mice. Islets
were handpicked and cultured overnight in RPMI media
containing 5 mmol/L glucose and 10% FBS. For immu-
nostaining studies, islets were embedded in agarose and
used. For insulin secretion studies, islets were starved in
Final Wash/Culture Media (Cellgro) for 5 h before being
stimulated with 10 nmol/L insulin.

Immunohistochemistry and Immunoblotting
Human and mouse islets were analyzed by immunostain-
ing using anti-THTR1 (sc-27656; Santa Cruz Biotechnol-
ogy) and anti-insulin (ab7842; Abcam). Images were taken
with an LSM7 confocal laser scanning microscope (Carl
Zeiss). For immunoblotting, MIN6-m9 cells, mouse islets,
or human islets were solubilized in M-PER lysis buffer
(Thermo Scientific) with protease inhibitors and phospha-
tase inhibitors (Sigma-Aldrich), and protein concentration
was measured using a BCA protein assay kit (Pierce).
Extracts were subjected to Western blotting with primary
antibodies overnight at 4°C. Mouse and human anti-
THTR1, anti–b-actin, and anti–a-tubulin antibodies were
from Sigma-Aldrich (HPA016599), Cell Signaling Technol-
ogy (4970), and Abcam (ab7291), respectively.

Cellular Localization of SLC19A2-GFP Fusion Proteins
The coding sequence of the human SLC19A2 gene
(NM_006996; OHu18269C [GenScript]) was subcloned
into the pAcGFP1-N1 vector (Addgene) at XhoI and AgeI
sites. The SLC19A2-WT-GFP (GFP-tagged wild type [WT])
construct was used as a template for generation of
SLC19A2-K355Q-GFP (GFP-tagged mutant) by means of
site-directed mutagenesis using the Q5 Site-Directed Mu-
tagenesis Kit (NEB). Primers for cloning and mutagenesis
are provided in Supplementary Table 1. Plasmid con-
structs were transiently transfected into MIN6-m9 using
METAFECTENE PRO (Biontex). Twenty-four hours after
transfection, cells were trypsinized and transferred to
poly-L-lysine–coated glass-bottom dishes. Live cell imaging
was performed at 72 h after transfection with an LSM7
confocal laser scanning microscope (Carl Zeiss).

SLC19A2 Suppression and Quantitative RT-PCR
Analysis
Lentiviral transduction particles (Sigma-Aldrich) carrying
shRNAs (TRCN0000324923) (knockdown [KD]23) target-
ing the common part of the long and short isofoms of
mouse SLC19A2 (NM_054087 and NM_001276455) and
nonmammalian shRNA control particles (nontargeted con-
trol [NTC]) (Sigma-Aldrich) were added to cultured MIN6-
m9 on day 1 followed by 3 mg/mL puromycin selection for
10 days. Total RNA was extracted from cells using the
RNeasy Mini Kit (QIAGEN). Reverse transcription and
quantitative PCR were performed using the SuperScript
III Platinum SYBR Green One-Step qRT-PCR Kit (Life

diabetes.diabetesjournals.org Jungtrakoon and Associates 1085

http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-0821/-/DC1


Technologies) on an ABI 2900HT thermocycler with gene-
specific primers for the long SLC19A2 isoform (Supple-
mentary Table 1). Results were normalized to mouse TATA
box binding protein (TBP) expression levels.

Analysis of Thiamine Uptake
Thiamine uptake was measured at 48 h after trans-
fection. Cells were washed and preincubated for
15 mins at 37°C in Krebs-Ringer buffer (in mmol/L:
133 NaCl, 4.93 KCl, 1.23 MgSO4, 0.85 CaCl2, 5 glucose,
5 glutamine, 10 HEPES, and 10 MES; pH 8.0).
Thiamine[3H(G)] hydrochloride (American Radiolabeled
Chemical, Inc.), with or without unlabeled thiamine
hydrochloride (Sigma-Aldrich), was added to preincu-
bated cells to obtain a final concentration of 15 nmol/L
and 1 mmol/L of labeled and unlabeled thiamine, re-
spectively. The reaction was terminated after 5 min by
adding ice-cold buffer followed by immediate aspiration.
Cells were washed three times with ice-cold buffer and
lysed with M-PER lysis buffer. Lysate radioactivity was
measured using a scintillation analyzer (Packard). Spe-
cific uptake was calculated by subtracting the radioac-
tivity incorporated in the presence of unlabeled
thiamine from the radioactivity incorporated in the ab-
sence of an unlabeled competitor. Uptake data were nor-
malized by protein content.

Extracellular Flux Analysis
Cells were suspended in DMEM containing 5.5 mmol/L
glucose and seeded onto Seahorse XF24 Cell Culture
Microplates at a density of 50,000 cells/well. Oxygen
consumption rate and extracellular acidification rate
were measured by means of extracellular flux analysis
with the Seahorse instrument (Seahorse Bioscience) at
18–24 h after seeding. Basal respiration was measured for
;100min.Glucose (25mmol/L), oligomycin (2mmol/L), FCCP
(4 mmol/L), and rotenone plus actinomycin A (0.2 mmol/L
each) were added at approximately 15, 35, 55, and 75 min,
respectively.

Glucose-Stimulated Insulin Secretion
Cells were washed twice with PBS and preincubated in
Krebs-Ringer bicarbonate (KRB) buffer with 2.8 mmol/L
glucose for 2 h. Preincubation buffer was replaced with
2.8mmol/L glucose in KRB for 1 h, followed by 16.7mmol/L
glucose in KRB for 1 h. Insulin release was measured by
means of ELISA (Crystal Chem).

Analysis of Cell Proliferation
A total of 250,000 MIN6-m9 cells were seeded onto poly-
L-lysine–coated coverslips. Eighteen hours later, the cell
proliferation rate was determined by means of the EdU
incorporation assay. The number of EdU-positive cells was
determined among at least 1,000 immunostained nuclei
per coverslip using an LSM7 confocal laser scanning mi-
croscope. Three coverslips per condition were assayed in
triplicate for each individual experiment.

Analysis of Oxidative Stress–Induced Apoptosis
A total of 250,000 MIN6-m9 cells were seeded per well
in a 12-well plate 24 h before H2O2 treatment. Cells
were then cultured in FBS-free DMEM, with or without
20 mmol/L H2O2 (18), for another 18–24 h. Apoptosis was
measured by Annexin V and 7-ADD staining using the PE
Annexin V Apoptosis Detection Kit I (BD Bioscience), and
processed for flow cytometry (LSR II; BD Bioscience).

Statistics
All assays were performed at least three times. Results are
shown as means 6 SE. Data were analyzed by means of
mixed effect linear regression with the exposure/treatment
of interest (knockdown [KD] vs. scramble) as a fixed effect
and the variable “experiment” (i.e., the specific occasion
when an experiment was performed) as a random effect to
account for day-to-day variability in reagents and other
experimental conditions. Analyses were carried out using
SAS software, version 9.4. Differences were considered
significant at P , 0.05.

Data and Resource Availability
The data sets generated during and/or analyzed during
the current study are available from the corresponding
author upon request.

RESULTS

An SLC19A2 Mutation in a Family With Autosomal
Dominant Diabetes and Mild TRMA Traits
By browsing existing exome sequencing data from 52 fam-
ilies with autosomal dominant diabetes (16), we identi-
fied six variants in three genes known to be mutated in
syndromic forms of diabetes (Supplementary Table 2).
One of the six variants—a missense mutation in the
SLC19A2 gene (NM_006996: c.A1063C: p.Lys355Gln)—
segregated with diabetes in the family in which it
was found (kindred F23) (Fig. 1A). Homozygous
SLC19A2 mutations have been described as a cause of
the autosomal recessive TRMA syndrome. However, var-
iant p.Lys355Gln was found in heterozygosis, rather than
homozygosis, in all five members with diabetes of kindred
F23 as well as in a member without diabetes who was
40 years old at the time of examination (Fig. 1B). Diabetes
was diagnosed at an age ranging from 2 to 35 years and
was treated with insulin in all but one case. Three of
the four insulin-treated subjects had measurable fasting
C-peptide (this information was not available for the
remaining subject) (Table 1). Four of the mutation car-
riers had normal BMI, and two were overweight (Table 1).
In addition to diabetes, mutation carriers reported a va-
riety of health problems that could be viewed as related to
the TRMA syndrome, such as unspecified thyroid dys-
function, cardiac arrhythmia, and seizures. Of note, the
family member who was nonpenetrant with regard to
diabetes (subject II-4) reported a history of cardiac ar-
rhythmia. None of the family members were reported
to be deaf, although their auditory acuity had not been
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measured. Data concerning red cell number and/or mor-
phology were not available. In addition to the described
SLC19A2 mutation, five other mutations were identified
in this family in genes that had not been selected by
GeneDistiller in the previous report (16) and were not
known to be mutated in syndromic or neonatal diabe-
tes (Supplementary Table 3). One of these mutations
(NM_001193302: c.A4G: p.I2V), residing in the SEMA4A
(semaphorin 4A) gene, showed the same pattern of
segregation with diabetes as SLC19A2 p.Lys355Gln. How-
ever, considering the link between SLC19A2 and TRMA
syndrome and the TRMA-like symptoms in the family,
we focused further functional studies on the SLC19A2
mutation.

Loss of THTR1 Function Caused by the p.Lys355Gln
Mutation
THTR1, the thiamine transporter 1 coded by SLC19A2,
consists of 12 transmembrane domains. Lys355 is the first
cytoplasmic residue after transmembrane domain 8 and is
highly conserved among species (including rat and mouse)
with a phyloP score of 0.99 (Fig. 1C). The mutation was
previously reported in public databases as rs200879349,
with a frequency of 0.004% (5 out of 121,098 exomes in
the Exome Aggregation Consortium database). Four out of
five sequence-based prediction tools suggested a deleteri-
ous effect of the 355Gln substitution (Supplementary
Table 4). Also, while the THTR1 crystal structure is not
available, the MUpro software, which analyzes the effect of

Figure 1—SLC19A2 mutation in a family with autosomal dominant diabetes. A: Sequence chromatograms showing heterozygosis for the
SLC19A2 p.Lys355Glnmutation. Primer sequences for amplification of the genomic region flanking the p.Lys355Glnmutation and for Sanger
sequencing are provided in Supplementary Table 5. B: Pedigree structure of the family with the SLC19A2 p.Lys355Gln mutation. Filled and
open symbols represent individuals with diabetes and individuals without diabetes, respectively; half-filled symbol represents individuals with
prediabetes, and symbols with a red dash border represent individuals with clinical features related to TRMA. NM indicates presence of the
p.Lys355Glnmutation; NN indicates absence of the mutation. The age at examination or the age at diagnosis is shown along with the current
treatment under the genotypes; I, insulin; O, oral hypoglycemic agents. C: Multiple amino acid alignments of THTR1 across species. The
asterisk indicates the mutated amino acid. Residues residing in transmembrane, cytosolic, and extracellular domains are highlighted in blue,
yellow, and pink, respectively.

diabetes.diabetesjournals.org Jungtrakoon and Associates 1087

http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-0821/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-0821/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-0821/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-0821/-/DC1


amino acid substitutions based on the primary sequence,
predicted a decrease in stability of protein structure in
response to this mutation (Supplementary Table 4). To
obtain further insights into the functional role of SLC19A2
in pancreatic b-cells, we investigated SLC19A2 expression
in primary human (Fig. 2A and B) and mouse (Fig. 2C and
D) islets by means of immunohistochemistry and Western
blot analysis. SLC19A2 was expressed in both insulin-
positive b-cells and insulin-negative non-b-cells in the
islets of both humans (Fig. 2A) and mice (Fig. 2C). Immu-
nostaining also revealed expression of SLC19A2 in a human
b-cell line (Fig. 2E). Its expression was not modulated by
insulin (Fig. 2B). In a previous study of mouse pancreatic
b-TC-6 cells (19), TRMA mutations were shown to de-
termine a cytosolic localization of mutant THTR1 as
opposed to the predominant plasma membrane localiza-
tion of the wild-type protein. The intracellular localization
of the mutant transporter was paralleled by an impairment
of thiamine uptake. To investigate whether the same was
true for p.Lys355Gln, plasmid constructs for the expres-
sion of GFP-tagged wild-type (WT-GFP) and mutant
(K355Q-GFP) human SLC19A2 were transiently expressed
in the mouse insulinoma cell line MIN6-m9. As previously
observed with other SLC19A2 mutations, K355Q-GFP
was preferentially localized in the cytoplasm, with a vesicle-
like pattern, whereas the WT-GFP predominantly targeted
the cell surface (Fig. 3A). This finding suggested mislocal-
ization of the mutant protein, which was possibly caused
by protein misfolding related to the structural instability
predicted by the MUpro software. Although mRNA levels
were similar (Supplementary Fig. 1A), protein levels of
THTR1-K355Q appeared to be higher than that of
THTR1-WT (Supplementary Fig. 1B and C), suggesting
resistance of THTR1-K355Q to protein quality control
mechanisms.

To further test the functional impact of the mutation,
stable SLC19A2-KD MIN6-m9 cells were generated using
lentiviral particles delivering two different shRNAs (KD23
and KD28). Compared with the NTC, the KD23 clone
showed the highest KD efficiency, resulting in 68% and
46% reduction in SLC19A2 mRNA and protein levels,
respectively (Fig. 3B and C). Expression of the SLC19A3
gene, coding for another thiamine transporter (THTR2),
increased in response to the SLC19A2 KD (Table 2).
However, despite this, the ability of the KD23 MIN6-
m9 clone in taking up [3H]thiamine was significantly
impaired (236%) compared with the NTC cells (Fig.
3D). The defective thiamine uptake was normalized by
transient expression of WT-GFP but not K355Q-GFP,
confirming the loss of function of the K355Q mutant
THTR1 (Fig. 3E).

Impact of THTR1 Deficiency on b-Cells
Mutations in mitochondrial DNA cause a form of diabetes
that is associated with sensorineural deafness, retinal
abnormalities, and muscular involvement (20,21)—a clin-
ical picture similar to that of diabetes associated with the
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TRMA syndrome (1,7). Since thiamine is the coenzyme
for PDH and a-KGDH, which are critical enzymes for
energy production by mitochondria, we hypothesized
that SLC19A2 mutations may cause diabetes by causing
mitochondrial dysfunction. To test this hypothesis, we
compared the profiles of mitochondrial respiration in
KD23 MIN6-m9 and NTC cells by means of extracellular
flux analysis. Basal respiration, ATP synthesis, and non-
mitochondrial respiration were significantly reduced in
KD23 MIN6-m9 compared with NTCs (Fig. 4A). These
alterations were closely mirrored by significantly lower
insulin secretion responses to glucose in KD23 MIN6-m9
(Fig. 4B). The glycolytic activity, as determined by the
extracellular acidification rate, was decreased but not
significantly different in KD23 MIN6-m9 compared with
NTC (Supplementary Fig. 2). As mentioned above, thia-
mine is also the coenzyme of TKT, which plays a critical in
the production of ribose-5-phosphate, NADPH, ATP,
nucleic acids, and glutathione through the pentose phos-
phate pathway. Thus, thiamine is not only necessary to
maintain ATP production but is also required for DNA
duplication (22,23) and for detoxification (22,24,25). To
test the hypothesis that THTR1 deficiency may lead to cell
cycle arrest and apoptosis of b-cells, we investigated
rates of proliferation and oxidative stress–induced apo-
ptosis in SLC19A2-defective MIN6-m9 cells. Although
previous studies of SLC19A2 2/2 mice did not show a
reduction of b-cell mass (26), we observed a 30% decrease
in cell proliferation rate and a twice-as-large hydrogen

peroxide–induced increase in apoptosis in KD23MIN6-m9
compared with NTC cells (Fig. 4C and D). The lack of an
apparent change in b-cell mass in the SLC19A2 2/2 mice
could be due to secondary factors that can regulate b-cell
mass in vivo that are not operative in vitro (KD23 in MIN6
cells). Further work is necessary to directly address the
regulatory effects on b-cell mass.

Expression of SLC19A2 in b-Cells From Subjects With
Diabetes and db/db Mice
To obtain additional information about the relationship
between SLC19A2 and glucose homeostasis, we investi-
gated SLC19A2 expression levels in the islets of patients
with common, multifactorial forms of type 2 diabetes
(Supplementary Table 5). Although not statistically signif-
icant, we observed a trend (P = 0.08) for lower SLC19A2
mRNA levels in islets from patients with type 2 diabetes
compared with islets from control subjects without di-
abetes (Supplementary Fig. 3). We also observed a marked
reduction of cells stained with both anti-insulin and anti-
THTR1 antibodies in the pancreas of obese db/db mice
compared with db/+ mice (Supplementary Fig. 4).

DISCUSSION

Homozygous mutations in the SLC19A2 gene, coding for
thiamine transporter THTR1, are known to cause the
TRMA syndrome, characterized by diabetes, anemia, sen-
sorineural deafness, and other clinical abnormalities (1).
In this report, we show that the occurrence of a single

Figure 2—SLC19A2 expression in human and mouse islets. Representative immunostaining for insulin (green), SLC19A2 (red), and nucleus
(blue) and Western blot analysis of endocrine pancreas (n = 3). Immunostaining for SLC19A2 and insulin (A) and Western blot analysis of
SLC19A2 in human islets (B). Immunostaining for SLC19A2 and insulin (C) and Western blot analysis of SLC19A2 in mouse islets (D). D:
Immunostaining for SLC19A2 and insulin in human b-cell line. Scale bars = 20 mm.
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defective allele is associated with the development of
diabetes accompanied by other clinical features that are
related to the TRMA syndrome but are much milder and
inconsistently present. We further show that the de-
creased thiamine uptake resulting from THTR1 deficiency
may cause mitochondrial dysfunction, loss of protection

against oxidative stress, and cell cycle arrest of b-cells,
which may all contribute to the etiology of diabetes in
SLC19A2 mutation carriers, although a role of alterations
in other tissues cannot be excluded given the high expres-
sion of SLC19A2 in skeletal muscle, adipose tissue, thy-
roid, pituitary, and the adrenal cortex. Finally, we provide

Figure 3—Retention of mutant SLC19A2 protein in cytoplasm is associated with loss of thiamine transporter function. A: Live cell imaging
showing the phenotypes of GFP, SLC19A2-WT-GFP, and SLC19A2-K355Q-GFP (green) expressed in MIN6-m9 cells (left) with overlay of
Hoechst 33258 (blue) staining for nucleus (right). Scale bars = 5 mm. Images are representative of three independent experiments. B:
Quantitative RT-PCR analysis of SLC19A2mRNA levels in stable SLC19A2 KDMIN6-m9 cells. Results were normalized to mouse TATA box
binding protein (TBP) expression levels. Data are means 6 SD of four independent experiments. *P , 0.05. C: Representative images and
quantification of band intensity of Western blotting analysis of SLC19A2 and a-tubulin (n = 3). D: Uptake of [3H]thiamine in KD23 MIN6-m9.
Data are means 6 SD. *P , 0.05. E: Retrieval of thiamine transporter function in KD23 MIN6-m9 by transient expression of SLC19A2-WT-
GFP but not SLC19A2-K355Q-GFP. Data are means 6 SD of five independent experiments. *P , 0.05. NS, not significant.
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preliminary evidence suggesting that decreased THTR1
expression in b-cells, and perhaps other tissues, may be
a feature of more common forms of diabetes and may
possibly contribute to its pathogenesis, although no asso-
ciation with T2D has been identified to date by GWAS in
the SLC19A2 region.

Glucose intolerance in the absence of the full TRMA
syndrome has previously been described in SLC19A2 mu-
tation heterozygous carriers from three TRMA families
(15). Our findings confirm and expand that report by
demonstrating segregation between an SLC19A2mutation
and diabetes in an autosomal dominant fashion, albeit

Table 2—Relative SLC19A2 and SLC19A3 mRNA levels in MIN6-m9

Relative mRNA
expression

NTC KD23

PMean SE Mean SE

SLC19A2/TBP 1.254307 0.280099 0.404448 0.088419 0.022206

SLC19A3/TBP 0.000765 0.000745 0.00196 0.000962 0.18

Figure 4—Mitochondrial respiration, response to glucose, and b-cell functions related to thiamine-dependent enzymes. A: Mitochondrial
respiration profile of MIN6-m9 cells asmeasured by oxygen consumption rate (OCR). Data aremeans6SD of four independent experiments.
*P , 0.05. B: Insulin released from MIN6-m9 under physiological and glucose-stimulated conditions. Data are means 6 SD of four
independent experiments. *P , 0.05. **P , 0.0001. C: Analysis of oxidative stress–induced apoptosis. Data are means 6 SD of three
independent experiments. *P , 0.05. D: MIN6-m9 proliferation rate. Representative images of EdU (green) with overlay of Hoechst
33258 (blue) staining for nucleus. Pink boxes in the middle panels indicate areas shown at higher magnification in the right panels. Arrows
indicate localizing of EdU and Hoechst. Scale bars = 50 mm. Data are means 6 SD of three independent experiments. *P , 0.05.
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with incomplete penetrance. Autosomal dominant diabe-
tes is a group of relatively rare genetically heterogeneous
disorders, the best known of which is maturity-onset
diabetes of the young (MODY)—a form of hyperglycemia
characterized by an early onset, often before age 25 years,
and an insulin secretion deficit (OMIM #606391). The
average age at diagnosis in the family described in this
report was 20 years, with three out of five affected carriers
diagnosed before age 25 years and four out of five being
treated with insulin. Given these clinical features, SLC19A2
can probably be added to the list of MODY genes, which
currently includes 14 loci (OMIM #606391). This form of
MODY may not be limited to the family described in this
article, as several SLC19A2 damaging mutations (e.g., pre-
mature stop, frameshift), all rare (from 1 to 556 mutated
alleles out of 121,320 chromosomes), can be found in the
Exome Aggregation Consortium database.

The reason why diabetes, rather than other TRMA
components, is the most prominent phenotype associated
with heterozygosis for SLC19A2mutation remains unclear
at this time. Intracellular thiamine levels are determined
by the activities of two thiamine transporters, THTR1 and
THTR2, which are coded by SLC19A2 and SLC19A3, re-
spectively (OMIM #603941 and #606152). Differences in
the relative abundance of the two transporters may de-
termine differences among tissues in the sensitivity to
mutations in one or the other transporter. For instance,
the expression of SLC19A3 in pancreatic b-TC-6 cells, as
well as in mouse and human primary pancreatic islets, was
found to be significantly lower than that of SLC19A2 (19).
In addition, the capability of b-TC-6 cells to upregulate
SLC19A3 in response to thiamine depletion was limited
compared with their ability to upregulate SLC19A2 (19).
Also, based on GTEx data, the expression of SLC19A3 in
the human pancreas seems to be much lower than that of
SLC19A2 (27). We also found suggestive evidence of lower
expression of SLC19A3 than SLC19A2 in insulinoma
MIN6-m9 cells, although a direct comparison between
the two genes was not possible due to the different assays
that were used for their measurement. After SLC19A2
had been knocked down, we observed an increase in
SLC19A3 expression in these cells, but this was probably
too small to offset the THTR1 deficiency caused by the
SLC19A2 KD. In other cell types, the expression of
SLC19A3 may be constitutionally higher or may increase
more in response to THTR1 deficiency, thereby sparing
these cells from the detrimental effects of SLC19A2 muta-
tions or thiamine deficiency. For instance, SLC19A3 is the
predominant thiamine transporter in intestinal epithelial
cells where its expression, unlike that of SLC19A2, can
be upregulated by thiamine deficiency (18). Interindivid-
ual variability in the THTR1-to-THTR2 ratio may also be
responsible, along with differences in thiamine intake, for
the variable clinical phenotype observed among SLC19A2
mutation carriers.

Further complexity is provided by the existence of
two alternatively spliced SLC19A2 transcripts: a longer

one (ENST00000236137) coding for the originally de-
scribed 497 amino acid THTR1 protein and a shorter
one (ENST00000367804) coding for a 296 amino acid iso-
form lacking amino acids 69–296. Since the p.Lys355Gln
mutation is in a region shared by the two transcripts, and
so was the target of the shRNA used for the functional
experiments, one cannot say with certainty whether the
phenotypes observed in the family and in the KD experi-
ments are due to the deficit of one or the other isoform or
both. The existence of two isoforms, which may be dif-
ferentially impacted by the p.Lys355Gln mutation and
whose relative expressionmay vary among individuals,may
also explain some of the clinical heterogenity observed
among mutation carriers.

On the mechanistic side, our findings confirm the well-
known importance of mitochondrial function and ATP
production for glucose sensing (28,29). The finding that
intracellular thiamine deficiency has a significant impact
on these processes and the suggestive evidence of lower
SLC19A2 expression in common forms of diabetes raise
the possibility that supplementation with this vitamin may
help prevent some forms of multifactorial type 2 diabetes.
However, while this is a tantalizing hypothesis, much more
evidence from in vitro and ex vivo studies is needed before
clinical trials to test this intervention are planned.

In summary, this study describes a heterozygous mu-
tation in the SLC19A2 gene as the likely cause of an
autosomal dominant form of diabetes with mild TRMA
signs and provides preliminary evidence suggesting mito-
chondrial dysfunction, loss of protection against oxidative
stress, and cell cycle arrest as potential mechanisms un-
derlying impaired insulin secretion in SLC19A2-deficient
b-cells. Further studies are needed to confirm the role of
thiamine in the regulation of b-cell function and deter-
mine whether thiamine deficiency in b-cells may also
contribute to more common forms of diabetes.
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