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Background: SLC2A2 gene codes the sugar transporter-receptor hGLUT?2.
Results: The study describes the impacts of gain and loss of function mutations in SLC2A2 on pancreas development and insulin

production.

Conclusion: Structure-function map of hGLUT? is refined pointing out the importance of its sugar receptor activity.
Significance: hGLUT?2 constitutes a new target to stimulate pancreatic (3 cell differentiation and insulin secretion.

The structure-function relationships of sugar transporter-re-
ceptor hGLUT2 coded by SLC2A2 and their impact on insulin
secretion and P cell differentiation were investigated through
the detailed characterization of a panel of mutations along the
protein. We studied naturally occurring SLC2A2 variants or
mutants: two single-nucleotide polymorphisms and four pro-
posed inactivating mutations associated to Fanconi-Bickel syn-
drome. We also engineered mutations based on sequence align-
ment and conserved amino acids in selected domains. The
single-nucleotide polymorphisms P68L and T110I did not
impact on sugar transport as assayed in Xenopus oocytes. All the
Fanconi-Bickel syndrome-associated mutations invalidated
glucose transport by hGLUT?2 either through absence of protein
at the plasma membrane (G20D and S242R) or through loss of
transport capacity despite membrane targeting (P417L and
W444R), pointing out crucial amino acids for hGLUT2 trans-
port function. In contrast, engineered mutants were located at
the plasma membrane and able to transport sugar, albeit with
modified kinetic parameters. Notably, these mutations resulted
in gain of function. G20S and L368P mutations increased insulin
secretion in the absence of glucose. In addition, these mutants
increased insulin-positive cell differentiation when expressed in
cultured rat embryonic pancreas. F295Y mutation induced 8
cell differentiation even in the absence of glucose, suggesting
that mutated GLUT2, as a sugar receptor, triggers a signaling
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pathway independently of glucose transport and metabolism.
Our results describe the first gain of function mutations for
hGLUT?2, revealing the importance of its receptor versus trans-
porter function in pancreatic 3 cell development and insulin
secretion.

The SLC2A2 gene product GLUT?2 is a low affinity facilitative
glucose transporter expressed in tissues involved in glucose
homeostasis, i.e., liver, pancreatic (3 cells, kidney, and intestine
(1). In addition to allowing transmembrane transport of sugar,
GLUT?2 is proposed to be a glucose detector. Together with
glucokinase, a high K, hexokinase, GLUT?2 is fueling intracel-
lular metabolism and triggers adequate insulin secretion by
pancreatic be B cells (2). A GLUT2 specific extracellular glu-
cose sensing pathway exists in cultured B pancreatic, hepa-
toma, and enterocytic cells (3—6). This pathway targeting glu-
cose-sensitive gene expression engages nuclear importers (4, 5,
7). In addition to its transporter function, GLUT2 has therefore
the property to trigger a signaling cascade in response to
changes of extracellular glucose concentrations whatever the
level of intracellular energy stores (8, 9). The relative impacts of
these two independent but complementary GLUT2 functions,
sugar transporter versus extracellular sugar receptor, have been
poorly explored.

Some genetic defects within SLC2A2 gene cause Fanconi-
Bickel syndrome (FBS)® (10). FBS is due to homozygous or
compound heterozygous mutations in SLC2A2, suggesting
that a single unaltered allele is sufficient to fulfill vital protein
functions. This is consistent with an autosomal recessive pat-
tern of inheritance. So far, over 100 cases are reported in the
world, and mutation analyses have revealed a total of 34 differ-
ent SLC2A2 point mutations with no particular hot spot (10).

® The abbreviations used are: FBS, Fanconi-Bickel syndrome; 2-DOG, 2-deoxy-
p-glucose; SNP, single-nucleotide polymorphism; TM, transmembrane
domain.
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More than 70% of mutations result in truncated proteins
(frameshift, nonsense, splice site mutations), suggesting that an
inactive protein is responsible for the disease. In addition, 10
missense mutations are described in FBS. These mutations are
only described at the genomic level. FBS patients suffer from
hepatomegaly, nephromegaly, glucose-galactose malabsorp-
tion, gross urinary loss of glucose, and failure to thrive (10).
Furthermore, an adult FBS patient is reported to have devel-
oped gestational diabetes during pregnancy (11). In some cases,
patients show low insulinemia and diabetes (12, 13). The diabe-
tes can occur transiently during the neonatal period (14). These
subjects have low birth weight, indicative of a possible lack of
insulin in utero. Whether GLUT?2 plays an active role in human
pancreas has long been discussed (15). GLUT2 is probably not a
major transporter fueling glucose flux and metabolism in adult
human pancreatic 3 cells, and its implication in type 2 diabetes
is still controversial (16 —-20). Nevertheless, in neonates and
children, GLUT?2 is more abundant (21). A role of GLUT?2 is
thus more likely to occur during the developmental and neona-
tal periods in humans.

There is no crystal structure for members of the GLUT fam-
ily yet. However, the crystal structures of other members of the
sugar porter family, bacteria lactose permease (LacY) (22),
fucose permease (FucP) (23), and xylose symporter (XyIE) (24),
are solved. Two states, inward open and outward open confor-
mations, are representative of permeases exposed to extracel-
lular or intracellular sugar, respectively. These structures are
used to propose in silico models of mammalian GLUT mem-
bers (24-26). Furthermore, cysteine scanning mutagenesis
(27), biochemical analyses (25), and i silico analysis (26) allow
the modeling of GLUT1 sugar channel as an hydrophilic cavity
created by a specific organization of transmembrane helices.
Nevertheless, the functioning of GLUT1 is still not fully under-
stood. Invariant or highly conserved amino acids among the
families of prokaryotic or eukaryotic sugar porters pinpoint
amino acids that might be important for structure or functions.
In vitro or in vivo characterization of mutated proteins is
required to identify key amino acids associated with protein
functions. A functional study was conducted for the V1971
mutation in SLC2A2, discovered as a single allele mutation in a
type 2 diabetic subject; it abolishes GLUT2 transport activity
(28). Activating mutations of GLUT2 have not been reported
yet; they might create symptoms opposite to those of FBS
patients such as exacerbated insulin secretion.

In this study, we fully characterized nine mutations scattered
through the SLC2A2 gene to identify potential amino acid dif-
ferentially involved in the two hGLUT?2 functions: transporter
and receptor. To this aim, we performed detailed analyses of
membrane expression profiles in hepatic and pancreatic 8 cells,
transport kinetics in Xenopus oocytes, glucose-induced insulin
secretion, and development of pancreatic 3 cells.

EXPERIMENTAL PROCEDURES

Sequence Alignment and Topology of Human GLUT2—
Topology of human GLUT2 was realized with the Topo2
program with predicted transmembrane sequences found in
UniProtKB/Swiss-Prot. Multiple sequence alignment of
GLUT?2 homologs and orthologs were realized with BLASTP.
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Protein sequences were found in the UniProtKB database:
P11166 for human GLUT1; P14672 for human GLUT4; P11168
for human GLUT2; H2QNRO (predicted) for chimpanzee (Pan
troglodytes); P14246 for mouse (Mus musculus) GLUT?2;
P12336 for rat (Rattus norvegicus) GLUT2; Q90592 for chicken
(Gallus gallus) GLUT2; Q102R8 for zebrafish (Danio rerio)
GLUT?2; P32465 for yeast (Saccharomyces cerevisiae) HXT1;
and Q9FRL3 for plant (Arabidopsis thaliana) sugar transporter
protein STP1.

Molecular Biology—Human SLC2A2 gene (GenBank™
accession number NM_000340.1) was obtained from RZPD
(IMAGp958A041562Q)) and HA-tagged after subcloning into
pIRES-3HA-hrGFP vector (Stratagene). SLC2A2 mutants were
obtained by site-directed mutagenesis. All constructs were fully
sequenced. pIres-hGLUT2-3HA-hrGFP constructs were sub-
cloned in a pSDeasyBS vector to be used for in vitro transcrip-
tion and expression in Xenopus oocytes. Some constructs were
also subcloned into adenoviral expression vectors (GeneCust)
for infection of cells and rat pancreases. The extracellular
C-terminal HA tag that facilitates detection had no discernible
effect on either expression or function of the wild-type
transporter.

Expression in Xenopus Oocytes—Capped cRNA were synthe-
sized in vitro from hGLUT?2 expression vectors linearized with
FsplI using the mMessage mMachine SP6 kit (Ambion). Xeno-
pus oocytes (EcoCyte Bioscience), kept at 18 °C in modified
Barth’s solution containing 88 mm NaCl, 1 mm KCl, 0.41 mMm
CacCl,, 0.32 mm Ca(NO,),, 0.82 mm MgSO,, 10 mm HEPES, pH
7.4, and gentamycin (20 mg/ml), were injected with 75 ng of the
different cRNA and incubated for 48 h before experiments. Sur-
face labeling of Xenopus oocytes was performed as described
(29) using hGLUT?2 antibody (MAB 1414; R&D System:s).

Uptake of Radiolabeled 2-Deoxy-p-glucose—Five injected
Xenopus oocytes were incubated in 500 ul of modified Barth’s
solution containing 2.5-100 mMm 2-deoxy-D-glucose (2-DOG)
and 0.5 uCi of [**C]2-DOG as tracer (PerkinElmer Life Sci-
ences) for 10 min at 20 °C in initial rate conditions. Uptake was
stopped by washes with ice-cold buffer containing 2 mm HgCl,.
A single oocyte was lysed with 500 ul of SDS 10% before radio-
activity counting (1600TR; Packard). At least three indepen-
dent experiments were performed for each construct. Uptakes
were expressed as nmol/min/oocyte, and K, and V, . kinetic
parameters were calculated with Kaleidagraph software, using
the Michaelis-Menten equation. Xenopus oocytes are devoid of
endogenous SLC2A ortholog genes.

Cell Culture, Transfection, and Infection—The mhAT3F
hepatoma cell line and MING6 pancreatic 8 cell line were grown
as described previously (30, 31). The MING® cell line is one of the
few 3 cell lines that can secrete insulin in response to glucose.
However, MING6 cells have a large expression of wild-type
mouse GLUT2 that could minimize the consequences of
hGLUT?2 expression. Hepatoma mhAT3F and pancreatic
MING cells were transfected with Lipofectin or Lipofectamine
2000 according to the manufacturer’s instructions (Invitrogen).
Infections of mhAT3F or MING cells were performed as recom-
mended by the manufacturer (GeneCust) with 5000 viral parti-
cles/cell in the absence of serum. After 2 h, the viruses were
washed out, and the cells were supplied with complete growth
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medium. Analyses were performed 48 h after transfection or
infection.

Immunofluorescence Analyses—Immunofluorescence on
mhAT3F or MING cells were performed as previously described
(3, 5) with anti-HA (sc-805; Santa Cruz), anti-hGLUT2
(directed against extracellular epitope of hGLUT2, MAB1414;
R&D Systems), and anti-E-cadherin (TAK-M108, Takara) fol-
lowed by cyanin-coupled secondary antibodies (715-165-150,
711-165-152,and 712-225-153; Jackson ImmunoResearch Lab-
oratories Inc.).

Protein Expression—Total membrane proteins were pre-
pared using the ProteoJet membrane protein extraction kit
(Fermentas) according to the manufacturer’s instructions and
analyzed by Western blot with anti-HA (sc-805; Santa Cruz),
anti-E-cadherin (TAK-M108; Takara), and peroxidase-cou-
pled secondary antibodies (Amersham Biosciences). Detec-
tion was performed with ECL (Amersham Biosciences) and
ImageQuant LAS 4000 (GE Healthcare) subsequently quanti-
fied by densitometry using the Multi-Gauge V2.3 program (Fuji
Photo Film Co.).

FACS Analysis—mhAT3F or MING cells were detached with
trypsin and suspended in binding buffer (D-PBS 0.15% BSA).
Cell suspensions were incubated for 1 h with anti-hGLUT2
conjugated to phycoerythrin antibody (directed against extra-
cellular epitope of hGLUT2, FAB1414P; R&D Systems), diluted
in binding buffer. Cells were washed three times with fresh
D-PBS, and the fluorescence of each sample was evaluated
using BD LSRII FACS system and BD FACS Diva software (Bec-
ton Dickinson). The results were analyzed using the Flow]Jo
software (Tree Star, Inc).

RNA Levels—Total RNA from mhAT3F or MING6 cells was
extracted using TriReagent (MRC). Reverse transcription
was carried out with 1 pg of total RNA according to the
manufacturer’s protocol (Roche Applied Science), and mes-
senger DNA was quantified with a Mx3000 real time PCR sys-
tem (Stratagene). ProbeFinder version 2.45 (Roche Applied Sci-
ence) was used to design specific primers for m-Insulin. m-LPK,
m-GLUT2, and m-Cyclophillin primers were previously
described (32).

Pancreatic Explant Infection and Culture—All animal
manipulations were realized in compliance with the French
Animal Care Committee’s guidelines. Dorsal pancreatic
explants from embryonic day 13.5 Wistar rat embryos were
dissected, dissociated, infected, and cultured as previously
described (33). Briefly, at the end of the dissociation, cells were
dispatched in 1.5-ml tubes (5 X 10* cells/tube) in complete
RPMI culture medium (Lonza) supplemented with 10% heat-
inactivated FCS (HyClone) and ROCK inhibitor (7 pg/ml;
Sigma-Aldrich), in the presence or absence of glucose. During
an overnight period, cells reaggregated and formed clusters that
were transferred on 0.45-um filters (Millipore) and cultured for
6 additional days in complete RPMI culture medium. For
adenoviral infection, dissociated cells were cultured for 2.5 h at
37 °Cin 50 ul of RPMI 1640 with adenoviruses (multiplicity of
infection of 2) producing hGLUT2 variants or a dominant-neg-
ative form of ChREBP previously described (34). At the end of
the infection period, complete RPMI medium was added, and
cells were reaggregated as described above before being trans-
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ferred on filters for six additional days. Infected pancreases
were treated the same way as noninfected ones.

Pancreatic Explant Staining and Quantification—Tissues
were fixed in 10% formalin and embedded in paraffin. All sec-
tions (4 um thick) of pancreatic explants were collected and
processed for immunohistochemical analysis with mouse anti-
insulin, rabbit anti-insulin, rabbit anti-amylase, rabbit anti-glu-
cagon (Sigma-Aldrich), and mouse anti-BrdU (Amersham Bio-
sciences). The fluorescent secondary antibodies used included
fluorescein anti-rabbit and Texas Red anti-mouse (Jackson
ImmunoResearch Laboratories Inc.) and Alexa Fluor 488 anti-
rabbit (Invitrogen). The nuclei were stained with Hoechst
33342 (Invitrogen). All sections from each pancreatic explants
were digitized with a camera (Hamamatsu) linked to a fluores-
cence microscope (Leitz DMRB; Leica). Each image was quan-
tified using Image] 1.34 s, and sums give the total surface/ex-
plant in mm? At least four explants were analyzed per
condition.

To quantify the proliferation of insulin- and amylase-positive
cells, the frequency of BrdU-positive nuclei among 2,000 insu-
lin- or amylase-positive cells/bud were counted. At least three
explants grown under each set of culture conditions were
analyzed.

Electron Microscopy—Infected or noninfected pancreatic
explants were fixed at 4 °C for 2 h in 2.5% glutaraldehyde, in 0.1
M phosphate buffer, pH 7.3, postfixed for 1 h in 1%, buffered
osmium tetroxide, dehydrated, and embedded in Epon 812.
Thin sections were placed on uncoated 200-mesh nickel grids.
For immunoelectron microscopy, sections were etched with 0.5
M of sodium metaperiodate for 1 h at room temperature and
incubated overnight at 4 °C with anti-insulin (Dako A564) and
then with 18-nm gold reagent for 1 h and with IgG coating
colloidal gold particles (Jackson ImmunoResearch Laboratories
Inc.). The sections were counterstained with 2% aqueous uranyl
acetate for 30 min and then with lead citrate for 10 min and
viewed under a Philips 100X electron microscope.

Glucose-induced Insulin Secretion—Glucose-induced insulin
secretion assays were performed in MING6 cells or pancreases
infected with adenoviral vectors. For infected MING cells, 48 h
after infection, the cells were preincubated for 30 min at 37 °C
in Krebs-Ringer bicarbonate buffer (10 mm HEPES, 120 mm
NaCl, 4.7 mm KCl, 1.2 mm MgSO,, 1.2 mm KH,PO,, 20 mm
NaHCO3;, 2 mMm CaCl,, 0.5% BSA, pH 7). Cells were then incu-
bated with Krebs-Ringer bicarbonate buffer supplemented or
not with 1, 5, or 25 mm glucose for 2 h.

For infected pancreases cultured for 7 days in presence of 10
mM glucose, glucose was removed for 1 h before the glucose-
induced insulin secretion assay. Pancreases were then incu-
bated with fresh medium supplemented or not with 10 mm
glucose for 2 h.

Culture media were collected after 30, 60, and 120 min, cen-
trifuged (12,000 rpm; 2 min; 4 °C), and supernatants were
stored at —20 °C until insulin quantification. Insulin concentra-
tions were measured with ELISA kit rat/mouse insulin
(EZRMI-13K; Millipore).

Statistics—The results are presented as the means * S.E. of
three to five experiments or assays. Statistical analysis was per-
formed using STATEL software (AdScience), and significance
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(p < 0.05) was established using Kruskal-Wallis and Mann-
Whitney tests.

RESULTS
hGLUT?2 Variants—To build a structure-function map of
hGLUT?2, we analyzed nine SLC2A2 variants (Table 1). Mutants

TABLE 1
SLC2A2 mutations

Nucleotide change”

Predicted amino acid change”

Nonsynonymous SNPs

c.203C>T p-Pro68Leu (P68L)

c.329C>T p-Thr110lle (T1101)
FBS-associated mutations®

c.59G>A p.Gly20Asp (G20D)

c.726C>A p-Ser242Arg (S242R)

c.1250C>T p.Pro417Leu (P417L)

c.1330T>C p.Trp444Arg (W444R)
Additional missense mutations

c.58G>A p-Gly20Ser (G20S)

c.884T>A p.Phe295Tyr (F295Y)

¢.1103T>C p-Leu368Pro (L368P)

“ Reference sequence: NM_000340.1.
 Reference sequence: NP_000331.1.
¢ These FBS-associated mutants were reviewed in Ref. 10.

c.59G>A p.Gly20Asp, ¢.726C>A p.Ser242Arg c.1250C>T
p.Pro417Leu, and c.1330T>C p.Trp444Arg were chosen
among 10 missense mutations in families carrying mutations
associated with FBS, expected to display null phenotype (i.e., no
hGLUT?2 function) (10). As represented on Fig. 1, G20D muta-
tion is located in the first transmembrane domain, S242R muta-
tion is positioned in a sugar transporter signature PESPR,
P417L mutation affects an invariant amino acid in transmem-
brane domain 10, and W444R mutation is situated in a putative
sugar-binding site of the sugar channel.

In parallel, three mutations in invariant or highly conserved
amino acids were generated: ¢.58G>A p.Gly20Ser, c.884T>A
p.Phe295Tyr, and ¢.1103T>C p.Leu368Pro. G20S is a muta-
tion at a similar position giving FBS when mutated in Asp,
F295Y disturbs a highly conserved amino acid in the large
intracytoplasmic domain triggering sugar signaling, and
L368P affects highly conserved amino acid in the sugar porter
family (Fig. 1). Furthermore, two SLC2A2 SNP (c.329C>T
p-Thr110Ile (T110L; SNP rs5400 G/A) and ¢.203C>T
p.Pro68Leu (P68L; SNP rs7637863 G/A)) variants were studied
as controls.

GLUT1_HUMAN CIVLPFCPESPRFLLINRN VAFFEVGPGPIPWFIVAEL AIAVAGFSNWTSNFIVGMC
GLUT4_HUMAN LVLLPFCPESPRYLYIIQN VAFFEIGPGPIPWFIVAEL AMAVAGFSNWTSNFIIGMG
GLUTZ_ﬁUMmN SLLLFFCPESPRYLYIKLD VSFFEIGPGPIPWFMVAEF ALAIAAFSNWTCNFIVALC
GLUT2_CHIMPANZEE SLLLFFCPESPRYLYIKLD VSFFEIGPGPIPWFMVAEF ALAIAAFSNWTCNFIVALC
GLUT2_MOUSE CLLLLFCPESPRYLYIKLE VSFFEIGPGPIPWFMVAEF ALALAAFSNWVCNEFVIALC
GLUT2_RAT CLLLLFCPESPRYLYLNLE VSFFEIGPGPIPWFMVAEF ALALAAFSNWVCNFIIALC
GLUT2_CHICKEN FFLLLLCPESPRYLYIKLG VIFFEVGPGPIPWFIVAEL AIAVAGFCNWACNFIVGMC
GLUT2_ZEBRAFISH SLLLLVCPESPRYLYIKQG VSFFEIGPGPIPWFIVAEI AIALAGFCNWTCNFIVGMV
HXT_YEAST IGGMMFVPESPRYLV-EAG IFCFATTWAPIAYVVISEC CMSIATAANWIWGFLISFF
STP_ARAT AIGMAFSPESPRWLV-QQG VLSFSLGAGRPVPALLLPEI AVALSLGMHWISNFEFVIGLY
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AFTVFTAVLGSFQFGYDIGV EQKVSVIQLETDP-NYRQP LVEKAGRRTLFLAGMIGMF GLUT2_RAT
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FIGURE 1. Topology and amino acid alignments of human GLUT2. The figure shows the topology of human GLUT2 with the location of conserved amino
acids (in gray Gly-20, Ser-242, Phe-295, Leu-368, Pro-417, and Trp-444) analyzed in this study. Evolutionary conservation is shown by multiple sequence
alignment with BLASTP of GLUT2 homologs: human GLUT1 and GLUT4, chimpanzee GLUT2, mouse GLUT2, rat GLUT2, chicken GLUT2, zebrafish GLUT2, yeast

S. cerevisiae HXT1, and plant A. thaliana STP1.
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FIGURE 2. Expression and transport function of two SNP variants of hGLUT2. A, expression of hGLUT2 wild type (WT) and two SNP variants (P68L and T110l)
in mhAT3F cells. Cells transfected with a pCMV-hGLUT2-HA-IRES-hrGFP construct are identified by the expression of the GFP. Plasma membrane location of
hGLUT2 (red in the left panels and white in the right panels) is revealed with an antibody to an extracellular epitope of hGLUT2 in nonpermeabilized cells. Nuclei
are stained with DAPI (blue). Scale bar corresponds to 25 um. B, Western blot analysis of membrane fractions from mhAT3F cells transfected or not transfected
(NT) with different hGLUT2 constructs. hGLUT2 expression is revealed with an antibody to HA epitope. E-cadherin is used as a loading control of membrane
fractions. C, membrane expression of WT, P68L, and T1101 hGLUT2 in Xenopus oocytes injected with the corresponding cRNAs. D, dose-response curves of

2-DOG uptake by Xenopus oocytes injected with WT, P68L, or T110l hGLUT2 cRNA. Curves are fitted up using Michaelis-Menten nonlinear regression.

Subcellular Location and Transport Function of SNP Vari-
ants of hGLUT2—Expression and location of hGLUT2 wild
type and variants were characterized by immunofluorescence
analyses using an antibody recognizing extracellular epitopes
on nonpermeabilized mhAT3F hepatoma cells (Fig. 24). Fur-
thermore, their membrane location was confirmed by co-local-
ization with the membrane-resident protein E-cadherin in the
membrane fractions analyzed by Western blot (Fig. 2B). The
immunofluorescence and Western blot analyses of the P68L
and T110I hGLUT2 polymorphisms indicated that their
expression, location, and size were similar to that of wild-type
hGLUT?2 (Fig. 2, A and B).

Uptake of 2-DOG was measured in Xenopus oocytes express-
ing similar membrane levels of WT, P68L, and T110I hGLUT2
(Fig. 2, Cand D). The saturation curves were performed, and K,
and V. parameters were calculated (Table 2). They were sim-
ilar to kinetic parameters previously published by others for
hGLUT?2 (35). The isoleucine 110 substitution (T110I) as pre-
viously described (28) and the leucine 68 substitution (P68L) in
this study did not appreciably affect transport characteristics
(Fig. 2D and Table 2).

FBS hGLUT?2 Mutants—Many FBS case reports published
previously assumed that homozygous or compound heterozy-
gous mutations identified in SLC2A2 would be responsible for a
functionally dead GLUT?2 transporter. Whereas this assump-
tion seems reasonable for mutation resulting in truncated pro-
teins, it remains to be comprehensively tested for single-nucle-
otide missense mutations. In the present investigation, we
therefore functionally characterized four missense mutations
associated to FBS (G20D, S242R, P417L, and W444R) (Fig. 3).
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TABLE 2
Kinetic parameters of hGLUT2 mutants using 2-DOG
hGLUT2 K, vV,
mu of 2-DOG nmol/min/oocyte
wWT 22+ 3 422 + 20
SNP
P68L 24 * 4 384 *+ 20
T110I 20 £ 4 436 = 30
Additional missense mutations
G20S 30 =6 540 * 45°
F295Y 17 = 3° 300 = 18
L368P 23+ 4 215 + 15*
a p < 0.001.

? p < 0.01 in comparsion with WT.

FBS-associated G20D mutant was undetectable in both
immunofluorescence and Western blot assays (Fig. 3, A and B),
indicating that it was either not translated or rapidly degraded
by the cell protein control process. S242R mutant was barely
detected and not targeted at the plasma membrane (Fig. 3, A
and B), suggesting defects in the translation, maturation,
and/or targeting processes of the corresponding mutated
hGLUT?2 protein. In contrast, P417L and W444R mutants were
expressed in cell plasma membrane and displayed the expected
hGLUT?2 size, confirming the membrane location of full size
proteins (Fig. 3, A and B). This was observed in mhAT3F cells
(Fig. 3, A and B), as well as in MING6 cells (not shown) or in
Xenopus oocytes (Fig. 3C). In all transfection assays, GFP was
identified assessing a proper expression of the plasmid con-
structs (Figs. 2A and 3A, left panels). Xenopus oocytes were
injected with cRNA coding FBS mutants that could be detected
in mammalian cells (5242R, P417L, and W444R) to assay their
transport capacities. S242R mutant exhibited no protein at the
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FIGURE 3. Expression and transport function of four FBS-associated mutants of hGLUT2. A, expression of hGLUT2 wild type (WT) and four FBS-associated
mutants (G20D, S242R, P417L, and W444R) in mhAT3F cells. Cells transfected with a pCMV-hGLUT2-HA-IRES-hrGFP construct are identified by the expression
of the GFP. Subcellular location of hGLUT2 (red in the left panels and white in the right panels) is revealed with an antibody to HA epitope in permeabilized cells.
Nuclei are stained with DAPI (blue). Note that G20D hGLUT2 cannot be detected, and S242R hGLUT2 is not targeted at the plasma membrane. Scale bar
corresponds to 25 um. B, Western blot analysis of membrane fractions from mhAT3F cell transfected or not transfected (NT) with different hGLUT2 constructs.
hGLUT2 expression is revealed with an antibody to HA epitope. E-cadherin is used as a loading control of membrane fractions. Note that G20D or S242RhGLUT2
cannot be detected in membrane fractions. C, membrane expression of WT, S242R, P417L, and W444R hGLUT2 in Xenopus oocytes injected with the corre-

sponding cRNAs. D, noncorrected uptake of 2-DOG by Xenopus oocytes injected with water or injected with WT, S242R, P417L, or W444R hGLUT2 cRNA.

plasma membrane of Xenopus oocyte (Fig. 3C), and the result-
ing uptake of 2-DOG was identical to that of oocytes injected
with water (Fig. 3D). Oocytes expressing similar membrane lev-
els of the FBS P417L and W444R hGLUT2 mutants (Fig. 3C)
displayed no specific 2-DOG uptake (Fig. 3D). Our results dem-
onstrate that the four FBS-associated SLC2A2 mutants lack
hGLUT2 transport function contributing to the FBS phenotype
and support the important role of hGLUT?2 transporter fueling
metabolism at body level.

Missense hGLUT2 Mutants—In addition to FBS mutants, we
characterized three additional mutants designed to affect
invariant or highly conserved amino acids of the sugar porter
family (G20S, F295Y, and L368P; Fig. 1). We expressed these
mutants in mhAT3F and MING6 cell lines. They were properly
targeted at cell plasma membranes as assayed by immunofluo-
rescence showing their co-localization with the membrane-res-
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ident protein E-cadherin (Fig. 44) or by FACS analysis on non-
permeabilized cells (Fig. 54). They also revealed similar
patterns in Western blot analysis of membrane extracts when
compared with wild-type hGLUT2 (Fig. 4B).

2-DOG uptake was measured in Xenopus oocytes expressing
similarly wild-type or mutant hGLUT2 (Fig. 4, C and D) to
calculate K,, and V,,, parameters (Table 2). F295Y hGLUT2
showed 25% increase in sugar affinity (1/K,,,) (p < 0.01) but 30%
decrease in V,,, (transport capacity) (p < 0.001) as compared
with wild-type hGLUT2. Thus, this mutation may not modify
significantly sugar fluxes at physiological glucose concentra-
tions. G20S mutant showed 35% lower sugar affinity (p <
0.001), a similar sugar flux up to 30 mm, buta V. 28% higher
(p < 0.001) than wild-type hGLUT2. By contrast, L368P
mutant showed an affinity similar to wild-type hGLUT?2, but its
V nax Was decreased by 50% (p < 0.001). These modifications of
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Menten nonlinear regression.

glucose transport kinetic parameters by hGLUT2 mutants
prompted us to test their impact on insulin secretion and pan-
creatic cell development.

Glucose-induced insulin secretion in pancreatic cell lines
requires the expression of GLUT?2 (15, 36). We thus measured
insulin secretion in MING6 cells that express large amounts of
endogenous (murine) GLUT2 (31), assuming that heterote-
tramer formation between endogenous murine and mutant
human GLUT2 might reveal altered function. The proportion
of MING6 pancreatic cells expressing hGLUT2 after infection
was similar for each mutant (Fig. 54) and allowed comparison
of the functional impact of the three missense mutations. Nei-
ther insulin mRNA nor protein content were significantly
affected by expression of hGLUT2 mutants (Fig. 5, Band C). As
expected, insulin secretion per cell increased in response to
glucose in a dose-dependent manner (1 mMm versus 5 mm versus
25 mM) in MING cells expressing wild-type or mutant hGLUT?2
(Fig. 5D). Glucose-induced insulin secretion profile was not
grossly modified by F295Y hGLUT2 expression. On the con-
trary, G20S hGLUT2 expression amplified glucose-induced
insulin secretion at 1, 5, and 25 mm glucose as compared with
wild-type hGLUT2, suggesting that this mutant exerts a domi-
nant function over endogenous murine GLUT2. This could be
due either to accelerated transport (Fig. 4D and Table 2) or
increased signaling activity. Interestingly, in the total absence of
glucose, basal insulin secretions by MING6 cells expressing G20S
or L368P hGLUT?2 were significantly higher as compared with
cells expressing wild-type hGLUT?2 (Fig. 5E). Thus, G20S and
L368P appeared as potential gain of function hGLUT2 muta-
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tions promoting insulin secretion by 3 cells in the absence of
glucose. At higher glucose concentration (25 mwm), the
potential gain of function L368P hGLUT?2 receptor is coun-
terbalanced by its reduced V, . transporter (Fig. 4D and
Table 2), resulting in insulin secretion similar to that of wild-
type hGLUT?2 (Fig. 5D).

The impact of hGLUT?2 engineered mutations on pancreatic
B cell differentiation was addressed (Fig. 6). The development
of rat embryonic pancreases, expressing hGLUT2 wild type or
mutants, was analyzed after 7 days of culture in the presence or
absence of added glucose (10 mm). As expected, in control non-
infected pancreases, the positive effect of glucose on f3 cell dif-
ferentiation was observed, because the insulin-positive cell sur-
face increased 3-fold (Fig. 64, with quantification in Fig. 6B)
(37). Expression of wild-type hGLUT2 did not favor pancreatic
B cell development (Fig. 6A, with quantification in Fig. 6B). The
infection of pancreatic explants with G20S and L368P hGLUT2
further increased the surface of insulin-positive cells in the
presence of glucose when compared with infection with wild-
type hGLUT?2 (Fig. 64, with quantification in Fig. 6B). F295Y
hGLUT2 expression drastically increased, in the absence of glu-
cose, the insulin-positive cell surface that did not further
increase after glucose addition (Fig. 64, with quantification in
Fig. 6B). F295Y mutant thus mimicked the effect of glucose
addition, activating constitutively the sugar-signaling pathway
that triggers 3 cell differentiation. The developments of « cells
(i.e., glucagon-positive cells) or exocrine cells (i.e., amylase-pos-
itive cells) were not affected (Fig. 6, C and D). Finally, the pro-
liferation indices, as assayed by BrdU incorporation, in insulin-
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FIGURE 5. Impact of G20S, F295Y and L368P hGLUT2 mutants on insulin secretion. A, quantification by flow cytometry of plasma membrane expression for
wild type (WT), G20S, F295Y, and L368P hGLUT2 in infected MING6 cells that were cultured in 0 mm (light gray), 5 mm (dark gray), or 25 mm (black) glucose.
Nonpermeabilized cells are labeled with an antibody to an extracellular epitope of hGLUT2. Noninfected cells (N/) are used as negative control. Band C, insulin
mRNA levels (B) and protein contents (C) in MING cells expressing WT, G20S, F295Y, or L368P hGLUT2 cultured in 25 mm glucose. D, glucose-induced insulin
secretion by MING6 cells expressing WT, G20S, F295Y, or L368P hGLUT2 in response to 1 mm (light gray), 5 mm (dark gray), or 25 mm (black) glucose. E, basal
insulin secretion by MING6 cells expressing WT, G20S, F295Y, or L368P hGLUT2 in the absence of glucose. ns, no significant differences between WT and
mutants. *, p < 0.05; **, p < 0.01 comparison between WT and mutant hGLUT2 at the same glucose concentration.

positive cells (Fig. 6E) or amylase-positive cells (not shown)
were not affected, suggesting that the increase in insulin-posi-
tive cell surface by the expression of mutated hGLUT2 could be
attributed to differentiation and not to proliferation of (3 cells.
To assess the impact of mutants on the 3 cell function, glu-
cose-induced insulin secretion per insulin-positive cell area was
assayed in pancreatic explants infected with hGLUT2 mutants
(Fig. 7A). We did not detect any significant difference between
noninfected pancreases and pancreases infected with F295Y or
L368P hGLUT?2, suggesting that the F295Y hGLUT2 mutant
modifies the number of B cells in the absence of glucose but not
their capacity to secrete insulin in response to glucose as
observed in MING cells (Fig. 5D). On the contrary, expression of
G20S hGLUT? significantly increased glucose- induced insulin
secretion per cell as shown in MING6 cells (Fig. 5D). Electron
microscopy analyses reveal that cell morphology is identical in
noninfected and G20S hGLUT2-infected pancreases (Fig. 7, B
and C). Dense core granules are shown in different pancreatic
endocrine cell types. The immunogold labeling indicates that
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insulin-producing granules are characterized by a clear halo
(Fig. 7D). The size of the insulin producing granules, assessed
by diameter measurement of 600 granules, is significantly
increased in G20S hGLUT2-infected pancreases (Fig. 7E). This
is in good agreement with the immunofluorescence analyses
and suggests that expression of this mutant accumulates insulin
and enlarges granule size.

Finally, because the mutant F295Y increases the number of 3
cells in the absence of glucose and not the cell capacity to
secrete insulin, we tested whether the increased number of 3
cells was dependent on the activation of ChREBP, a transcrip-
tion factor mediating glucose-stimulated gene transcription
(34) and described to regulate 8 cell number (33). In control
noninfected pancreases, the positive effect of glucose on £3 cell
number was prevented by infection with a dominant-negative
form of ChREBP (not shown and Ref. 33). Co-expression of the
dominant-negative form of ChREBP blocked the activating
effect of F295Y hGLUT2 mutant on  cell number in the
absence of glucose (Fig. 84, with quantification in Fig. 8B). This
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result suggests that ChREBP is a downstream actor of GLUT2
receptor signaling cascade involved in the regulation of 3 cell
differentiation.

DISCUSSION

To characterize structure-function relationships of hGLUT2
for sugar transport and extracellular sugar detection and their
impact on insulin secretion and S cell differentiation, we char-
acterized mutations affecting various domains of hGLUT2. We
took advantage of naturally occurring SLC2A2 polymorphisms
or FBS-associated mutations and completed the study with the
design of mutations based on sequence alignment and con-
served amino acids. None of the FBS-associated mutants could
transport glucose to a significant level. This was either due to
loss of protein expression at the plasma membrane (G20D and
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S242R) or to loss of transport capacity despite adequate mem-
brane targeting (P417L and W444R), pointing out the crucial
role of the last two amino acids (Pro-417 and Trp-444) for
hGLUT?2 transport function. In contrast, all the engineered
mutants were correctly addressed at the plasma membrane but
displayed altered transport kinetic parameters and increased
insulin secretion and/or f3 cell differentiation. A salient discov-
ery was that the three hGLUT2 mutants increased the insulin-
positive cell number, highlighting the role of GLUT2 in pancre-
atic 3 cell development. This result is of most interest, knowing
that, in rat, the expression of GLUT2 was detected as early as
embryonic day 11.5, i.e., before differentiation of pancreatic 3
cells (38). It is then tempting to propose that the early expres-
sion of this specific isoform of glucose transporter promotes
pancreatic B cell development. Importantly, two hGLUT2
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mutants (G20S and L368P) increased basal insulin secretion in
the absence of glucose disqualifying a role of metabolism alone
in this process. Similarly, F295Y expression increased S cell
development in the absence of glucose, suggesting that GLUT2
receptor function may be involved. Our data also suggest that
the transcription factor ChREBP, known to regulate (3 cell devel-
opment in response to glucose metabolism (33), may also be acti-
vated downstream activation of the receptor GLUT2 and in the
absence of glucose metabolism. These are the first examples of
gain of function mutations for the hGLUT?2 protein affecting its
receptor activity independently of its transporter activity.

This study improved our knowledge of GLUT2 structure-
function map (Table 3). All the GLUT family members display
12 transmembrane domains (TMs). The N- and C-terminal
domains, of six TMs each, are connected by a large intracellular
loop (loop 6) (24). The two SNPs affect amino acids located in
the first half of the protein (Pro-68 and Thr-110) and impaired
neither the expression nor the transporter or receptor func-
tions of hGLUT2. On the contrary, amino acid Gly-20 seems
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FIGURE 8. F295Y hGLUT2 mutant increases pancreatic 3 cell differentia-
tion through ChREBP activation. A, immunohistology analysis of rat pan-
creases cultured for 7 days in the absence of glucose. Staining of insulin (red),
amylase (green), and nuclei (blue) in pancreas infected with an adenoviral
vector coding either a dominant-negative form of ChREBP (DN ChREBP), the
F295Y hGLUT2 mutant, or both. Scale bar corresponds to 100 wm. B, quanti-
fication of the surfaces occupied by insulin-positive cells expressed as a per-
centage of total cell surface after 7 days of culture in 0 mmglucose. **, p < 0.01
comparison with NI.

crucial, preventing expression when substituted to Asp and
changing protein function and probably conformation when
substituted to Ser. A family signature motif PESPR is located at
the beginning of the sixth intracellular loop, Ser-242 substi-
tuted to an arginine lessened protein expression and location,
blunting its transport activity. This is not in perfect accordance
with the mutation of invariant S223A in XylE, which preserved
50% of transport activity (24), suggesting that another substitu-
tion for this amino acid (not affecting expression or membrane
location) may reveal a partial effect on transport activity. Heli-
ces in TM 7 and TM 10 are discontinuous, allowing conforma-
tional changes during substrate transport (24). Leu-368, located
at the beginning of TM 9, Pro-417 in TM 10, within the sugar
tunnel, and Trp-444, a polar aromatic residue involved in the
sugar-binding site, are highly conserved or invariant amino
acids for the sugar porter family. They all reduced or blunted
GLUT?2 transport activity without affecting its expression.
Finally, the amino acid Phe-295, located in intracellular loop 6,
is highly conserved within the sugar porter family. This loop is
mediating a GLUT2-specific sugar-signaling pathway involving
interaction with import protein karyopherin a2 (4, 5, 7). When
Phe-295 is mutated to an aromatic tyrosine residue, it may lock
the receptor in an active conformation and perturb the signal
transduction process by increasing activation of downstream
effectors. The reverse impact of dominant-negative ChRREBP on
active F295Y hGLUT2 suggests that the signaling pathway
downstream GLUT2 receptor may also involve ChREBP. In
addition, the transcription factor ChREBP was shown to inter-
act with karyopherin to translocate to the nucleus (39). It is thus
tempting to propose the following GLUT?2 receptor signaling
pathway: karyopherin « that interacts directly with the cyto-
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TABLE 3
Structure-function analysis of hGLUT2

Loop, loop between transmembrane domains; WT, wild-type hGLUT2; NA, nonapplicable; ND, not determined.

Found in Amino acid Plasma membrane Transport
Mutation human location Domain function expression activity Receptor activity
G20D FBS ™1 Unknown No NA ND
G20S T™M1 Unknown Yes High High with or without glucose
P68L SNP Loop 1 Unknown Yes AsWT ND
T110I SNP T™M2 Unknown Yes AsWT ND
S242R FBS Loop 6 PESPR signature No None ND
F295Y Loop 6 Signaling Yes Close to WT High without glucose
L368P TM9 Sugar tunnel Yes Low High without glucose
P417L FBS TM10 Sugar tunnel Yes None ND
W444R FBS TM11 Sugar-binding site Yes None ND

plasmic loop of GLUT?2 in the absence of extracellular sugar
may be released in response to activation of the receptor by
extracellular sugar, allowing nuclear translocation of ChREBP.

Several single-nucleotide polymorphisms have been described
in human SLC2A2: some are located in the promoter (e.g., rs5393
and rs5394), and others are located in the exons (rs5404
(T198T), rs5400 (T110I), and rs7637863 (P68L)). The associa-
tion of some of these SNPs with type 2 diabetes is controversial
(16 —20). The SNP introducing a missense mutation in the pro-
tein, T110I, was first identified in 1994 in a genetic linkage
analysis of acute insulin secretion in Pima Native Americans
(40). Since then, this “historical” SNP of GLUT2 has been ana-
lyzed in numerous genetic studies, and conflicting conclusions
were reached: the SNP T110I was found either associated (16,
17, 20) or not associated (19, 40) with a risk of type 2 diabetes.
Other studies found this SNP to be associated with the conver-
sion from impaired glucose tolerance to type 2 diabetes (18) or
with hypercholesterolemia (41). During an oral glucose toler-
ance test performed on subjects stratified according to geno-
type of rs5400, no difference in insulin secretion was observed
(17), suggesting that neither 3 cell mass nor insulin content are
affected. Actually, this SNP is in strong linkage disequilibrium
with two other polymorphisms located in the promoter region
of the SLC2A2 gene (18, 20). Thus, the functional consequence
could be related to differences in GLUT2 protein levels but not
to the effect of the variant hGLUT2 T110I per se. Interestingly,
this hGLUT?2 variant was associated with high daily consump-
tion of sugars (42), suggesting a GLUT2-mediated glucose-
sensing mechanism that could regulate food intake and sugar
preference and thus subsequently be linked with risk of type 2
diabetes. Here we showed that the T110I variant displayed
kinetic parameters for glucose transport similar to wild-type
hGLUT?2, in accordance with a previous report (28). This indi-
cated that SLC2A2 SNP links with sugar preference and type 2
diabetes were irrelevant to GLUT?2 transport function. The sec-
ond SNP characterized in this study, P68L, was detected in 1%
of the population without any reported associated phenotype.
The P68L hGLUT2 SNP transported less sugar per unit of
transporter, but this feature did not seem to promote any
homeostatic disturbance, at least in the physiological situation.

To date, the majority of SLC2A2 gene mutations related to
FBS have been investigated by DNA screening. In this work, we
fully characterized four FBS-associated SLC2A2 missense
mutations. The resulting hGLUT2 mutants displayed a total
loss of transport function despite protein biosynthesis and
plasma membrane targeting similar to wild-type protein for
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two of them. The syndrome of the patients carrying these muta-
tions can therefore be attributed to the lack of GLUT2
transport activity. Recently, compound heterozygous SLC2A2
mutations characterized by a deletion p.153—4delLl associated
with a missense mutation P417R has been linked with mild
Fanconi-Bickel syndrome (mild glucosuria) (43). Here, we
showed that leucine substitution (P417L) abolished transport
activity. One can anticipate that arginine substitution (P417R)
may conserve a weak GLUT?2 transport activity as compared
with P417L mutant explaining the mild phenotype. It would be
interesting to document the minimal reduction in hGLUT2
activity required to induce development of phenotypic traits of
FBS, according to tissue damages. Indeed, in GLUT1 deficiency
syndrome, only mutations retaining more than 50% of trans-
port activity are compatible with human life by fulfilling the
sugar needs of the brain (44). The variable penetrance of the
hGLUT?2 deficiency (i.e., FBS) might be reflecting the glucose
needs of each tissue.

The engineered mutations in SLC2A2 modified glucose trans-
port parameters, but functional consequences were difficult to
predict. Nevertheless, profound modulations in insulin-producing
pancreatic S cell differentiation and function occurred. Increased
insulin secretion or pancreatic 3 cell differentiation in response to
glucose induced by expression of G20S mutant may be explained
by its increased V.. However, increased glucose-independent
basal insulin secretion by expression of G20S and L368P mutants
indicated a constitutive activation of hGLUT2 receptor function
independent of its transporter kinetic parameters. The sugar
signaling pathway triggered by GLUT2 is known to control
expression of glucose-sensitive genes (3, 6, 32) that might boost
insulin secretion in MING6 cells (45) or insulin accumulation in
granules (46) as we observed in pancreases. Conformational
changes induced by these mutations might lead to a better
intrinsic signaling capacity of GLUT2 (8). Furthermore, F295Y
mutant induced pancreatic B cell development in glucose-de-
prived culture, to the level of differentiation reached in high
glucose concentrations. This also suggests a constitutively acti-
vated conformation of the F295Y-mutated protein.

We described here four loss of function and three gain of
function mutations in SLC2A2 coding the human GLUT2
transporter. The loss of function mutations were responsible
for the Fanconi-Bickel syndrome. Gain of function hGLUT2
mutations could accelerate £ cell differentiation, and a higher 3
cell number would secrete more insulin. In addition, a 8 cell
equipped with activating hGLUT2 mutants, showing a better
affinity for sugar, higher maximal transport rate, or constitu-
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tively activated receptor, would further increase insulin secre-
tion per cell unit. The role of GLUT2 is thus important during
embryonic period for differentiation of insulin-producing cells
and insulin secretion. We imagine that activating mutation in
SLC2A2 could be responsible in vivo for syndrome with
increased insulin secretion as observed in congenital hyperin-
sulinism (47). Knowing that for 40 -50% of all congenital hyper-
insulinism cases, it is necessary to uncover other mutated genes
than the genes coding the two subunits of the ATP-dependent
potassium channel, we propose SLC2A2 to be sequenced in
congenital hyperinsulinism patients sensitive to K* ATP chan-
nel opener treatment (diazoxide) and for which no mutations in
identified genes were found.

In conclusion, through the study of a panel of mutations in
SLC2A2, we deciphered how two complementary functions of
hGLUT?2, sugar transporter and extracellular sugar receptor,
impact on insulin secretion and pancreatic 3 cell differentia-
tion. Because gain of function mutations of hGLUT?2 activated
B cell development or insulin secretion but only mildly affected
transport, it could be of interest to develop pharmacological
tools for metabolic diseases, targeting the receptor function of
hGLUT?2 without affecting vital sugar provision by hGLUT2
transporter.
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