UCSF
UC San Francisco Previously Published Works

Title

Functional and structural analysis of rare SLC2A2 variants associated with Fanconi-Bickel

syndrome and metabolic traits

Permalink

|https://escholarship.orgc/item/16x2m6rw|

Journal

Human Mutation, 40(7)

ISSN
1059-7794

Authors

Enogieru, Osatohanmwen J
Ung, Peter MU
Yee, Sook Wah

Publication Date
2019-07-01

DOI
10.1002/humu.23758

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/16x2m6rw
https://escholarship.org/uc/item/16x2m6rw#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Hum Mutat. Author manuscript; available in PMC 2020 July 01.

Published in final edited form as:
Hum Mutat. 2019 July ; 40(7): 983-995. doi:10.1002/humu.23758.

Functional and Structural Analysis of Rare SLC2A2 Variants
Associated with Fanconi-Bickel Syndrome and Metabolic Traits

Osatohanmwen J. Enogierul, Peter M.U. Ung?, Sook Wah Yeel, Avner Schlessinger?,
Kathleen M. Giacominil3

1Department of Bioengineering and Therapeutic Sciences, University of California, San Francisco,
San Francisco, California, 94158 United States

2Department of Pharmacological Sciences, Icahn School of Medicine at Mount Sinai, New York,
New York 10029, United States

SInstitute for Human Genetics, University of California, San Francisco, San Francisco, California,
94158 United States

Abstract

Deleterious variants in SLC2AZ cause Fanconi-Bickel Syndrome (FBS), a glycogen storage
disorder, whereas less common variants in SLC2AZ2 associate with numerous metabolic diseases.
Phenotypic heterogeneity in FBS has been observed, but its causes remain unknown. Our goal was
to functionally characterize rare SL C2AZ2 variants found in FBS and metabolic disease-associated
variants to understand the impact of these variants on GLUT2 activity and expression, and
establish genotype-phenotype correlations.

cRNA-injected Xenopus laevis oocytes were used to study mutant transporter activity and
membrane expression. GLUT2 homology models were constructed for mutation analysis using
GLUT1, GLUT3 and XylIE as templates.

Seventeen FBS variants were characterized. Only c.457_462delCTTATA (p.Leul53 lle154del)
exhibited residual glucose uptake. Functional characterization revealed that only half of the
variants were expressed on the plasma membrane. Most less common variants (except ¢.593C>A
(p.Thr198Lys) and ¢.1087G>T (p.Ala363Ser)) exhibited similar GLUT?2 transport activity as the
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wild-type. Structural analysis of GLUT2 revealed that variants affect substrate-binding, steric
hindrance, or overall transporter structure.

The mutant transporter that is associated with a milder FBS phenotype, p.Leul53_lle154del,
retained transport activity. These results improve our overall understanding of the underlying
causes of FBS and impact of GLUT2 function on various clinical phenotypes ranging from rare to
common disease.

Keywords

glucose transport; Fanconi-Bickel syndrome; GLUT2; SLC2A2, rare variants; rare disease; orphan
disease; glycogen storage; structural homology; Type 2 Diabetes

INTRODUCTION

Pathogenic variants in SLC2AZ, the gene that encodes for the glucose transporter, GLUT2,
have been associated with Fanconi-Bickel Syndrome (FBS; MIM# 227810), a rare glycogen
storage disorder that has over 100 documented cases published (Santer et al., 1997, Santer et
al., 2002). These deleterious, rare variants (minor allele frequency < 1%) effectively abolish
GLUT?2 transporter function, which leads to significant physiological sequelae. Currently,
forty-six SLC2AZ2 variants have been identified and associated with FBS; these include
missense, nonsense, in-frame indels (insertions/deletions), frame-shift indels and splice site
variants. FBS is an autosomal recessive disease; in order for FBS to manifest in an
individual, the person must be homozygous or compound heterozygous with two pathogenic
SLCZAZ2variants. Figure 1 displays the location of many of the GLUT?2 variants that are
causal for FBS; these variants are scattered throughout GLUT2.

Common signs and symptoms of the syndrome include hepatomegaly, stunted growth and
rickets due to renal losses of calcium and phosphate, high postprandial and low pre-prandial
blood glucose levels. These typical manifestations are directly related to the tissue
specificity of GLUT2 transporters (liver, kidney, intestine, and to a lesser extent pancreatic
beta cells) (Mueckler & Thorens, 2013). As the primary glucose transporter in hepatocytes,
GLUT2 regulates the normal flow of glucose to and from the liver, and its loss leads to
excessive glycogen storage (hepatomegaly). In the kidney, GLUT2 is located in the proximal
tubule and is involved in the reabsorption of glucose from urine into the blood. The absence
of GLUT2 in the kidney causes massive glucosuria plus significant loss of minerals required
for bone growth and strength (calcium, phosphate) leading to bone deformities (Santer et al.,
1998). However, as with many diseases, FBS presents with a spectrum of phenotypes.
Whereas some patients develop severe symptoms that are recalcitrant to treatment such as
bone fractures (Berry et al., 1995; Manz et al., 1987), hepatocellular carcinoma (Pogoriler et
al., 2017), liver failure and premature death (Karamizadeh et al., 2012; Yoo et al., 2002),
others present with a “milder” clinical picture (relatively normal growth, no hepatomegaly,
minor kidney dysfunction) that can be corrected with conservative measures (Grinert et al.,
2012).
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Although GLUT?2 variants associated with published cases of FBS have been identified, the
majority have not been evaluated for their impact on GLUT2 function. To date, only five
FBS variants have been functionally characterized (c.724A>C, p.Ser242Arg; ¢.1330T>C,
p.Trp444Arg; ¢.1250C>T, p.Pro417Leu; c.59G>A, p.Gly20Asp; ¢.372A>C, p.Argl24Ser)
(Mannstadt et al., 2012, Michau et al., 2013). Furthermore, the relationship between the
functional effects of any of the mutant transporters and the phenotypic presentation of the
disease has not been established. Since 2000, many new cases of FBS from around the world
have been identified revealing a host of novel variants, but these new variants have not been
functionally evaluated or characterized (Abbasi et al., 2015; Amita et al., 2017; Bahillo-
Curieses et al., 2017; Grinert et al., 2012; Hadipour et al., 2013; Odievre et al., 2002;
Peduto et al., 2004; Pogoriler et al., 2017; Su et al., 2011; Wang et al., 2015). Cases of
heterozygote carriers of FBS variants, i.e. parents or siblings of FBS patients, that
experience glycemic perturbations (i.e. glycosuria, impaired glucose tolerance) have been
documented (Sakamoto et al., 2000). Sakamoto and colleagues hypothesized that GLUT2
proteins could exhibit a dominant negative effect (i.e. haploinsufficiency) in individuals
heterozygous with an FBS GLUT2 missense variant.

In addition to individuals who are homozygous for rare, deleterious variants in GLUT2 that
are causal for FBS, those who harbor at least one less common (minor allele frequency
between 1 — 5%) or common (minor allele frequency > 5%) SLC2AZallele may be at risk
for various metabolic traits. For example, genome-wide association studies (GWAS) have
identified common and less common variants in SLC2AZ2that associate with an increased
risk of Type 2 diabetes (T2D) (Scott et al., 2017), as well as increases in fasting glucose
(Dupuis et al., 2010, Manning et al., 2012), glycated hemoglobin levels (HbAlc) (Barker et
al., 011, Wheeler et al., 2017) and even differential response to metformin (Zhou K et al.,
2016). Furthermore, several less common SLCZ2AZ variants that are only found in specific
populations significantly associate with increased risk of T2D, elevated blood glucose, and
cholesterol levels and other metabolic perturbations (Type 2 Diabetes Knowledge Portal:
http://www.type2diabetesgenetics.org).

In this study, we performed detailed functional analyses of all reported, but uncharacterized
missense and in-frame indel FBS variants, as well as less common variants that associate
with metabolic perturbations. In order to determine the impact of these variants on GLUT2
transporter function, our studies focused on assessing the function of mutant or polymorphic
transporters, as well as plasma membrane expression. A GLUT2 homology model was used
to propose the molecular mechanisms by which particular FBS variants cause GLUT?2
structural instability and abrogate GLUT2 transporter function. Overall, this study creates a
comprehensive catalog of the functional characteristics of all reported missense and in-frame
indel variants associated with FBS and metabolic perturbations, along with a GLUT2
structure-function map. /n vitro function for some of the GLUT?2 variants is related to
clinical phenotypic characteristics suggesting that understanding the functional effects of
variants in GLUT2 may help explain the phenotypic heterogeneity within the FBS patient
population, as well as the influence of SLC2AZ polymorphisms on metabolic traits.

Hum Mutat. Author manuscript; available in PMC 2020 July 01.
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RESULTS

-FBS is rare yet reported throughout the world in every major ethnic group

We collected information on over 70 patients with FBS including the patient’s genotype,
demographic characteristics, and available clinical information (Supp. Table S1). The
demographic information in Supp. Table S1 shows that FBS has been reported in every
major human ethnic group. The first case of FBS was reported in Switzerland in 1949
(Fanconi & Bickel, 1949); the first Chinese patients diagnosed with FBS was in 2011 (Su et
al., 2011); and the first African-American patient diagnosed with FBS was in 2016 (Gupta et
al., 2016). Our updated FBS case list includes more than ten novel amino acid variants that
were published after the last published FBS review in 2002 (Santer et al., 2002). These novel
variants plus other FBS variants are scattered throughout the transporter, from the first
transmembrane (TM) helix (e.g. ¢.59_60delinsAA, p.Gly20Glu) to the start of the carboxyl
terminal tail (e.g. ¢.1439C>G; p.Thr480Arg) (Figure 1). PhyloP scores measure evolutionary
conservation at individual alignment sites expected under neutral drift (Pollard et al., 2010);
positive scores indicate sites that are predicted to be conserved while negative scores
indicate sites that are predicted to be fast-evolving. With few exceptions, most of the FBS
SLC2A2variants occur in areas that are highly conserved amongst one hundred vertebrate
species (PhyloP scores = 2) and highly conserved amongst GLUT1 to GLUTS5 transporters
(Supp. Table S2, Supp. Figure S1) (Pollard et al., 2010; Waterhouse et al., 2009).

The SNP annotation scores of the five SLC2A2 missense variants associated with
metabolic traits

Five previously uncharacterized missense variants in SLC2AZ that have significant
associations with metabolic traits were found to have allele frequencies between 0.1-5% in
certain ethnic populations (Supp. Table S3). Amongst these variants, Polyphen-2 (Adzhubei
et al., 2010) predicted that one was probably damaging (¢c.301G>A, p.Val101lle), two were
possibly damaging (c.593C>A, p.Thr198Lys and ¢.1087G>T, p.Ala363Ser), and two were
benign (c.1402C>G, p.Leud68Val, c.1556G>A, p.Gly519Glu). Among the three variants
predicted to be probably or possibly damaging, two of them, p.Val101lle and p.Ala363Ser,
are conserved (PhyloP score > 2 and GERP score > 4). Interestingly, p.Val101lle is predicted
by various prediction scores to be damaging or deleterious (Polyphen-2, SIFT (Ng et al.,
2003), CADD (Kircher et al., 2014), GERP (Cooper et al., 2005)) and predicted by REVEL
(loannidis et al., 2016) to be partially damaging (score 0.46 (range from 0 to 1.0)) (Supp.
Table S3). In addition, valine in position 101 is conserved across human GLUT1 to GLUT5
(Supp. Figure S1) (Waterhouse et al., 2009).

Functional characterization of seventeen FBS mutations in oocytes reveals a mutant
transporter with residual function

All of the FBS mutant transporters had significantly reduced uptake of substrate compared
with wild-type GLUT2 (Figure 2, one-way ANOVA F = 467.7; p-value < 0.0001). The
uptake rate of 2DG (2-deoxy-glucose) by most FBS mutant transporters was comparable to
that of saline-injected oocytes. With the exception of one mutant (c.457_462delCTTATA,
p.Leul53_lle154del), all FBS mutants exhibited effectively no transport function, with
uptake rates measured to be on average approximately 0.5 pmol/0.5hr/oocyte (Figure 2).

Hum Mutat. Author manuscript; available in PMC 2020 July 01.
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Remarkably, p.Leu153_lle154del still exhibited residual uptake of 2DG (2.174 pmol/0.5hr/
oocyte), which was significantly higher than the other FBS mutants (one-way ANOVA F =
5.591, *p-value = 0.0006) but still much lower than wild-type GLUT2 (student’s t-test 37.16
+ 1.1 vs. 2.174 £ 0.23 pmol/0.5hr/oocyte; p-value < 0.0001). Nine of the seventeen evaluated
FBS mutant transporters were expressed on the plasma membrane and had similar
expression to wild-type GLUT2 (one-way ANOVA F-value = 0.6534; p-value = 0.74). The
other eight mutants had partial or negligible plasma membrane expression compared to wild-
type GLUT2 (one-way ANOVA F-value = 23.05; p-value < 0.0001, Supp. Table S2).

Functional characterization of five missense variants in SLC2A2, associated with
metabolic traits reveals mutations with partial function

We characterized five missense variants that were associated with metabolic traits (Supp.
Table S3). Three out of the five transporters had transport rates (one-way ANOVA F-value =
0.115, p-value = 0.95) statistically comparable to wild-type GLUT2 (Figure 3). p.Thr198Lys
exhibited a partially reduced transport rate; it retained approximately 50% (23 pmol/0.5hr/
oocyte) of transport activity compared to the wild-type (39.2 pmol0.5hr/oocyte, student’s t-
test, **p-value = 0.005). The rate of 2DG uptake by p.Ala363Ser was similar to that of
saline-injected oocytes (0.42 pmol/0.5hr/oocyte).

Except for p.Ala363Ser, all of the above mutants were expressed on the oocyte plasma
membrane (one-way ANOVA F-value = 0.3502, p-value = 0.88) in a manner comparable to
wild-type GLUT2. The estimated K, values of all mutant transporters associated with
metabolic traits were not statistically different from that of wild-type GLUT2 (Figure 4,
Table 1; one way ANOVA, p-value = 0.44). Similarly, the estimated Vy,ax values of all
mutant transporters were not statistically different from that of wild-type GLUT2 (one-way
ANOVA, p-value = 0.48) with the exception of p.Thr198Lys, which had a Vax Value much
lower than the wild-type GLUT2 transporter (11+1.7 vs 53+2.0 nmol/0.5hr/oocyte, student’s
t-test ***p-value = 0.0044). Michaelis-Menten curves could not be generated for
p.Ala363Ser (signal undetectable in oocytes).

Functional characterization of GLUT2 mutant transporters in mammalian cells

The maximum increase in 2DG uptake in FIp-In™ 293 cells expressing full-length wild-type
GLUT?2 and empty vector was approximately 50-80% (data not shown). To improve the
signal-to-noise ratio, the uptake of radiolabeled fructose was tested. The fold difference in
fructose uptake between pcDNAS5-EV cells and pcDNA5-GLUT?2 cells was approximately
2% (Supp. Figure S2). The improvement in signal-to-noise ratio with fructose is due to its
increased selectivity for GLUT2 compared to human GLUT1, GLUT3, and GLUT4
transporters that are present in immortalized mammalian cell lines (Seatter et al., 1998).
Therefore, [3H]-fructose (fructose 100uM total concentration) was used as the radiolabeled
substrate for the following FIp-In™ 293 radiolabeled substrate uptake experiments.

As expected, the cells transfected with pcDNA5-GLUT2 FBS mutants had fructose uptake
values similar to cells transfected with empty vector (Supp. Figure S2, one-way ANOVA,
F=1.218, p-value = 0.2989). In contrast, fructose uptake was similar in cells transfected with
mutants associated with metabolic traits (p.Val101lle, p.Ala363Ser, p.Leu468Val,

Hum Mutat. Author manuscript; available in PMC 2020 July 01.
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p.Gly519Glu) and cells transfected with full-length wild-type GLUT2 (one-way ANOVA,
F=1.693, p-value = 0.1558), except for p.Thr198Lys. Fructose uptake rate in cells expressing
p.Thr198Lys was slightly lower than in cells expressing wild-type GLUTZ2, though higher
than in cells transfected with empty vector (Student’s t-test p-value <0.0001). The results in
mammalian cells exhibited a similar trend with the results in the oocytes, except for
p.Ala363Ser. Unexpectedly, we found that p.Ala363Ser transporter, which was not
expressed on the plasma membrane of X. /aevis oocytes (Figure 3), was expressed well in
Flp-In™ 293 cells and transported fructose at a similar rate as wild-type GLUT2 (Supp.
Figure S2). Interestingly, inhibition of the proteasome in oocytes led to increased expression
of p.Ala363Ser transporter on the plasma membrane and had a similar activity as wild-type
GLUT?2 (Supp. Figure S3). Discrepancies between heterologously expressed transporter
activity in oocytes versus HEK293 cells have been previously observed. For example,
Karniski and colleagues found that two out of the six variants in the sulfate transporter
(DTDST) that were previously considered “partial activity” transporters in oocytes (Karniski
et al., 2001) demonstrated no activity in Flp-In™ 293 cells (Karniski et al., 2004).

Temperature-sensitive mutants may also function differently in oocytes (generally studied
between 25-30°C and mammalian cells which are usually studied at 37°C (Baron et al.,
2002, Machamer et al.,1988, Woodward et al., 2013). We determined that p.Ala363Ser is
probably not temperature-sensitive because p.Ala363Ser transport function was similar to
wild-type GLUT2 at 37°C (FIp-In™ 293 cells, Supp. Figure S2) and 18°C (oocytes plus
proteasome inhibitor, Supp. Figure S3). Our result showed that proteasome inhibition in Flp-
In™ 293 cells does not change the transport function of p.Ala363Ser (Supp. Figure S4),
which suggests that the proteasome machinery of Xenopus laevis oocytes differs from
HEK?293 cells

The frequency of FBS SLC2A2 alleles in the population

Among the 17 FBS mutations characterized in this study, six were reported in various
sequencing databases (c.115 117delATA, p.lle39del; c.380C>A, p.Alal27Asp;
p.Leul53_lle154del; ¢.952G>A, p.Gly318Arg; p.Pro417Leu and ¢.1250C>G, p.Pro417Arg)
like the gnomAD and Geno2MP browsers, (Geno2MP: http://geno2mp.gs.washington.edu/
Geno2MP/#l; Lek et al., 2016). Neither database reported a homozygote carrier of the six
variants. Most of these variants have one to three allele counts, except for, p.lle39del and
p.Leul53_lle154del which were more common (i.e. 8 and 22 allele counts, respectively, in
gnomAD; 3 alleles of p.Leul53 lle154del reported in Geno2MP).

Structural analysis proposes molecular mechanisms of GLUT2 transporter dysfunction

SLC2A2 variants associated with FBS or metabolic traits that were expressed on the plasma
membrane were selected for structural analysis. The structure of GLUT?2 is currently
unknown, however, structures of other human SLC2members as well as the closely related
prokaryotic homolog XylIE, have been determined in atomic resolution, providing excellent
templates to model GLUT?2 (Colas et al., 2016). We therefore generated homology models
of GLUT2 in three different conformations to analyze the variants (Figure 5a). While the
majority of these FBS variants occurred in the TM helices away from the substrate-binding
site (> 5A), we speculate that these variants affected function through altered packing of the

Hum Mutat. Author manuscript; available in PMC 2020 July 01.


http://geno2mp.gs.washington.edu/Geno2MP/#/
http://geno2mp.gs.washington.edu/Geno2MP/#/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Enogieru et al.

Page 7

TM helices or protein dynamics. The predicted effects of seven variants on the molecular
attributes of GLUT?2 that are needed for transport are described below (predictions of other
variants are described in Supp. Table S4). .96 T>G, p.Asn32Lys and ¢.976_977delinsAA,
p.Ser326Lys both lie in the extracellular channel of the transporter in TM1 and TM7,
respectively. Their charged, bulky guanidinium side chain can sterically hinder the passage
of the substrate through the channel (Figure 5b, Supp. Movie S1 and Supp. Movie S2).
€.609T>A, p.Ser203Arg is positioned on TM5; the variant introduces large steric clashes and
electrostatic repulsion that alter the packing of TM5 and TM1 and influence TM1 dynamics.
Furthermore, the basic, guanidinium side chain may reach into the substrate-binding site,
directly affecting substrate binding (Supp. Movie S3).

p.Gly318Arg, which is located next to substrate-binding site (Figure 5c¢), significantly
influences the helix bending of TM7 while its large steric bulk affects the helix packing.
These structural effects may alter the equilibrium of the conformation ensemble of the
transporter and favour the inward-open conformation, resulting in the substrate being
excluded from the substrate-binding site (Supp. Movie S4).

€.1246G>A, p.Gly416Ser is a variant along the transporter’s channel and can interact with
the substrate. It is a variant on TM10 and in the critical (GPGPXP) helix kink formation,
which can affect the helix packing and TM10 bending. In addition, p.Gly416Ser can directly
interact with the binding site residues Glu412, and GIn193 on TMD5, thus directly affecting
binding site shape and biophysical properties (Supp. Movie S5).

p.Pro417Leu, a commonly reported FBS variant, was functionally characterized previously
and shown to be expressed on the plasma membrane (Michau et al., 2013).

According to our analysis, p.Pro417Leu directly and indirectly impacts several substrate-
binding residues (Figure 5d). Specifically, p.Pro417Leu loses the backbone amide hydrogen
bond to the A4 residue (von Heijne et al., 1991) and distorts the natural (GPGPXP) helix
kink formation, which can lead to the indole sidechain of p.Trp420 to twist away and prevent
interaction with the substrate (Supp. Movie S6). This variant introduces large steric bulk
affecting the tight helix packing, resulting in the distortion of binding site residues
(p-Glu412, p.Asn349, and p.GIn193).

Another variant at position 417, p.Pro417Arg, also affects the kink of helix. Both
p.Pro4l17Leu and p.Pro417Arg have the steric bulk that can affect the helix packing in the
region (Figure 5d). But p.Pro417Arg establishes an extensive hydrogen bond network with
the surrounding residues and helices that potentially limits the expulsion movement of the
other helices (Supp. Movie S7). p.Pro417Leu does not have this hydrogen bond network,
and its steric bulk will expel the other packing helices.

DISCUSSION

In this study, we performed a comprehensive functional characterization of seventeen
SLC2A2missense and in-frame indel mutant transporters associated with a range of FBS
phenotypes and five S C2ZA2Z missense variants associated with various metabolic
perturbations (e.g. T2D, elevated HbAlc concentration, increased fasting glucose levels).

Hum Mutat. Author manuscript; available in PMC 2020 July 01.
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Previously, only five FBS mutant transporters had been characterized out of over 40 known
variants and to our knowledge, only three SLC2AZ2 missense variants associated with
metabolic traits have been characterized (¢.329C>T, p.Thr110lle; ¢.203C>T, p.Pro68Leu and
€.589G>A, p.Val197lle (Supp. Table S3, Supp. Figure S5) (Abbasi et al., 2015; Amita et al.,
2017; Gupta et al., 2016; Michau et al., 2013; Pogoriler et al., 2017; Wang et al., 2015).
Generally, in order for FBS to manifest in an individual, the person must be homozygous or
compound heterozygous with two deleterious SL C2AZ2 variants. The functional and
structural evaluation of these variants led to four major findings. First, variants associated
with FBS virtually abolished transport function; however, one variant, p.Leu153_lle154del,
found in two cases of mild FBS, exhibited residual transport function. Second, about half of
the FBS mutant transporters were not expressed (or expressed at low levels) on the plasma
membrane, whereas the other half were expressed on the membrane but exhibited no
transport activity. Third, structural analysis provided a mechanistic rationale for the
deleterious effects of GLUT2 genetic variants that were expressed on the plasma membrane.
Fourth, two less common variants, p.Thr198Lys and p.Ala363Ser, which are associated with
increased glycated hemoglobin levels and T2D, exhibited reduced activity in oocytes. Below
we discuss each of these findings in the context of the literature.

First, of the seventeen variants in GLUT?2 that had not previously been characterized, all but
one (p.Leul153 llel154del) abolished transport function. To the best of our knowledge,
p.Leul53_lle154del is the first SLC2A2 variant associated with FBS that results in a
GLUT?2 that retains some function, albeit minimal. The patients documented with a mild
form of FBS were compound heterozygotes for the variants, p.Leu153 lle154del and
p.Pro417Arg. Our data show that p.Pro417Arg has no activity. Though speculative, the data
suggest that the residual activity of p.Leul53_lle154del transporter was sufficient to rescue
the severe phenotype commonly associated with FBS, resulting in a milder phenotype. The
data may suggest that the meager function of one GLUT?2 allele can significantly mitigate
the most severe signs and symptoms of FBS. This has been demonstrated in other rare
genetic diseases in which variants that result in partially active enzymes, transporters or
channels are associated with a mild to moderate form of the disease and variants that result
in non-functional enzymes, transporters or channels lead to the most severe forms (e.g.
DTDST variants and chrondrodysplasias) (Karniski et al., 2001, Karniski et al., 2004).

Second, the loss of function of about half of the mutant GLUT2 transporters was due to lack
of expression on the plasma membrane. Various mechanisms for improper sorting of mutant
transporters in GLUTSs and other SLCs have been described (El-Kasaby et al., 2014; Koban
et al., 2015; Skach et al., 2000, Toye et al., 2005; Wieman et al., 2009). Generally, these
mechanisms involve the retention (in ER or Golgi apparatus) and eventual destruction of
aggregated or misfolded mutant protein or the misdirection of mutant protein to the incorrect
membrane (Asjad et al., 2017; El-Kasaby et al., 2014; Koban et al., 2015; Skach et al., 2000;
Toye et al., 2005).

GLUT1, GLUT3 and GLUT4 have known sorting sequences, DSQV (Wieman et al., 2009),
DRSGKDGVMEMN (Inukai et al., 2004), and FQQI, TELEY, LL (Blot et al., 2008),
respectively, that localize these GLUTS to their extracellular or intracellular membrane
compartments. GLUT1 variants that occur near phosphorylation motifs that enhance
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membrane localization have been shown to reduce or prevent membrane expression of
transporters, leading to GLUT1 deficiency syndromes (Lee et al., 2015). MetaServer, a tool
that predicts peptide binding sequences within proteins, predicted several sequences in
GLUT2 that could bind to proteins that regulate membrane trafficking (Kundu & Backofen,
2014; Kundu, Costa, & Backofen, 2013; Kundu, Costa, Huber, Reth, & Backofen, 2013;
Kundu, Mann, Costa, & Backofen, 2014).

Of the 18 sequence-motifs in GLUT2 predicted to harbor binding sites for proteins that
regulate trafficking, one is changed by an FBS variant characterized in our study
(c.715_717delTGT, p.239delCys; Supp. Figure S6). Consistently, p.239delCys was not
expressed on the plasma membrane. However, because these predicted motifs have not been
validated /n vitro, further work is needed to characterize the regulatory proteins and
mechanisms by which these mutants alter plasma membrane expression of GLUT2.

Our third finding was that many variants associated with FBS (nine out of the seventeen FBS
mutant transporters) result in expression levels on the plasma membrane that are comparable
to levels of the wild-type GLUT2. Computational analysis of seven out of the nine expressed
FBS variants revealed several potential mechanisms by which FBS variants may disrupt
transporter activity: steric hindrance of substrate channel (e.g. p.Asn32Lys and
p.Ser326Lys), distortion of substrate-binding residues (e.g. p.Ser203Arg, p.Gly416Ser), and
instability of TM helices and the overall transporter structure (e.g. p.Gly20Glu, Supp. Table
S4). These findings expand on previous findings of structural analysis of pathogenic
SLC2A1 variants that result in GLUT1 deficiency, which suggest that the vast majority of
pathological GLUT1 disrupt helix-helix interactions and lead to structural instability of the
transporter (Raja & Kinne, 2015). For instance, variants located at or near the substrate
channel pathway in GLUT1 have been found to destabilize TM helix-helix interactions and
helix packing (e.g. NM_006516.2:¢.197C>T, p.Ser66Phe; NM_006516.2:¢.929C>T,
p.Thr310lle) (Raja & Kinne, 2015) whereas our analysis showed rare GLUT2 variants that
reside on either side of the substrate entrance (e.g. p.Asn32Lys and p.Ser326Lys; Figure 1,
Figure 5) block the translocation pathway via their bulky, polar side chains. Similarly,
p.Gly318Arg, which is located next to GLUT2 substrate-binding residues, affected TM7
helix bending and packing via it large steric bulk resulting in conformational inflexibility.
Only one pathogenic GLUT1 variant directly impacted sugar-interacting residues (1 of 7)
(Raja & Kinne, 2015), whereas three of the nine FBS variants evaluated affected substrate-
binding residues in GLUT2. For GLUT1, a series of engineered variant in the 11e168
residue, located next to the hinge residue Gly167, which is adjacent to the sugar-binding
site, abolished GLUTZ1 function via increased rigidity and steric hindrance (Ung et al.,
2016). Future studies are needed to confirm the mechanisms predicted by the structural
model for each of the GLUT2 variants. Overall, these findings suggest that the majority of
pathogenic SLCZ2 variants disrupt proper packing and dynamics of the TM helices or affect
the shape and biophysical properties of the substrate binding site, which in turn leads to
ineffective transport.

Our final finding, which was not unexpected, was that most of the less common variants that
had not been associated with FBS showed similar function to the reference GLUT2 (Figure
3, Supp. Table S3). These variants, most of which retained normal GLUT2 transport activity,
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have been associated, but at weak p-values, with various metabolic traits (e.g. T2D, high
body mass index). The minor allele of p.Val101lle and p.Gly519Glu are on the same
haplotype with the reference allele (T) of rs8192675, a known eQTL (expression
quantitative trait locus) that associates with increased risk of T2D (Supp. Figure S7)
(Machiela & Chanock, 2018). The minor allele of p.Leu468Val, which is associated with
increased risk of T2D (OR=1.75, p=0.017) and fasting glucose (beta=0.58, p=0.003) is on
the same haplotype with the reference G-allele of p.Thr110lle, which itself has been
associated with increased risk of T2D and fasting glucose (Supp. Table S3, Supp. Figure
S7). Structural analysis revealed that p.Thr198Lys (MAF < 0.5%), which displayed reduced
substrate uptake in oocytes and FIp-In™ 293 cells (Figure 4, Table 1, Supp. Figure S2), may
restrict helix movement and cause disturbance to the protein-lipid interface because of the
charged lysine (Supp. Table S4, Supp. Movie S8). This, along with a large reduction in
glucose transport capacity (Vmax), may explain the statistical associations of p.Thr198Lys
with increased hemoglobin Alc levels (p=0.012, Supp. Table S3).

One limitation of our study was that we observed differential protein expression of
p.Ala363Ser between X. /aevis oocytes and mammalian cells (Flp-In™ 293 cells) (Supp.
Figure S3, Supp. Figure S4, Supp. Movie S9). Normally, expression patterns of
heterologously expressed proteins are similar in Xenopus laevis oocytes and mammalian
cells (Sigel, 1990), but clear examples of differences in the expression of heterologous
proteins between cell lines have been reported (Baroudi et al., 2000; Baroudi et al., 2001,
Denning et al., 1992; Karniski et al., 2001; Karniski et al., 2004; Machamer & Rose, 1988;
Skach et al., 2000; Woodward et al., 2013). Therefore, extrapolation of these data to
mammalian cells should be done with caution. The rest of the characterized GLUT2 mutants
exhibited the same pattern of transport activity in Flp-In™ 293 cells as they did in X. /aevis
oocytes (Supp. Figure S2).

This comprehensive characterization of variants associated with FBS reveals that about half
of the mutant transporters are expressed on the plasma membrane but do not function, and
the other half are not significantly expressed on the plasma membrane. Further, we report for
the first time that the in-frame deletion variant, p.Leul53_lle154del, has residual glucose
uptake. In contrast, the majority of the five SLC2AZ2 missense variants associated with
metabolic traits have normal glucose uptake and are expressed on the plasma membrane.
The structural analysis corroborates the functional studies and provides mechanistic insights
into how these low frequency variants inactivate or reduce GLUT?2 transporter activity. The
functional and structural information gained in this study suggest that different strategies
should be used to produce targeted, safe and effective therapies for FBS and possibly other
hGLUT-related diseases.

MATERIALS AND METHODS

-Mutation selection for functional and structural analysis

The approach for variant selection was divided into two categories: variants associated with
FBS and variants associated with common metabolic traits. Published FBS case reports, case
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series and reviews were acquired via PubMed and various databases. Information on each
FBS patient such as demographics, clinical signs and symptoms and genotype, if available,
was collected. Cases that did not have clinical data or did not validate clinical FBS diagnosis
with a genotype were excluded (approximately twenty cases). The compiled list of variants
and associated phenotypes is available (87 cases, Supp. Table S1). We used the Type 2
Diabetes knowledge portal to only select missense variants associated with metabolic traits
(e.g. T2D, HbALc, fasting glucose, fasting insulin and body mass index; p-value < 0.05).
Then we used 1000 Genomes Browser and gnomAD browser to determine the allele
frequency of the variants in each population (1000 Genomes Consortium, 2015). Based on
this criteria, we selected five SLC2AZ2 variants that are rare in the general population, but
found in less common frequencies in specific populations and ethnicities.

-Mutant plasmid generation using site-directed mutagenesis

For X. laevis oocyte studies, site-directed mutagenesis service, performed by GenScript®,
was used to create 4 FBS in-frame deletions, 13 FBS missense, and 5 less common missense
variants in the human GLUT2 expression vector (pSP64T-GLUT?2) provided by Dr. Graeme
I. Bell (University of Chicago) (Supp. Table S2, Supp. Table S3). All capped cRNA (wild-
type and mutant GLUT2) were synthesized /n vitro from each respective pSP64T-GLUT2
plasmid using the mMessage mMachine SP6 kit (Thermo Fisher Scientific).

For studies in mammalian cells, GLUT2 cDNA (RefSeq NM_000340.1, NP_000331.1) was
cloned into the pcDNA5™/FRT mammalian expression vector (Thermo Fisher Scientific) to
produce the pcDNA5-GLUT?2 plasmid. Site-directed mutagenesis service, performed by
GenScript®, was used to introduce the previously mentioned variants into the expression
vector (pcDNADS) (Supp. Table S2, Supp. Table S3).

-Radiolabeled substrate uptake assays in X. laevis oocytes

Ecocyte Bio Science LLC (Austin, TX) provided stage VI, defollicuted oocytes along with
oocyte injection services. Six to ten oocytes were selected per construct and each oocyte was
injected with 50nL of saline, wild-type or mutant GLUT2 cRNA (40ng per oocyte). Oocytes
were incubated on a shaker at 18°C in Modified Barth’s solution with gentamicin (NaCl
88mM, KCI 1mM, MgSO4 1mM, HEPES 5mM, NaHCO3 2.5mM, CaCl, 0.7mM,
Gentamicin 100pg/mL; Sigma-Aldrich) that was replenished every 24 hours. Forty-eight to
seventy-two hours post-injection, thirty-minute uptake assays were performed using labeled
[3H]-2-deoxy-glucose (10uM total of 2-deoxy-glucose, PerkinElmer). Modified Barth’s
solution was used as the uptake buffer. Previous time range experiments revealed that 30
minutes was within the linear range of GLUT2 uptake (Supp. Figure S8). After uptake,
oocytes were washed 5 times in cold uptake buffer then lysed in 0.5mL of 1% SDS (sodium
dodecyl sulfate) solution (VWR International) for at least 1 hour. Radioactivity
(disintegrations per minute) was measured using liquid scintillation counter machine.
Radiolabeled substrate uptake rates were calculated by converting the DPM (disintegrations
per minute) values of each oocyte to picomoles of substrate. Figures are representative of 3—
5 experiments.
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-Transfection and establishment of mammalian cell line transiently expressing GLUT2
reference and mutant cDNA.

Flp-In™ 293 cells (human embryonic kidney cells, Thermo Fisher Scientific) were
transfected with select pcDNAS5/FRT-GLUT2 mutant constructs using Lipofectamine® LTX
with Plus™ reagent according to the manufacturer’s instructions (Life Technologies) to
confirm uptake and membrane expression results found in oocyte assays. Approximately
200,000 Flp-In™ 293 cells were plated in 24-well format; once each well reached 90%
confluence, transient transfection was performed (4 replicates per construct). Transfected
cells were maintained in DMEM containing 10% (v/v) FBS, 100 units/mL penicillin, 100
pg/mL streptomycin, and 100 pg/mL Zeocin (Thermo Fisher Scientific) at 37 °C and 5%
CO,, for 48 hours. Thereafter, thirty-minute uptake assays were performed using [3H]-
fructose (100 uM total of fructose). Cells were lysed for one hour using 800 uL of lysis
buffer (0.1N NaOH, 0.1% SDS) and the radioactivity of 500uL of lysate was measured using
a liquid scintillation counter machine. The DPM values were converted to picomoles of
substrate. Total protein concentrations were determined using the bicinchoninic acid (BCA)
assay using 25 L of lysate per well (Thermo Fisher Scientific). Substrate uptake (in
picomoles) was normalized by protein amount in each respective well.

-Plasma membrane expression assays

Forty-eight to seventy-two hours post oocyte injection, GLUT2 plasma membrane
expression experiments were conducted for each FBS and population-specific mutant (6-10
oocytes). Oocytes were placed in blocking buffer (1% bovine serum albumin solution) for 30
minutes at 4°C. Next, oocytes were incubated in primary antibody solution (anti-GLUT2
mouse IgG antibody; MAB 1414, R&D systems) for 30 minutes at 4°C and then washed in
blocking buffer six times. After washing, oocytes were transferred into secondary antibody
solution (anti-mouse 1gG VisUCyte HRP conjugate, R&D systems) for 30 minutes at 4°C
then washed 6 times in blocking buffer and 6 times in ND96 buffer (NaCl 96mM, KCI
2mM, CaCl, 1.5mM, MgCl, ImM, HEPES 5mM; Sigma-Aldrich). Each oocyte was
transferred to the well of a white 96-well plate (catalog #3912, Corning Inc); 100 uL of
SuperSignal ELISA Femto (Fisher Scientific) mix was added to each oocyte. One minute
later, luminescence was measured using Glomax 96-well plate luminometer (Promega). All
blocking and antibody solutions were produced using ND96 buffer. Plasma membrane
expression was defined as a mutant transporter whose average luminescence’s measurement
was statistically similar to the average luminescence measurement of wild-type GLUT2.
Figures are representative of 3-5 experiments.

-Kinetic studies of 2-deoxyglucose transport by GLUT2 and mutants

The transporter kinetics (Vmax and Ky,) of functional mutants were generated and compared
with wild-type GLUT2. Uptake was linear between 0 — 40 minutes (0-60 minutes tested,
Supp. Figure S8) so 30 minutes was selected to conduct uptake and kinetic studies. The
thirty-minute uptake of [3H]-2DG in a range of 2DG concentrations (0-100mM) was
measured as previously described and plotted as rate of uptake versus concentration to
generate non-linear regression curves. The Ky, and V. Were calculated by fitting the
curves to a Michaelis—Menten equation using GraphPad Prism 7 (La Jolla, CA).
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-Statistical analysis

For comparison in radiolabeled uptake assays and plasma membrane expression assays,
Student’s t-test and one-way ANOVA statistical tests were performed. Statistical analyses, as
specified in the legends of the figures and tables, were performed to determine significance,
and a p < 0.05 was considered significant. Unless specified, data in figures and tables were
expressed as mean + standard error of the mean (SEM). All experiments were performed at
least 3 to 5 times and in 6 to 10 oocytes or in 4 replicates in mammalian cell lines.

-Homology model construction for structural analysis

Homology models of GLUT2 were constructed with MODELLER v9.14 for mapping
SLC2A2 variants (Sali & Blundell, 1993). Specifically, three conformational states of
GLUT2 were modeled: an inward-open state based on the human GLUT1 (PDB identifier
4PYP; sequence identity of 51.7%) (Deng et al., 2014); an occluded state based on a
Escherichia coli XylIE transporter structure (4GCO; 23.8%) (Sun et al., 2012); and an
outward-open state based on the human GLUT3 (4ZWC; 48.1%) (Deng et al., 2015). The
alignment between GLUT2 and the template was generated using Promals3D (Pei &
Grishin, 2014). The models were evaluated and ranked with Z-DOPE (Shen & Sali, 2006)
obtaining scores of —0.70, —1.20, and —0.85, suggesting they are sufficiently accurate for
further analysis.

To deduce the structural effects of the FBS missense variants on SLC2AZ, variants that were
functionally evaluated and expressed on the plasma membrane (nine mutations) were
modeled and studied using molecular dynamics (MD) simulations. CHARMM-GUI
Membrane Builder (Wu et al., 2014) was used to construct and introduce the variants to the
GLUT2 homology model in the outward-open conformation in lipid bilayer for MD
simulations (Lee et al., 2016). Protein and the lipid bilayer system were parameterized with
AMBER formatted CHARMM36m force fields (Brooks et al., 2009; Huang et al., 2017).
Cholesterol (10%), phosphatidylcholine DOPC (55%), and phosphatidylethanolamine
DOPE (35%) were used to construct the system in rectangular box with same x and y
dimensions and at least 18 A from protein to box edge. The final average area of the lipid
bilayer was 7,600 A2 with 13,704 TIP3P water molecules (Jorgensen et al., 1983) and
0.15M NaCl concentration, with ~ 72,500-72,600 atoms for the various mutations.
AMBER16 GPU-enabled PMEMD was used to perform the MD simulations (Case et al.,
2018; Salomon-Ferrer et al., 2013). The systems were minimized with 500 steps and
equilibrated with NVT and NPT at 310.15 K, while hydrogens were constrained with
SHAKE to enable 2-fs time step (Ryckaert, Ciccotti, & Berendsen, 1977). 1 ns of
equilibration followed by 25 ns production run were performed for all systems. Trajectories
were analyzed with CPPTRAJ (Roe & Cheatham, 2013) and visualized with PyMOL (The
PyMOL Molecular Graphics System, Version 1.7 Schrodinger, LLC).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Fanconi-Bickel syndrome (FBS) variant location within GLUT2 transporter structure. An

illustration of the GLUT2 that displays the location of all published missense (orange),
nonsense (grey), and in-frame indel (green) SLC2AZ2 variants associated with FBS. The
majority of these FBS variants had not been evaluated in-vitro to test their impact on
GLUT2 membrane expression or function. We selected seventeen variants (red border) to
functionally characterize in our study. Roman numerals 1-XI1 represent each transmembrane
helix in the GLUT2. The green pentagon labeled “Fru” represents fructose.
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Figure 2.

FBS mutant transporter uptake and plasma membrane expression. The first graph shows
average transport rate of cRNA-injected X, /aevis oocytes incubated with uptake buffer
containing [3H]-2DG and 10uM of unlabeled 2DG for 30 minutes. All FBS mutant
transporters had significantly reduced uptake of substrate compared with wild-type GLUT2
(one-way ANOVA F = 467.7; p-value < 0.0001) except for p.Leul53_lle154del, which had
significantly higher 2DG uptake compared to the other FBS mutants (one-way ANOVA F =
5.591, *p-value = 0.0006). The second graph shows luminescence emitted by cRNA-injected
oocytes incubated sequentially with anti-GLUT2 (MAB #1414, R&D systems) and HRP-
conjugated antibodies. Nine of the seventeen evaluated FBS mutant transporters were
expressed on the plasma membrane at similar levels to wild-type GLUT2 (one-way ANOVA
F-value = 0.6534; p-value = 0.74). The other eight mutants had partial or negligible plasma
membrane expression compared with wild-type (one-way ANOVA F-value = 23.05; p-value
< 0.0001). “PHL" in the figure represents phloretin, a canonical inhibitor of GLUT
transporters. Data shown represent the mean + SEM for 3 — 5 independent experiments.
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Figure 3.
Less common mutant transporter uptake and plasma membrane expression. Figure 3a shows

average transport rate of cRNA-injected X, /aevis oocytes incubated with uptake buffer
containing [3H]-2DG and 10uM of unlabeled 2DG for 30 minutes. The uptake rate of three
out of the five mutant transporters (p.Val101lle, p. Leu468Vale, p.Gly519Glu) was
comparable to that of wild-type GLUT2 (one way ANOVA F= 0.1149; p-value =0.9509).
The uptake rate of p.Thr198Lys (12 pmol/0.5hr/oocyte) was 42% lower than that of wild-
type GLUT2 (40 pmol/0.5hr/oocyte, student t-test **p-value < 0.0056). The uptake rate of
p.Ala363Ser was negligible and similar to saline-injected oocytes. Figure 3b shows
luminescence emitted by cRNA-injected oocytes incubated with anti-GLUT?2 then HRP-
conjugated antibodies. All mutant transporters were expressed on the plasma membrane in
similar levels to that of wild-type GLUT2 (one way ANOVA F value = 0.3502, p-value =
0.88) except for p.Ala363Ser, which was not expressed on the oocyte plasma membrane
(students t-test 7.4% vs 100%, **p-value < 0.0001). Data shown represent the mean + SEM
for 3 — 5 independent experiments.
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Figure 4.
Kinetic characterization of less common variants using [3H]-2DG. Michaelis-Menten curves

for each population-specific variant were generated using 2DG concentrations ranging from
0.001 to 100mM. K, and Vyax Values of each mutant with the exception of p.Ala363Ser
were calculated by fitting the data to a non-linear regression curve. The Ky, and Vpmax values
of each mutant (mean + SEM) are listed in Table 1.
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Figureb.
Structural analysis of GLUT2 variants associated with FBS. (a) GLUT2 homology model in

an outward-open conformation. TM1-6, intracellular helix, and TM7-12 are represented as
cyan, yellow, and salmon cartoon, respectively; the sugar maltose, derived from the template
structure, is depicted as green sticks. Residues of interest and their mutations are depicted as
magenta and yellow sticks, respectively. (b) Asn32 locates on TM2 and exposes to the
extracellular channel. p.Asn32Lys (N32K) extends the reach of the residue sidechain into the
channel by ~ 3.0 A, potentially hindering the entry of substrate. (c) Gly318 on TM7 is
flanked by several bulky residues on TM9 and TM12, in addition to forms part of the
SGXXG helix kink on TM7. p.Gly318Arg (G318R) mutation introduces a bulky sidechain
that clashes with bulky sidechains of TM9 and TM12 that disrupts the helix-helix packing
interface, while affecting the formation of the native kink on TM7. (d) Pro417 forms part of
the TM10 helix kink and packs against TM5 and TM8, where its backbone carbony!l
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participates in the hydrogen-bond network of the substrate-binding site through interaction
with the conserved GIn314 and Trp420. p.Pro417Arg (P417R) mutation, and similarly
p.Pro417Leu, alters the formation of th TM10 helix kink. Furthermore, the introduction of a
bulky sidechain clashes with Thr190 and GIn193, which disrupts the packing of TM5, TM8,
TM10 as well as the integrity of the hydrogen-bond network of the substrate-binding site.
Hydrogen bonds and steric clashes are depicted as yellow dotted lines and red crosses,
respectively.
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Table 1.

Estimated kinetic parameters (Kim, Vmax) for 2DG transport by GLUT2 less common variants. The K, values

for the four measured mutants are statistically similar to wild-type GLUT2 (one-way ANOVA p-value = 0.44).
The Vnax Values of these mutants are also similar (one-way ANOVA p-value = 0.48) except for the

significantly reduced Vpax of p.Thr198Leu when compared with wild-type GLUT2 (11.7 vs 52.7, students t-
test ***p-value = 0.0044). K, and Vnax Shown represent the mean and standard error [mean (SE)] for 2
independent experiments.

Km (MM) V max (Nmol/0.5hr /oocyte)

[mean (SE)] [mean (SE)]
GLUT2 WT 34 (3.3) 53 (2.0)
¢.301G>A (p.Val101lle) 35 (12) 56 (8.1)

¢.593C>A (p.Thr198Lys) 26 (10) 11 (L7)***

¢.1087G>T (p.Ala363Ser) n.d n.d

€.1402C>G (p.Leu468Val) 56 (13) 62 (8.4)
¢.1556G>A (p.Gly519GIu) 31 (13) 45 (7.8)
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