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Abstract The SLC/9 gene family of solute carriers is a
family of three transporter proteins with significant
structural similarity, transporting, however, substrates
with different structure and ionic charge. The three
members of this gene family are expressed ubiquitously
and mediate the transport of two important water-soluble
vitamins, folate and thiamine. The concentrative transport
of substrates mediated by the members of this gene family
is energized by transcellular H*/OH™ gradient. SLC19A1
is expressed at highest levels in absorptive cells where it
is located in a polarized manner either in the apical or
basal membrane, depending on the cell type. It mediates
the transport of reduced folate and its analogs, such as
methotrexate, which are anionic at physiological pH.
SLC19A2 is expressed ubiquitously and mediates the
transport of thiamine, a cation at physiological pH.
SLCI19A3 is also widely expressed and is capable of
transporting thiamine. This review summarizes the cur-
rent knowledge on the structural, functional, molecular
and physiological aspects of the SLC/9 gene family.
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Introduction

There are three members within the SLC/9 family of
solute carriers: a folate transporter (SLC19A1) and two
thiamine transporters (SLC19A2 and SLC19A3). The
folate transporter also mediates the transport of metho-
trexate, an antineoplastic and immunosuppressive agent.
Since antifolates such as methotrexate have significant
therapeutic potential, SLC19A1 has received considerable
interest as a drug delivery system in cancer chemother-
apy. Mutations in SLCI/9A1 in cancer cell lines result in
resistance to antifolates. Despite the significant structural
similarity among the three members of the gene family at
the level of amino acid sequence (Table 1), there is very
little structural similarity among their substrates. BLAST
(basic local alignment search tool) search indicates that
there are no additional, heretofore unidentified, members
of the SLC19 gene family in the human genome. It is also
evident that all three members are represented in lower
organisms including Drosophila and C. elegans, but the
substrate specificity and transport function of these
putative transporters have not yet been established.
SLCI9A1 transports folate and its derivatives that
exist as anions at physiological pH, whereas SLC19A2
and SLC19A3 transport thiamine, which exists as a cation
at physiological pH. One functional feature is, however,
common among these three transporters. All are ener-
gized by a transmembrane pH gradient but with different
mechanisms (Fig. 1). Folate influx into cells via
SLCI9A1 is stimulated by an inwardly directed H*

Table 1 Percentage identity in amino acid sequence among the
gene products of members of the human SLCI/9 gene family.
Values in parentheses represent the percentage similarity in the
amino acid sequence, taking conservative amino acid substitutions
into account

SLCI19A1 SLC19A2 SLCI19A3
SLCI9A1 - 39 (55) 42 (60)
SLCI19A2 39 (55) - 53 (70)
SLCI19A3 42 (60) 53 (70) -
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Fig. 1 Proposed transport mechanisms for the members of the
SLC19 gene family

gradient (i.e., pHou<pHi,), suggesting either folate/H*
symport or folate/OH™ antiport as the transport mecha-
nism. In contrast, thiamine influx into cells via SLC19A2
and SLCI19A3 is enhanced by an outwardly directed H*
gradient (pHou>pHiy), suggesting thiamine/H* antiport as
the transport mechanism. The members of this gene
family are expressed ubiquitously, although at variable
levels in different tissues. As a general pattern, the
expression of these transporters is very high in absorptive
tissues such as the intestine, kidney and placenta. Since
folate and thiamine play vital roles in cellular metabo-
lism, the transporters of the SLC19 gene family are of
biological importance, and, consequently, disruptions of
the functions of these transporters by genetic mutations
can be expected to lead to serious clinical complications.
The salient features of these three transporters and their
corresponding genes are summarized in Table 2.

SLC19A1

The cloning of SLCI9A1 was first accomplished by
functional complementation, in which methotrexate-re-
sistant human breast cancer cells (MTXR ZR-75-1) were
transfected with cDNAs from a mouse cDNA library as a
means of screening for the cDNA that could restore
methotrexate-sensitivity in these cells [5]. Subsequently,
SLCI19A1 was cloned from other animal species either by
a similar functional complementation approach or by
homology screening [17, 22, 37, 39, 40]. The transporter
is known as RFC (reduced folate carrier), RFT (reduced
folate transporter), or FOLT (folate transporter). The open
reading frame (ORF) of human SLCI19A1 cDNA codes for
a protein with 12 transmembrane domains and a single N-
glycosylation site [17, 22, 37, 40]. The presence of 12
transmembrane domains has been confirmed experimen-
tally by epitope insertion analysis [8]. However, alterna-
tive topological models have been proposed [14]. Site-
directed mutagenesis studies have confirmed the glyco-
sylation of SLC19A1 at the putative N-glycosylation site
and also the noninvolvement of the carbohydrate moiety
in the transport function [41]. The murine ortholog differs
from its counterparts in other species in that it lacks the N-
glycosylation site [5].

Table 2 Salient features of the members of the SLC19 gene family (the folate/thiamine transporter family) (E exchanger, G gene defect)
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SLCI19A1 mediates the cellular influx of folate and its
derivatives. The carrier prefers reduced folates over non-
reduced folates. Tetrahydrofolate and its derivatives N°-
methyltetrahydrofolate, N°-formyltetrahydrofolate, and
methotrexate exhibit much higher affinity for transport
via this transporter compared with folate [30]. Interest-
ingly, even though thiamine itself is not recognized by
SLC19A1 as a substrate, the phosphate esters of thiamine
are transported to some extent by this transporter [44, 46].
A common feature among the substrates of SLC19A1 is
that all exist predominantly as anions at physiological pH.
The transport function of SLCI19A1 1is sensitive to
classical organic anion transport inhibitors such as
probenecid. There is convincing evidence that SLC19A1
is energized by a transmembrane pH gradient (pH,<-
pHin) [24]. This suggests that the transport mechanism
involves the influx of the anionic substrates that is
coupled to either symport of H* into cells or antiport of
OH~ out of the cells. Studies with native tissue prepara-
tions have shown, however, that the pH gradient-depen-
dent transport activity of SLC19A1 is electroneutral [28].
This suggests that the monovalent anionic forms of folate
and its derivatives are the preferred substrates for this
transporter. This transport model is however equivocal
because in certain cell types the transport function of
SLC19A1 is not enhanced by a transmembrane pH
gradient [24].

SLC19A1 mRNA is detectable in all human tissues.
However, the expression is markedly higher in absorptive
tissues such as the intestine, kidney, and placenta
compared with tissues such as skeletal muscle and heart.
In all cell types, the transporter is localized to the plasma
membrane [35]. Interestingly, the transporter has also
been detected in mitochondrial membranes where it may
play a role in the trafficking of folate derivatives between
cytoplasm and mitochondrial matrix [34].

The slci9al gene, located on human chromosome
21g22.3 [42], has five exons that contain the entire ORF
[33, 38, 43]. In addition, there are multiple 5'-non-coding
exons, which undergo variable splicing giving rise to
different transcripts differing in their 5'untranslated
region (UTR) [33, 38, 43]. Three TATA-less promoters
with binding sites for several different transcription
factors regulate the transcription of the gene [36]. Studies
of the structure-function relationship in SLC19A1 show
that the C-terminal cytoplasmic tail is important for the
stability and membrane trafficking of the protein [26, 29]
and that the intracellular loop between the transmembrane
domains 6 and 7 is important for the function of the
transporter [15]. Gene knockout studies in mice have
shown that homozygous deletion of the gene leads to
embryonic lethality [45]. Heterozygotes are viable. There
is substantial interest in the activity of the transporter and
homocysteinemia. N>-Methyltetrahydrofolate is the donor
of the CHj3- group needed for the conversion of homo-
cysteine to methionine catalyzed by the enzyme homo-
cysteine-methyltransferase and thus folate deficiency
results in elevated homocysteine levels [12]. Since
homocysteinemia is associated with increased incidence
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of neural tube defects and cardiovascular complications, it
is possible that, at least in some cases, mutations in the
slc19al gene may contribute to the etiology of these
clinical diseases.

The regulation of SLC19A1 expression and function
has been investigated under various physiological and
pathological conditions. Evidence indicates that the
expression of the transporter in the intestine is subject
to adaptive regulation in response to folate status [27].
Increased folate availability suppresses the transporter
expression whereas folate deficiency enhances the trans-
porter expression. The expression of the transporter is also
cell cycle-dependent, with highest level of expression
seen at the Gl-to-S transition [11]. The transcription
factor p53 also suppresses SLC19A1 expression [4]. In
addition, the activity and expression of the transporter are
decreased by nitric oxide and hyperglycemia [18, 31].

SLC19A2

The gene responsible for the disease thiamine-responsive
megaloblastic anemia (TRMA or Rogers syndrome),
located on human chromosome 1g23, was long believed
to code for a thiamine transporter [32]. Subsequent
studies by positional cloning and homology screening led
to the successful isolation of the cDNA and establishment
of its functional identity as a thiamine transporter [3, 6, 9,
13]. The SLCI9A2 gene codes for a protein of 12
transmembrane domains and two N-glycosylation sites [3,
6, 9, 13]. The transporter has also been cloned from
mouse tissues [20]. A splice variant, lacking 38 amino
acids in the intracellular loop between the transmembrane
domains 6 and 7, has been identified in certain tissues in
mouse. This variant is functional, indicating the non-
involvement of this protein region in transport function
[16]. The N-glycosylation is also not essential for
transport function [1].

SLC19A2 mediates the transport of thiamine [6]. The
transport process is stimulated by a transmembrane pH
gradient (pHou>pHi,), suggesting that the transport
mechanism most likely involves thiamine/H* antiport.
The transporter is very specific for thiamine and no other
organic cations are recognized as substrates by the
transporter [6]. SLCI9A2 is expressed ubiquitously in
human tissues [6]. Western analyses and immunohisto-
chemical localization studies in mice indicate that the
SLCI9A2 protein is widely distributed and that the
protein is expressed both on the cell surface and
intracellular locations [10]. The slc/9a2 gene consists of
six exons. Targeted deletion of the gene results in
diabetes, sensorineural deafness, and megaloblastosis in
mice on thiamine-free diet [21]. The deletion of the gene
has no effect on mice when supplemented with thiamine.
Several mutations in the human slc/9a2 gene have been
identified that result in TRMA [19, 25]. Patients with
TRMA are effectively treated with thiamine supplemen-
tation [19]. It is interesting to note that nutritional
thiamine deficiency, known as beriberi, is associated
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Fig. 2A-D Role of SLC19A1 A B
Intestinal lumen

in the transcellular transfer of
folate across different epithelia.
A Enterocyte; B retinal pigment
epithelium; C kidney tubular
cell; D placental syncytiotro-
phoblast
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with cardiovascular and/or neurological complications,
symptoms not seen in patients with TRMA or in mice
homozygous for slc/9a2 gene deletion. This indicates that
there are additional transporters for thiamine in humans
and other mammals. Accordingly, SLC19A2 is referred to
as ThTrl (thiamine transporter 1).

SLC19A3

The third member of the SLC/9 gene family was cloned
recently by homology screening [7]. SLC19A3 also codes
for a thiamine transporter and the transport process most
likely involves thiamine/H* antiport, as in the case of
SLC19A2 [23]. SLC19A3 is therefore referred to as
ThTr2 (thiamine transporter 2). As evidenced from the
functional relationship between SLC19A2 and SLC19A3,
there is a significant structural similarity between the two
transporters. Since SLC19A3 is also expressed ubiqui-
tously in humans and other mammals, it is possible that
the intact function of this transporter is responsible for the
lack of cardiovascular and neurological complications in
humans and mice lacking the function of the slic/9a2
gene. The slc19a3 gene is located on human chromosome
2q37 and consists of five exons coding for the ORF and
additional 5'- and 3’-non-coding exons [7]. The murine
slc19a3 gene maps to a region on chromosome 1 defined
as a seizure susceptibility locus in the DBA/2J mouse
strain [7]. Whether such a connection between seizure
susceptibility and slc/9a3 exists in humans is not known.

Role of SLC19 gene family members
in the homeostasis of folate and thiamine

The SLCI19 gene family plays an important role in the
transport and homeostasis of folate and thiamine in the
body. Since SLC19A1 has also been shown to transport
mono- and pyro-phosphate derivatives of thiamine [44,
46], all three members of the SLCI9 gene family may
play a role in the homeostasis of thiamine. It is quite
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evident that the role of these transporters in non-polarized
cells is to mediate the influx of folate and thiamine into
the cells. However, in cells that mediate the transcellular
transfer of these vitamins (e.g., the absorptive cells of the
intestine and kidney, the syncytiotrophoblast in the
placenta, and the retinal pigment epithelium), the exact
role of these transporters is dependent on their polarized
distribution in the apical membrane versus the basolater-
al/basal membrane. The distribution of SLCI9A2 and
SLC19A3 in these polarized cells has not yet been
investigated and therefore it is difficult to predict their
exact role in the transcellular movement of thiamine and
consequently in thiamine homeostasis of the whole
organism. On the other hand, recent advances in the area
of subcellular localization of SLC19A1 in polarized cells
have enhanced our understanding of the role of this
transporter in the transcellular movement of folate
(Fig. 2). Interestingly, folate homeostasis in most of these
cells involve not only SLC19A1 but also folate receptor o
(FRa), a glycosylphosphatidylinositol-anchored protein.
In cells that express both FRa and SLC19A1, the two
proteins are invariably polarized in a differential manner
[2, 35]. Since FRa is capable of mediating only the influx
of folate into the cells, this transport mechanism is located
exclusively in the membrane where the entry of folate
into the cells occurs as the initial step in the transcellular
movement of this vitamin. Thus, FRa is located in the
apical membrane of the renal tubular cell and the
placental syncytiotrophoblast and in the basolateral
membrane of the retinal pigment epithelium. The entry
of folate via FRa involves receptor-mediated endocytosis
and a hitherto unidentified transporter in the endosomal
membrane. In contrast to FRa, SLC19A1 is capable of
bidirectional transport and thus is located in the mem-
brane where the exit of folate occurs from the cells to
complete the transcellular transfer. Thus, SLCI9A1 is
located in the basolateral/basal membrane of the renal
tubular cell and the placental syncytiotrophoblast and in
the apical membrane of the retinal pigment epithelium.
Interestingly, FRa does not seem to be expressed in the
intestinal epithelium, an important site of transcellular



transfer of folate involved in the absorption of this
vitamin from dietary sources. SLC19A1 is expressed in
the apical membrane of this epithelium and mediates the
initial step (i.e., cellular entry of folate from the intestinal
lumen) of the transcellular transfer. The molecular
identity of the transport mechanism responsible for the
exit of folate across the basolateral membrane of this
epithelium has not yet been established.
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