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ABSTRACT The GLUT (SLC2) family of membrane-associated transporters are de-
scribed as glucose transporters. However, this family is divided into three classes
and, though the regulated transporter activity of class | proteins is becoming better
understood, class lll protein functions continue to be obscure. We have cataloged
the relative expression and splicing of SLC2 mRNA isomers in tumors and normal tis-
sues, with a focus on breast tumors and cell lines. mRNA for the class Il protein
GLUTS8 is the predominant SLC2 species expressed alongside GLUT1 in many tissues,
but GLUT8 mRNA exists mostly as an untranslated splice form in tumors. We confirm
that GLUTS8 is not presented at the cell surface and does not transport glucose di-
rectly. However, we reveal a lysosome-dependent reaction that cleaves the GLUT8
protein and releases the carboxy-terminal peptide to a separate vesicle population.
Given the localization of GLUT8 at a major metabolic hub (the late endosomal/lyso-
somal interface) and its regulated cleavage reaction, we evaluated TXNIP-mediated
hexosamine homeostasis and speculate that GLUT8 may function as a sensory com-
ponent of this reaction.

KEYWORDS GLUTS8, SLC2, TXNIP, alternative splicing, breast cancer, chromophobe
renal cell carcinoma, cleavage, glucose transport, late endosomal-lysosomal
boundary, metabolic sensor

ransport of hexose sugars is performed by at least two families of integral mem-

brane channels, where the GLUT (SLC2) family of transporters mediates bidirectional
and energy-independent glucose transport. By sequence comparison, this family com-
prises 14 members, divided into 3 classes (1-3), with specific expression patterns and
affinities for hexose sugars. Loss of function of the class | GLUT proteins in mice and
humans tends to have profound phenotypes (1). For example, this class includes
GLUT4, perhaps the best understood family member, whose insulin-regulated cell
surface presentation is largely responsible for insulin-dependent homeostasis of circu-
lating glucose. However, defying predictions, GLUT4 knockout mouse were found to
have remarkably normal glucose levels, turning the attention of investigators to other
SLC2 family members with potentially overlapping or redundant functions (4).

Thus, structural homology comparisons have placed 5 proteins in class Il of the SLC2
proteins (GLUTS, -8, -10, -12, and HMIT) (Fig. 1B); these proteins have been shown to be
able to transport hexoses across a gradient (1, 5). However, do these proteins serve a
transport function? This has been surprisingly difficult to demonstrate. GLUT8 is the
best-studied class Il member; indeed, three independent groups cloned and charac-
terized GLUT8 and showed that GLUT8 was not essential for glucose uptake in cells or
mice (6-8). The phenotypes of GLUT8 knockout mice are subtle, including hypoactive
sperm, hyperproliferation of hippocampal cells, and resistance to hepatosteatosis in
mice fed high fructose (9-13). Subtle phenotypes are also typical vitro; for example,
unlike GLUT1, high-throughput short term CRISPR screening modalities of cultured
cancer cell lines do not identify GLUT8 as an essential gene (14, 15).

Furthermore, although full-length GLUT8 cDNA is stable upon ectopic expression in

January 2021 Volume 41 Issue 1 e00480-20 Molecular and Cellular Biology

Citation Alexander CM, Martin JA, Oxman E,
Kasza I, Senn KA, Dvinge H. 2021. Alternative
splicing and cleavage of GLUT8. Mol Cell Biol
41:200480-20. https://doi.org/10.1128/MCB
.00480-20.

Copyright © 2020 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Caroline M.
Alexander, cmalexander@wisc.edu.

1 Deceased.
Received 10 September 2020
Accepted 1 October 2020

Accepted manuscript posted online 19
October 2020
Published 21 December 2020

mcb.asm.org 1


https://orcid.org/0000-0002-7830-8043
https://doi.org/10.1128/MCB.00480-20
https://doi.org/10.1128/MCB.00480-20
https://doi.org/10.1128/ASMCopyrightv2
mailto:cmalexander@wisc.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/MCB.00480-20&domain=pdf&date_stamp=2020-10-19
https://mcb.asm.org

Alexander et al. Molecular and Cellular Biology

A

TPM00 28 13 52 20e+2 7.6e+2

e
=

GLUT2

- e ———
I GLUT7
=

GLUT14

GLUT4
GLUT10

e Y A I JeLuts

)
] GLUT11
I GLUT5
= GLUT12
I( ) GLUT6
) GLUT13/HMIT
C O ) ) ) I ][ [ Ny T GLUTS
o 2 4 -_—— @ oo ) F—
A.
4%4%40@%%9@9 ge,h(.‘s,hf%” %, 5";,9 é‘.s%fso% /,0‘?’26”/7? /\7?) /\7% Ui 40,,9’74/,70'740& /Vs“’e "‘;gze”c,/"’/t /;?‘? o //D/@e,,o'b)é:’/ %y,cigs,bfg h’/;o/e "
Ssos 1. 95, 41,3 ot & &9 X 9‘/.9 9%‘ 903 ip s e,;l/ A /"’a 84. /é, °°o'
Yoo, Sog 00 %0 Oy SV, G, be o e ’?‘e* Uy, D oler! g
(W) n, "l' Vi Se S, ‘/oo ‘/sc 9 /e %/ %
70,0, X s, 59 s, o'e oy %
s ey Us p/, s 9o ",
oy 00ey
J"I)
B = C
GLUT1 1g88: Tumor (N=1091)
GLUT3 al |
GLUT4 = - 1gg-
= o
LUT2 o
E 104
5 ;
GLUT5 2 1 z§
GLUT7 S
1000
S Class Il o 500 Normal (N=111)
°
GLUT11 _&’ 100+
— ©® 50 &
— o E ol T §9
GLUT8 2 1% 3¢ Rty
T o 8 9
_DGLUT‘]O Class Il o 0 . _
1_.
- SLUT12 FTFFFTEEEEREY:
EFEEEE
———GLUT13 S Sdas 28985
OOOGOOGGOOOOOG

FIG 1 Expression levels of GLUT SLC2 species in normal tissues and breast tumors. (A) The expression level of each of the 14 Slc2 family members is shown
as a heat map of RNA-Seq reads (transcripts per kilobase million [TPM]) in each of the human tissues indicated (data summarized from GTEx Portal, v8). (B) The
GLUT family dendrogram, redrawn from reference 2, shows three subclasses of GLUT proteins (class |, Il, and lll). GLUT14 is not indicated on this scheme as it
has now been identified as a paralog of GLUT3 and is therefore grouped with class | SLC2 species. GLUT13 is more typically called HMIT (H*-myo-inositol
symporter). (C) Expression of SLC2 mRNA species is described from the RNA-Seq database of The Cancer Genome Atlas for breast tumors (1,091 total) (24) and
for near-adjacent, nontumor breast samples (labeled Normal; n = 111).

cells, neither the exogenous nor endogenous proteins are conclusively present on the
cell surface (5). Indeed, this protein has the classic dileucine intracellular motif (in the
N-terminal cytoplasmic domain) that targets integral membrane proteins to the late
endosomal/lysosomal vesicular compartment. Several groups have therefore specu-
lated that GLUT8 might mediate transport of hexoses, or other metabolites, from
compartment to cytosol (16-19).

In this study, we show there are issues that have confounded the investigation of
GLUTS. For example, a number of alternatively spliced mRNA variants are made from
the gene locus (as documented by the genome database and confirmed by our
analysis). The most common in cultured cells (variant 3 [v3]) does not encode a viable
protein. Several SLC2 mRNAs show alternative splice forms that specifically affect the
crucial regulatory N- and C-terminal cytoplasmic domains. We also show that the
GLUTS8 protein is cleaved, releasing a 10-kDa membrane-associated carboxy-terminal
domain, which becomes enriched in a distinct and separate vesicular population, and
speculate that this may provide a clue to GLUTS8 function.
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RESULTS

To introduce GLUTS8 in the context of the rest of the 14-member SLC2 family, we
compared relative expression levels using in silico Northern blotting data derived from
the Genotype-Tissue Expression (GTEx) project (Fig. 1A). This program clusters mRNAs
according to their degree of shared expression, and the three classes are shown color
coded (according to the scheme of Fig. 1B, class | in black, class Il in blue, class lll in
green). (The data used for the analyses described in this paper were obtained from the
GTEx portal on 3 September 2019.)

This analysis confirms and expands published Northern blotting data (1, 6-8, 20).
Thus, GLUT1 and GLUT3 show high and widespread expression, although expression is
lower in tissues that specialize in systemic glucose regulation, such as liver, muscle, and
pancreas, where other GLUT mRNA species predominate. GLUT2, -7, and -14 show the
most restricted expression pattern; GLUT2 is expressed only in the liver and small
intestine. The rest are divided into two clusters, one comprising Glut4, -10, -8, and -11
(expressed widely and at moderately high levels) and the other comprising GLUT5, -12,
-6, -13, and -9 (showing lower and more specific expression patterns). In particular,
GLUTS5 is most abundant in testis and small intestine; GLUT12 in stomach, prostate, and
esophagus; GLUT6 in blood (and spleen); GLUT13 in cervix; and GLUT9 in kidney and
bladder, where it has been shown to be a high-capacity urate transporter (21).

The requirement for abundant glucose uptake by tumor cells has been touted as a
therapeutic opportunity (22, 23). We compared the relative expression of all 14 SLC2
genes in breast tumors in vivo and breast cancer cell lines in vitro, using publicly
available transcriptome sequencing (RNA-Seq) data (24, 25) to figure out which proteins
might be involved in glucose uptake and detection (Fig. 1C). This analysis shows that
of the class | transporters, GLUTT mRNA is indeed most abundantly expressed, in both
tumors and cell lines; mean mRNA expression in tumors is 75 * 80 transcripts per
million (TPM), nearly 3-fold higher than normal near-adjacent tissue (26.2 = 12.6). In cell
lines in culture, average expression is even higher (127 = 102 TPM). However, expres-
sion is highly variable, such that the cell lines in the top decile show 15-fold more
expression than those in the lowest decile (379 versus 25 TPM), suggesting that the
evaluation of relative GLUT1 expression could be useful to understanding rate-limiting
factors for individual tumors.

Of the other class 1 transporters, GLUT3 mRNA is next most abundant (14.2 = 13.2
TPM), showing, however, less expression in tumor tissue than normal tissue (26.0 + 23.7
TPM). Expression is highly variable in cell lines (lowest and highest deciles are 0.05 to
181 TPM). High GLUT3 expression has been shown to be necessary and sufficient for
metastatic behavior of breast cancer cells in vitro (26). Of the class Il GLUT transporters,
only GLUT11 is significantly expressed in tumors (7.9 = 4.6 TPM) and tumor cell lines
(15.3 = 8.9 TPM). Expression in tumors matches normal breast tissue (7.2 = 1.7 TPM).

Of the class Il GLUT transporters, GLUT8 and GLUT10 are expressed in vivo in breast
tumors (16.2 = 9.7 and 15.1 = 23.1 TPM, respectively), in normal tissues (12.2 = 4.2 and
10.9 = 4.2 TPM, respectively), and in vitro in breast tumor cell lines (9.3 = 6.3 and
26.9 = 37.4 TPM, respectively). GLUT10 shows the most highly variable expression in
breast tumors and cell lines (0.3 to 113 TPM highest and lowest decile for the group of
79 cell lines). Although consistently overexpressed in tumors, this cannot be explained
by gene amplification; thus, none of the GLUT loci are located in the commonly
amplified chromosomal domains of breast tumors (see Table 1 for chromosomal
locations) or show consistent patterns of copy number variation.

Breast tumors are grouped into subtypes according to their specific tumor driver
and genetic profile. To test whether GLUT isotype expression could distinguish breast
tumor subtypes, we evaluated the RNA-Seq data for each of 5 tumor subtypes (basal,
HER2, luminal A, luminal B, and normal-like), using normal adjacent tissue as a com-
parison (Fig. 2A). Volcano plots show that GLUT1 and GLUT6 are consistently upregu-
lated, with >4-fold increases in basal tumors and significant increases in HER2-
overexpressing tumors (see Fig. S1 in the supplemental material). GLUT10 shows
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FIG 2 Expression levels of GLUT species in breast tumor subtypes. (A) Expression of mRNAs of the most
abundant GLUT species from each GLUT class (class I, GLUT1; class Il, GLUT11; class Ill, GLUT8 and 10) is
shown for each of the 5 breast tumor subtypes (basal, HER2 positive, luminal A [LumA], luminal B [LumB],
and normal-like [NormLike]) and adjacent normal tissues (Normal). Also included is the average expres-
sion of 75 cell lines in vitro (36). (B) Relative mRNA expression levels of selected members of the SLC2
family are shown for a nontransformed mouse mammary epithelial cell line (MMEC), nontransformed
human breast epithelial cells (MCF10A), and two breast cancer cell lines (MB231 and MCF7), color coded
by their subtype. Expression levels of SLC family members are shown with respect to GLUTT mRNA
expression.

significant but minor overexpression in luminal A, luminal B, and HER2-positive tumors.
On the other hand, GLUT4 is underexpressed in tumors compared to the near adjacent
“normal” samples; these normal samples are enriched in GLUT4-expressing fatty tissue,
highlighting the caution required to infer function using these imperfect comparisons.
Using quantitative real-time PCR (RT-qPCR) assays of breast epithelial and tumor cells
in culture (Fig. 2B), we confirmed that the ratios and expression levels of GLUT mRNAs
accurately mimicked in vivo levels for both mice and humans.

GLUTT1 is often described as responsible for “basal” glucose uptake, although its
activity is now known to be highly regulated by the apparently opposing cues of
growth factor stimulation or starvation (27-29) Indeed, GLUT1 has been shown to be
key to both the growth of mouse breast tumor cells and to HER2-induced mouse breast
cancer initiation (30, 31), and GLUT1 deficiency produces predictable phenotypes in
humans (32).
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TABLE 1 Alternative splicing of GLUT mRNAs?

Hum Hum
chsme | isoforms | Human exons Mouse exons
GLUT1 1 1
GLUT2 3 3
SLC2A2 HEN = EEN 0
[ | [ |
GLUT3 12 1
GLUT14 |12 4
SLC2A14 .= =
| | [ |
O O
cLuT 7 8 | 1. N HEN H
SLC2A4 :
| HEN
| |
GLUT6 |9 2
"IRaafaiEs | "giaeEEm
GLUTS 9 3
SLC2A8 o = o r I mn '
| O
GLUT10 |20 1
SLC2A10 | | O =
GLUT12 |6 1 ,
SLC2A12 =1
HMIT 12 2
SLC2A13 == 5 mm o

a(Putative) protein-encoding exons for each of 10 GLUT species; 5 class | GLUTs (GLUT1 to GLUT4) and 5
class Ill GLUTs (GLUTS, -8, -10, -12, -13/HMIT) are compared for human and mouse. The species shown are
confirmed alternatively spliced mRNA isomers from the genome database (human, GRCh38/hg38; mouse,
GRCmM38/mm10). Hum, human; chsme, chromosome.

However, in support of an important if unknown role for class Il SLC2 proteins, Table
1 and Fig. 3 show the high degree of conservation of GLUT8 mRNAs across species
(mouse, rat, and cow). Thus, the GLUT8 gene is arranged into 10 exons (Table 1; Fig. 3A),
encoding 12 transmembrane domains, where the boundaries of each exon are com-
monly embedded within sequences that encode the 20 amino acid, highly conserved
transmembrane domains (labeled TM) (Fig. 3B and C). Key motifs are indicated for later
reference, including the canonical dileucine motif in the N-terminal domain that directs
the trafficking of this protein to late endosomes/lysosomes, and the glycosylation site
(Fig. 3B) (16, 20). The hinge region between TM6 and TM7, the N-terminal cytoplasmic
domain, and the extracellular loop (TM9-TM10) show relatively lower conservation, a
pattern also typical of GLUT1 (33).

By interrogation of the UCSC and NCBI databases, we noticed that several GLUT loci
exist as alternatively spliced isomers (Table 1). GLUT1, GLUT3, GLUT10, and GLUT12
species have only one full-length isomer in human and mouse but, in contrast, GLUT2,
GLUT4, GLUT6, and GLUTS exist as several alternatively spliced mRNA variants. Notably,
these variants are predicted to produce alterations in the N and C termini of the
proteins, where, in limited studies, these domains have been shown to be key regula-
tory and signaling domains.

Using GLUT8 as an example of this phenomenon, we tested whether the three
mRNA species reported in the database exist in cells and tissues. The species are v1
(full-length), v2 (missing exon 9 and a section of the C terminus), and v3 (missing exons
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FIG 3 Mapping of exons to protein structure of GLUT8. (A) Schematic diagram showing the GLUT8 locus. Exon and intron base size (in base pairs) are indicated.
(B) Schematic of GLUT8 variant 1, indicating the exon boundaries within the putative protein structure, where each of the transmembrane (TM) domains is
numbered in black, 1 to 12. Key functional domains are indicated, including the glycosylation site in the ecto-loop between transmembrane domains 9 and
10 and the dileucine ER retention and sorting motifs. (C) Comparison of GLUT8 protein sequence conservation, between human GLUT8 (Uniprot ID QINY64,
Homo sapiens) and three other mammalian species, Mus musculus (Q9JIF3), Rattus norvegicus (Q9JJZ1), and Bos taurus (P63010). Transmembrane domains are
20 amino acids long. Internal cytoplasmic domains include both N and C termini and a large loop between transmembrane domains 6 and 7.

2 and 3) (Fig. 4A). We determined that the v2 variant showed little or no expression in
breast tumors or cell lines; we thus focused instead on v1 and v3 as the primary
products of the SLC2A8 locus. The relative amounts of vl and v3 mRNAs were
determined by RT-PCR, first for MB231 breast cancer cells (Fig. 4B) and also for a panel
of cell lines and normal human tissues (Fig. 4C), using complementary primer sets. The
latter assay was calibrated to report copy number of GLUT8 variants per nanogram of
RNA. We confirmed that testes and liver showed high expression of GLUT8 mRNA (8).

For normal tissues, the v3 isomer comprised approximately 5 to 10% of total GLUT8
mMRNA, which was also true for the untransformed breast epithelial cell line (MCF10A).
Several studies have described a single, 2.1-kB GLUT8 mRNA on Northern blots of
normal tissues (6-8, 34); this matches our findings for normal tissues, where the
full-length (v1) variant predominates. However, for the breast cancer cell lines screened,
the exon 2-3-deleted v3 isomer was equally or more abundant than the full-length v1
isomer.

To ask whether this truncated form was present also in vivo in breast tumors, we
assayed junction-specific RNA-Seq products, and measured their relative frequency (Fig.
4D). Splice junctions that characterize v2 and v3 are shown in red. We conclude the
following. (i) The lack of exon 8-10 junctions confirmed that v2 was absent from breast
tumors in vivo. (ii) The GLUT8 locus showed depleted read-through of exons 2 and 3
compared with, for example, GLUT1 (Fig. 4E). In vitro assay of breast cancer cell mRNA
using PCR-based DNA polymerases showed that this depletion was relieved by solu-
tions designed to read through high percentages of GC content; indeed, exons 2 and
3 of GLUT8 show >80% GC content (Fig. S2) for both mouse and human sequences.
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FIG 4 Assay of alternatively spliced isoforms of GLUT8. (A) Schematic diagram showing the three alternatively spliced isoforms of GLUT8, v1, v2,
and v3. The target sequences of two of the shRNAs used for data of Fig. 5 are indicated (numbers 122 and 180). (B) Assay of endogenous v1 and
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Regardless of the relative depletion of sequences representing exons 1 to 4, the
frequency of v3 (exon 1-4 junctions) was still higher than v1 in breast tumors.

To test whether this expression pattern was specific to breast tumors, we expanded
the scoring of GLUT8 exon expression levels to a panel of 33 tumor types (Fig. 4F). We
concluded that among all tumor types, depletion of 5’ exons of mMRNAs from SLC2A8 in
RNA-Seq libraries was typical, and breast tumors showed average expression levels of
GLUTS. Indeed, plotting these data on scaled axes, we found that the pattern of exon
representation in all tumors was remarkably similar (Fig. S3). Interestingly, however, one
tumor type in particular, chromophobe renal cell carcinoma (KICH), showed much
higher expression of GLUT8 than usual (4-fold), whereas acute myelogenous leukemia
(LAML) showed little or no expression. Interestingly, and perhaps related, chromophobe
kidney tumors are known to show unusual metabolic adaptations (35, 36).

To test whether alternatively spliced GLUT8 isomers could be functional, we sub-
cloned cDNAs for each of v1, v2, and v3 into expression vectors. The putative trans-
membrane proteins encoded by each variant are illustrated in Fig. 5A. To accurately
describe the proteins made (and endogenously expressed proteins), we made a new
polyclonal antibody to the TM6-7 cytoplasmic loop (called BBA1). We made this
antibody because none of the commercial antisera we evaluated showed either in-
creased signal with ectopic expression or reduced signal with knockdown (Table ST1).
More detailed evaluation of the specificity of BBA1 is provided in Fig. S4 (assay of
immunofluorescent stains of cells with a knockdown of GLUT8 and cells with expres-
sion constructs) and in the Western blotting data shown in Fig. 5 and Fig. 6.

We tested the three alternatively spliced mRNAs for their expression in HEK293T and
MB231 cells, and found that v1 and v2 proteins were stably expressed, but v3 was not
(Fig. 5B and C and, Fig. S6). Adding a FLAG tag to either the C or N terminus had no
effect on total GLUT8 production (Fig. 5C). We evaluated whether the proteins being
expressed showed the activities expected. Cells overexpressing GLUT1 showed a large
increase in glucose uptake activity; cells expressing GLUT8 did not (Fig. 5D), confirming
prior studies. Vice versa, cells with a knockdown of GLUT1 showed reduced glucose
uptake whereas GLUT8 knockdown cells showed no effect (Fig. 5E). Note that the
proteins described here were expressed from retroviral expression vectors; surprisingly,
they did not show the same properties when synthesized from lentiviral expression
vectors (data not shown).

When we evaluated the glycosylation pattern of GLUT8 proteins, we were surprised
to find that peptide-N-glycosidase (PNGase) treatment reduced the schmear of bands
(from 45 to 60 kDa) to two bands, instead of the expected single band (Fig. 6A). This
was not true for GLUT1 from these same lysates (data not shown). Using the termini-
specific FLAG-tagged constructs, we showed that a FLAG-tagged peptide was derived
from the C-terminal domain, with an approximate molecular weight of 10 kDa (shown
on the scheme drawn as Fig. 6B). We predict that this peptide would stay membrane
bound, since it contains at least two transmembrane domains. Interestingly, the
putative cleavage site is situated in transmembrane domain 10 (TM10), which is 100%
conserved (Fig. 3C).

Cleavage by regulated contact with membrane domain-specific proteases can be an

FIG 4 Legend (Continued)

v3 expression in MB231 cells. Compare v1- and v3-derived bands from endogenously expressed GLUT8 species (empty vector; EV) with bands from
cells transduced with an expression vector for GLUT1 (v1), derived from primers spanning exons 1 to 4 (creating products indicated in the schemes
below). Controls (right side) show products from cells transduced with v1-, v2-, or v3-expressing plasmids. (C) Amount of v1- and v3-GLUT8 mRNAs
in cells and tissues. RT-qPCR assay of GLUT8 v1 and v3 expression in human cancer cell lines and normal human tissue, determined using a
standard curve of the target amplicon, with primers specific to v1 (exon 2-exon 3) or v3 (exon 1-exon 4; see scheme). (D) Splicing patterns in vivo.
Exon-exon junction analysis of GLUT8 mRNAs from TCGA RNA-Seq data of breast tumors, showing the counts of v2 (exon 8-exon 10) and v3 (exon
1-exon 4) in red and canonical exon-exon junctions in gray. (E) Assay of relative exon expression. Analysis of mean read coverage for each exon
from breast cancer TCGA RNA-Seq data set for GLUT8 and GLUT1. Shaded areas represent the 95% confidence interval (n = 1,091). (F) Analysis
of GLUT8 exon frequency for a pan-cancer panel. Labels for each tumor type are excerpted from TCGA. Several tumor types are highlighted, for
comparison with invasive breast carcinoma (BRCA), and discussed further in Results and Discussion (ESCA, esophageal carcinoma; KICH, kidney
chromophobe; LAML, acute myeloid leukemia; LIHC, liver hepatocellular carcinoma; OV, ovarian serous cystadenocarcinoma: STAD, stomach
adenocarcinoma).
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FIG 5 Assay of properties of variant GLUT8 proteins. (A) Schematic diagram of GLUT8 v1, v2, and v3 putative protein structures, indicating the
impact of deletion of exon 9 (v2) and exons 1-4 (v3). (B) Expression of v1, v2, and v3 GLUT8 proteins via Western blotting of lysates from 293T
cells transfected with expression constructs. EV, empty vector. (C) Expression of v1, FLAG-tagged v1, and v3, expressed in MB231 cells. RT-gPCR
analysis of MRNA from stable GLUT8 overexpressing MB231 cell lines, using a primer set that detects both GLUT8 v1 and v3 isoforms (total GLUT8
assay), for comparison with Western blots of lysates probed with BBA1, an anti-GLUT8 antibody. The protein loading control is vinculin. (D) Assay
of glucose transporter activity: gain of function. Western blots (top) of protein lysates from MB231 cells transduced with retroviral GLUT8 or GLUT1
constructs, with the corresponding assay of relative 3H-2DG uptake (bottom). (E) Assay of glucose transporter activity: loss of function. Efficacy
of shRNA knockdown of GLUT1 or GLUT8 was assayed (left side) and the impact of knockdown on 3H-2DG uptake assessed (right side). *, P < 0.01;
***, P < 0.0001; n.s., not significant. Results are representative of n = 3 assays.
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FIG 6 GLUTS is cleaved at the C terminus to generate a 10-kDa peptide. (A) Western blotting of lysates from MB231 cell lines transduced
with retroviral expression constructs as indicated. Some lysates were treated with PNGase F to remove N-linked glycosylation prior to
SDS-PAGE (4 to 20% gradient gel), and blots were probed with anti-GLUT8 or anti-FLAG antibodies. (B) Schematic diagram of putative
cleavage site within the 10th transmembrane domain of GLUTS8, predicted from the sizes of the parent and cleaved deglycosylated GLUT8
proteins. (C) Lysosomal inhibitors induce the accumulation of the GLUT8 protein and inhibit cleavage. MB231 cells expressing C-terminal-
FLAG-tagged GLUT8 were treated with lysosomal inhibitors, chloroquine (CQ; 50 mM) or bafilomycin A1 (Baf; 10 nM) for 17 h, and lysates
were deglycosylated by PNGase treatment, or not, prior to analysis by Western blotting with the antibodies indicated (10 ug lysate/lane)
Putative GLUT8-related species are labeled as glycosylated species 1 and 2 (GI-1 and Gl-2), endogenous species (E,,; and two multimer
bands, E,,), and deglycosylated full-length (deG FL) and cleaved (deG NTD) species.

important regulatory reaction, notably for metabolic sensors. Thus, for sensors such as
SREBP (a sterol sensor), release from one organelle to another allows cleavage by two
processive proteases, turning a membrane-bound protein into a transcriptional coacti-
vator. Previous studies of GLUT8 have shown that this protein accumulates in the late
endosome/lysosome compartment, cycling from the plasma membrane inward and
becoming retained on the limiting membrane of the lysosome via the dileucine
N-terminal signal. This was shown to be true both for the endogenous and for the
exogenously expressed proteins in a number of cell types (16, 18, 37).

To test whether GLUT8 metabolism was related to lysosomal function, we added
lysosomal inhibitors, either chloroquine (which neutralizes the acidic lysosomal interior
and many lysosome-associated functions, including autophagy) (38) or bafilomycin A1
(an inhibitor of vacuolar ATPase with broad impact on subcellular compartments,
including lysosomes) (39) (Fig. 6C). We found that GLUT8 accumulated in cells treated
with either of the lysosomotropic agents, as either a high or a low molecular weight
glycosylated variant (GI1 and GI2), depending upon the treatment. The accumulating
GLUTS8 proteins reduced to the full-length (38 kDa) GLUT8 protein after PNGase treat-

January 2021 Volume 41 Issue 1 e00480-20

mcb.asm.org 10


https://mcb.asm.org

Alternative Splicing and Cleavage of GLUT8

>

GLUT8-BBA1 GLUT8-BBA1
Nuc

CF GLUT8

CF GLUT8

GLUT8-BBA1 GLUT8-BBA1
Nuc

MB231 parental

-O

GLUT1

FIG 7 GLUTS partly colocalizes with LAMP1 in lysosomes. (A) MB231 cells expressing C-terminal-FLAG-
tagged GLUT8 (CF GLUT8) were stained with anti-GLUT8 and LAMP1; single stains are shown to the right,
and colocalization is shown to the left; nuclei were stained with DAPI. (B) MB231 cells expressing
untagged GLUTS, and cells without transgenic GLUT8 expression, are compared with the data shown in
panel A, to assess the relative distribution of untagged GLUT8 protein, lysosome distribution, and
endogenous GLUT8 localization. (C) For comparison, MB231 cells expressing GLUT1 were stained using
the same protocol. Scale bars = 10 um.

ment; cleavage was therefore inhibited by reduced lysosomal acidification (visualized
as the depletion of the N-terminal domain [NTD] 28 kDa GLUT8 protein and the
C-terminal domain [CTD] FLAG-labeled peptide). We conclude that lysosomal trafficking
could account for the cleavage reaction and may control the rate of clearance of
full-length GLUTS.

We evaluated the subcellular localization of GLUT8 in more detail, specifically to
localize the cleaved carboxy domain. First, we confirmed that tagged and untagged
GLUT8 v1 protein partly colocated with a LAMP1-positive lysosome compartment (Fig.
7A and B), with the rest located in Approximately 1-um-size vesicles in the same
domain (probably late endosomal vesicles). For comparison, cells overexpressing
GLUT1 showed a classic plasma membrane-associated pattern, with no significant
colocalization to lysosomes (Fig. 7C). Other colocalization assays excluded early endo-
somes, endoplasmic reticulum, and peroxisomes as sites of significant accumulation
(Fig. S5).
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FIG 8 The cleaved C-terminal peptide becomes enriched in a separate vesicular population. Evaluation of
colocalization of epitopes from the central loop of GLUT8 (BBA1) and the FLAG epitope at the C terminus shows
that these epitopes become separated into separate vesicles. An example of images revealing vesicular population
with mixed colors is shown (top); quantitative analysis of relative color intensity is shown across a typical section
(bottom).

Although we already showed that the v3 mRNA isomer did not produce a stable
GLUTS protein isomer, we tested whether this truncated mRNA could generate the CTD
fragment (perhaps this could generate a constitutive signaling moiety, for example). We
probed Western blots of v3-transduced cells with anti-FLAG antisera and found no
evidence of FLAG-containing peptides either by immunofluorescence or Western
blotting (Fig. S6 and data not shown). The exact insertion points of the FLAG tags are
detailed in Fig. S6C.

To test whether the cleaved peptide was located to the same vesicle population as
the cleaved N-terminal domain, we compared the staining pattern of anti-GLUT8 (BBA1)
with the staining pattern of anti-FLAG (Fig. 8). To confirm there was no significant
chromatic aberration at the magnifications presented, we confirmed total overlay of
signal from red- and green-conjugated secondary antibody to anti-FLAG stains (Fig. S7).
Costain of the FLAG epitope together with the central loop epitope (BBA1) showed
combinations of color signals, orange where both epitopes were together in the
full-length GLUT8 protein, or separated into red (majority N-terminal GLUT8 protein,
after cleavage of the carboxyterminal peptide) or green (C-terminal peptide) (Fig. 8). We
conclude that the GLUT8-derived C-terminal peptide becomes enriched in a separate
vesicular population than the full-length or cleaved-N-terminus GLUT8 proteins.

The overexpression of GLUT8 had no gross effect on cell morphology or growth rate.
However, the location of GLUT8 at the late endosomal/lysosomal boundary places it at
a regulatory hub for metabolism, the subcellular location for mTOR complex reactions.
We tested the cellular response to amino acid or hexosamine refeeding, specifically
seeking differences in a sensory network known to rely on related GLUT species. In
particular, the B-arrestin protein TXNIP has been shown to detect and enable hexo-
samine feeding, acting as an internal sequestration molecule for several GLUT species,
including the best-characterized fructose transporters GLUT2 and GLUT5 (40). TXNIP is
degraded within minutes in response to external hexosamine concentrations to pro-
vide a rapid response mechanism to changing environmental conditions and to
coordinate signals from growth factors and metabolic checkpoints (28).

To test whether GLUT8 could contribute to the mTOR signaling network, cells
overexpressing GLUT8 were glucose starved and then refed with either fructose or
glucose. We make the following four conclusions. (i) There were no changes in GLUT8
protein levels or proteolysis during starve/refeed cycles, as measured by Western
blotting of the 10-kDa FLAG-tagged carboxy-terminal domain (Fig. 9 and data not
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FIG 9 GLUT8 enables recovery from glucose starvation. MB231 cells expressing C-terminal-FLAG-tagged
GLUTS (CF) were glucose starved overnight and refed with glucose (to a final concentration of 25 mM)
or fructose (to a final concentration 40 mM) for the times indicated. Cells were lysed and analyzed by
Western blotting, and 15 ug of lysates was probed with the antibodies indicated.

shown). (i) Ectopic GLUT8 expression led to a moderate reduction of steady-state TXNIP
amount and mTOR activation (measured as the accumulation of phosphorylated 4EBP
variants, and mTOR-dependent phosphorylation of S6 (residues 240/244) (41) (Fig. S9).
(iii) Upon starvation, TXNIP was degraded as anticipated, but levels recovered quicker
upon glucose refeeding for cells overexpressing GLUT8 (Fig. 9). (iv) Fructose refeeding
could not promote TXNIP accumulation (and cells died). Parallel experiments designed
to perturb mTOR-mediated homeostasis during amino acid starvation and refeeding
showed that TXNIP was likewise degraded in response to starvation, but there was no
effect of GLUT8 on the acute restoration of TXNIP levels, despite reactivation of mTOR
(Fig. S9). Neither was the amount of GLUTS, or its cleavage, affected by amino acid
starvation, where amounts of functional sensor proteins have been shown to be
related to starvation (42).

DISCUSSION

We have shown that a peptide domain including at least two carboxy-terminal
transmembrane helices of GLUT8 is cleaved from the rest of the protein and trafficked
independently from the N-terminal moiety, becoming enriched in a different vesicular
population. In this study, we saw that approximately 50% of the GLUT8 protein is
present in the cleaved form. This cleavage occurs whether the protein is FLAG tagged
or not, thus the tagging process itself does not disturb the endogenous processing
reaction. Given that GLUT8 is actively retained at the endosomal-lysosomal boundary
by the N-terminal dileucine motif, it is not surprising that the carboxy domain accu-
mulates in a different vesicular population (16). The cleaved protein is unlikely to show
transporter activity (which depends upon 12 transmembrane domains). Interestingly,
out of all the transmembrane domains, the only domain 100% conserved across species
is transmembrane domain 10, that we predict be the site of carboxy-terminal cleavage
for GLUTS.

Although GLUT8 proteins have been expressed in various cell types before (6, 9, 16,
18, 19), this cleavage reaction is a novel finding. We attribute our discovery to a unique
combination of reagents; thus, instead of the more typical N-terminal tagging, we built
a GLUTS species with a C-terminal tag and used a novel, and demonstrably specific,
antibody to the central cytoplasmic loop, which became separated from the carboxy-
terminal epitope during processing. It will be important to demonstrate this cleavage
reaction for endogenous GLUTS in a cell type with a functional readout.

Given this processing pattern of GLUT8 protein, it is useful to consider other
examples of membrane-tethered signaling molecules that are activated by cleavage.
Thus, the sterol sensor SREBP is a membrane-located protein, sequestered in the
endoplasmic reticulum (ER) and released to the Golgi apparatus when local cholesterol
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concentration is low (43, 44). In the Golgi apparatus, it comes into contact with two
proteases; the first one (SIP) cleaves SREBP between two transmembrane domains,
inside the Golgi lumen. This cleavage product then becomes a substrate for the
intramembrane protease S2P, which clips off a soluble short carboxy-terminal peptide
which, together with a series of coactivators, create nuclear transcription complexes
that induce expression of enzymes in the cholesterol biosynthetic cascade. The effect
of loss of function of this sensor only becomes apparent upon cholesterol deprivation.
Indeed, there is ample precedent for transporters to adapt to become proteins that use
metabolites as signals to change cellular behaviors (45, 46).

In order to test for a GLUT8 sensory activity, we will need to know which metabo-
lite(s) activates GLUTS, in order to determine whether GLUT8 signaling could affect
cellular metabolism. Such a reaction could be important only to specific cell types.
Perhaps a clue to a functional role for GLUT8 comes from the resistance of GLUT8
knockout female mice to fructose-induced metabolic diseases, including liver steatosis
(13). Indeed, knockouts of both GLUT8 and the B-arrestin TXNIP were associated with
fructose-associated steatosis in female mice, where TXNIP was shown to functionally
interact with GLUT2 and GLUTS5, the best characterized fructose transporters, in intes-
tinal cells (40). We tested whether fructose interaction with GLUTS8 could stimulate the
recovery of TXNIP levels in glucose-starved cells and found that it could not (Fig. 9), but
we have not tested fructose in combination with glucose (40). Note that ectopic GLUT8
expression does not promote additional glucose uptake (Fig. 5).

It is likely that some of the C-terminal FLAG-tagged protein is present in a larger
complex, since some signal is masked to immunohistochemical detection. Thus, total
immunofluorescent signal is lower for the C-terminal FLAG-tagged protein than the
corresponding N-terminal tagged version, despite similar amounts assayed by Western
blotting (see Fig. S8 in the supplemental material). Clearly the interactome of GLUT8
will be an important topic of investigation.

Whether endogenously or exogenously expressed (16, 18), GLUT8 is at a cellular hub
of metabolic decision-making, the late-endosomal/lysosomal limiting membrane. A
relatively well characterized role of this lipid membrane is its role in sensing the amino
acids that activate the Ragulator complex, recruiting the mTORC1 complex to the
lysosomal membrane (39, 47-49). There are trafficking proteins such as the GTPase
Rab7 that direct traffic within the endo-lysosomal system, to mediate endocytic sorting,
lysosomal biogenesis, and phagocytosis (50). This hub location also modulates mito-
chondrial homeostasis (51, 52) and regulates the protein and lipid content of the
plasma membrane and other vesicular populations (50, 53). Perhaps related to this
suggestion, DeBosch and colleagues showed that livers of male GLUT8 knockout mice
directed aberrant peroxisome proliferator-activated receptor a-regulated fasting re-
sponses (54). From our preliminary observations, we propose that ectopic GLUT8 can
modulate mTOR-mediated homeostasis after fasting.

We showed that the lysosome is a functional component in the processing reaction,
such that inhibiting lysosomal function with chloroquine or bafilomycin A1 promotes
the accumulation of GLUT8 protein, suppressing the specific intramembrane cleavage
of the carboxy-terminal domain. This peptide domain becomes enriched in a so-far-
unidentified vesicular compartment of approximately the same dimension as the
vesicles containing the remainder of the GLUT8 protein. We did not observe FLAG tag
in the nucleus (data not shown).

At the level of gene expression, our investigation concludes that assay of total
GLUT8 mRNA expression can be inaccurate or misleading, first because of the high GC
content (potentially also associated with a secondary structure or knot) of exons 2 and
3 in GLUT8 and second because GLUTS, like 50% of the other SLC2 loci, is expressed as
several alternatively spliced isomers. In particular, tumor cells show a high frequency of
expression of the v3 GLUTS8 variant, which has two 5’ exons missing, displacing the
putative protein synthesis start site downstream to exon 6. As predicted from the
translation motifs in the mRNA, and the unusual topography of the projected protein,
this v3 protein is not synthesized. Therefore, despite expression of GLUT8 mRNA, we
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predict that most tumors will show low/absent function of this locus. Another report of
GLUT8 mRNA isomers described minor (<1% total) variants of GLUT8 mRNA, none the
same as the variants described here and in the databases (55); their significance in vivo
is perhaps uncertain.

Only the two major class | glucose transporters at the cell surface, GLUT1 and GLUT3,
occur as just one isomer in both mouse and humans. Likewise, of the class lll trans-
porters, only GLUT10 and GLUT12 occur as one full-length isomer. GLUT2, -4, and -8
show several isomers that affect the N and C termini of their putative protein products.
These termini face the cytoplasm and, where tested, have been shown to promote
accurate trafficking and responsivity to regulators like growth factors (28, 40, 56, 57).
Precedent for functional differences between alternatively spliced GLUT variants comes
from the study of GLUT9, which is directed to the basolateral or apical surface of kidney
epithelial cells by alternative splicing of N termini (58, 59), and for GLUT4 in adipocytes
(60).

Overall, GLUT8 mRNA is expressed at approximately 5 to 20X lower levels than the
predominant, active transporter, GLUT1, and is only moderately overexpressed in tumor
cells or tissues. Although there is a range of GLUT8 expression levels in different tumors
types, only one tumor type shows much higher expression than the others, chromo-
phobe kidney tumor (KICH or ChRCC). This tumor is characterized by the accumulation
of defective mitochondria, induced expression of mitochondrial enzymes, disrupted
autophagy/lysosomal trafficking, and systemically activated AMP-activated protein ki-
nase (AMPK), a marker of metabolic stress (35, 36).

In summary, we have cataloged the expression of various SLC2 mRNA isomers in
tumors and tissues, and found evidence that widespread missplicing of GLUT8 mRNAs
may reduce functionality in tumors. Only the full-length variant is stably translated,
becoming cleaved by a lysosomal reaction, which releases the carboxy-terminal domain
to a separate population of vesicles. Preliminary data suggest that GLUT8 may function
in metabolic homeostasis. We propose that this enigmatic protein channel may func-
tion as a metabolite sensor.

MATERIALS AND METHODS

Gene expression and splicing analysis. RNA-seq data from The Cancer Genome Atlas (24) was
analyzed as previously described (61). Briefly, unprocessed RNA-seq reads were mapped to the UCSC
hg19 human genome assembly using Bowtie (62) and RSEM (63), with a maximum of two mismatches
per read and ignoring reads mapping to 100 or more positions within the genome. Alignments with
mapgq scores of 0 or with a splice junction overhang of less than 6 bp were removed. The resulting
unaligned reads were mapped to a splice junction annotation derived from MISO v2.0 (64) and gene
isoforms in the UCSC KnownGene track (65) and Ensembl database (66) using TopHat2 (PMID: 23618408).
The resulting RNA-seq read alignments were combined into a single BAM file per sample. Gene
expression levels were quantified with RSEM as transcripts per million (TPM) and normalized using a
trimmed mean of M values (TMM) scaling factor (67) derived from all protein-coding genes. The intrinsic
breast cancer subtypes were derived from the PAM50 classifier (68) in the genefu R package, using the
TMM-normalized expression of all 50 genes and the scaled centroids from pam50.robust. All samples
with a subtype probability above 0.5 were included into the analysis. All exon-covering and junction-
spanning reads within GLUT8 were extracted directly from the BAM files based on genomic coordinates
of GLUT8 exons. Average exon coverage per nucleotide was calculated by adjusting for exon length. All
BAM data extraction and manipulation was done using the GenomicRanges suite of tools in R (PMID:
23950696). Differential gene expression between breast cancer subtypes and samples from the adjacent
normal tissue (n = 111) was calculated by edgeR (PMID: 19910308), after removing all genes with less
than 20 reads in half or more of the normal samples. P values were adjusted for multiple testing using
the Benjamini-Hochberg approach.

Quantitative real-time PCR. Total RNA from human tissues was purchased from TaKaRa Bio USA.
RNA was isolated from tissue culture cells using the RNeasy minikit according to instructions (Qiagen,
catalog no. 74104). cDNA was prepared using QuantiTect Reverse transcription kit (Qiagen, catalog no.
205311) and RT-qPCR was performed as previously described (69) using Sybr Select Master Mix (Applied
Biosystems, catalog no. 4472918). Relative gene expression was determined using the comparative
threshold cycle (AACT) method. To quantify the number of copies of GLUT8 transcript variants, we
generated a standard curve using dilutions of linearized GLUT8 v1 or v3 plasmid. Primer sequences are
provided in Table S1 in the supplemental material.

Cell culture and growth assay. All human cell lines were from ATCC (HEK293T/17, MDA-MB-231,
MCF7, MCF10A, and HepG2). HepG2 stocks were maintained according to ATCC recommendations.
MDA-MB-231 (MB231) and MCF7 stocks were maintained in Dulbecco modified Eagle medium (DMEM)
with 4.5 g/liter glucose (Gibco, catalog no.11965), 5% fetal bovine serum (FBS) (VWR, catalog no.
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89510-194), and 1% penicillin/streptomycin (Gibco, catalog no. 15140122). MCF-10A cells were main-
tained in DMEM-F-12 (Gibco, catalog no. 10565042), 5% horse serum, epidermal growth factor at
20 ng/ml (R&D systems, catalog no. 236-EG), hydrocortisone at 0.5 mg/ml (Sigma-Aldrich, catalog no.
H0888), cholera toxin at 100 ng/ml (Sigma-Aldrich, catalog no. C8052), insulin at 10 wg/ml (Sigma-Aldrich,
catalog no. 11882), and 1% penicillin/streptomycin (Gibco, catalog no.15140122). HEK293T/17 (293T)
were maintained in DMEM with 1.0 g/liter glucose, sodium pyruvate, and HEPES (Gibco, catalog no.
12320032), 5% FBS, and 1% penicillin/streptomycin. Other lysosomotropic drugs were from Sigma
(chloroquine and bafilomycin A1). The isolation of mouse mammary epithelial untransformed cells
(MMEC) was described by Chin et al.; untransformed cells were cloned from cell populations flow sorted
as EpCAM-positive HC11 cells (EP cells) (69).

Cell number was assayed using FluoReporter Blue dsDNA quantitation kit according to instruc-
tions with the following modifications (Molecular Probes, catalog no. F2962). Plates were washed
briefly in PBS and frozen at —80°C; then the plates were thawed and 200 ul of water was added to
each well, followed by a 1-h incubation at room temperature. Cell lysis was completed by freezing
the plates again at —80°C. The cell lysate (100 ul) was transferred to black well 96-well plates,
together with 100 ul of Hoechst33258 diluted in TNE buffer, and plates were assayed on a
CLARIOStar fluorescent plate reader.

Knockdown of GLUT8 or GLUT1. Human GLUT8 short hairpin RNA (shRNA) clones TRCNO000300122
or TRCN0000300180 and human GLUT1 clones TRCN0000418550 or TRCN0000424768 were purchased
from Sigma-Aldrich. A control nontargeting shRNA (“scramble”) was from Addgene (catalog no. 1864).
Lentiviral ShRNA constructs were packaged in 293T cells by transfection of psPAX2 (Addgene, cat no.
12260) and pMD2.G (Addgene, catalog no.12259), and shRNA plasmid using Lipofectamine LTX (Invit-
rogen, catalog no.15338100). Supernatants were harvested and filtered using 0.45-um sterile filters. Cells
were transduced by combining 0.5 ml of viral supernatant with 1.0 X 10° cells and 10 ug/ml Polybrene
(Sigma-Aldrich, catalog no. 107689). Viral titer for the scramble control construct was greater than or
equal to the specific GLUT8 knockdown construct. After 48 h, infected cells were selected with 1.6 ug/ml
puromycin (Sigma-Aldrich, catalog no. P9620).

Assembly and transduction of GLUT8 expression vectors: generation of the GLUT8 variant 1
expression construct. GLUT8 expression constructs were generated from GLUT8 clone 4641145
(GenBank no. BC019043; Dharmacon, catalog no. MHS6278-202832055). The retroviral GLUT8 variant 1
expression construct (pQCXIP puromycin resistance backbone) containing portions of the 5’ and 3’
untranslated regions (UTRs) was generated by PCR amplification (forward primer 5'-CTGCTGGGATCCG
GCGGTTCAGGCG-3’ and reverse primer 5'-CTGCTGGAATTCGGTTTGTTTTTTTTTGCTGTTTATT-3') and then
digested and subcloned between the BamHI and EcoRl sites of pQCXIP. For this study, a GLUT8 v1 version
that was nondegradable by GLUT8 sh180 was generated with synonomous mutations introduced into 3
sites by performing mutagenesis using the primer 5'-CTCCCTCATGCTGCTTCTGATGTGTTTTATGCCCGAG
ACCCC-3'. Mutagenesis PCR products were treated with Dpnl and then transformed in Stbl3 Escherichia
coli, followed by sequencing to confirm accuracy. All cloning was performed using Q5 polymerase (New
England BioLabs, catalog no. M0491). All the GLUT8 constructs used in this study were generated from
the initial nondegradable GLUTS.

Generation of GLUT8 variant 2 and 3 constructs. GLUT8 variant 2 and GLUT8 variant 3 were
derived from the variant 1 construct by deletion mutagenesis. For variant 2, the deletion of exon 9 was
generated using the variant 2 primer 5’-ATGTGCCTCTTCATCGCCGGAGGTCCTCAGGCC-3'. For variant 3,
the deletion of exons 2 and 3 was generated using the variant 3 primer 5’-CCTCCTGGCGGCAGGTCTAC
ATCTCCGAAATCGCC-3'.

Generation of GLUT8 variant 1 and 3 FLAG tag constructs. To insert a FLAG tag into the N
terminus of GLUT8 variant 1, the plasmid was amplified using the primer 5'- GGCCGCCGACATGGATTA
TAAAGATGATGATGATAAAACGCCCGAGGACC-3'. To insert a FLAG tag into the C terminus of GLUT8
(variant 1 and 3) the respective plasmids were amplified using the primer 5'-CCCATTTTGAGGGGCGAG
ATTATAAAGATGATGATGATAAATGACAGCCACTCACTAGGG-3'.

Generation of GLUT1 expression construct. GLUT1 expression constructs were generated from
GLUT1 clone number 40085220 (GenBank no. BC121804; Dharmacon, catalog no. MHS6278-211690539).
The retroviral GLUT1 expression construct (pQCXIP puromycin resistance backbone) was generated by
amplifying the GLUT1 open reading frame (ORF) using the forward primer 5’-CTGCTGGCGGCCGCATGG
AGCCCAGCA-3’ and reverse primer 5'-CTGCTGGGATCCTCACACTTGGGAATCAG-3'. The PCR product was
then digested and subcloned between the Notl and BamHI sites of pQCXIP. All constructs were
sequenced to confirm accuracy.

Retroviral constructs were packaged in 293T cells by transfecting pQCXIP (Clontech) with pMD.Gag-
Pol (70) and pVSVG (71) packaging plasmids using Lipofectamine LTX (Invitrogen, catalog no.15338100).
Supernatants were harvested and filtered using 0.45-um sterile filters. Transduction by retrovirus was
performed by spinoculation; briefly, 1 ml of viral supernatant was combined with 2.0 X 10° cells followed
by a 2-h centrifugation at 1,200 X g at room temperature. The cells were then resuspended in medium
and plated. After 48 h, infected cells were selected using 1.6 ug/ml puromycin (Sigma-Aldrich, catalog no.
P9620).

Western blotting, antibody probes, and PNGase treatment. Proteins were analyzed by SDS-PAGE
with Western blotting as follows. Cells were lysed in RIPA lysis buffer (25 mM Tris-Cl [pH 7.4], 150 mM
NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate) with the addition of Halt
Protease Inhibitor (Pierce, catalog no. 78430) and Halt Phosphatase Inhibitor (Pierce, catalog no. 78428),
for 10 min at 4°C on a rocker. Lysates were cleared, protein concentration assayed, and 10 to 20 ug of
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TABLE 2 Antibodies used in this study

Target Source? Working dilution (IHC)@
B-Actin Mouse; Sigma no. A5441 -

EEA1 Rabbit; Thermo Fisher MA5-147494 1:1,000
FLAG Rabbit; Cell Signaling no. CS14793 1:800
FLAG Mouse; Sigma no. F3165 0.5 ng/ml
GLUTS Rabbit; Biobasic Inc.; BBA1 1:100
GLUT1 Rabbit; S. Anderson (UC Denver) 0.2 ng/ml
LAMP1 Mouse; DHSB no. H4A3 1:100

PDI Rabbit; Cell Signaling no. CD3501 1:1,000
PMP70 Rabbit; Invitrogen no. PA1-650 5 pg/ml
Vinculin Mouse; Millipore no. 05-386 —

Mouse Goat; Alexa Fluor 546; Thermo Fisher no. A11030 1:500
Rabbit Goat; Alexa Fluor 488; Thermo Fisher no. A11034 1:500
Mouse Goat; Alexa Fluor 488; Thermo Fisher no. A11029 1:500
Rabbit Goat; HRP; Invitrogen, no. G-21234 -

Mouse Donkey; HRP; Jackson, no. 715-035-151 -

aHRP, horseradish peroxidase; IHC, immunohistochemistry; -, not applicable.

protein lysate was separated by SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) mem-
branes, blocked in 5% dry milk in Tris-buffered saline (TBS) with 0.1% Tween 20.

A novel antibody to GLUT8 (named BBA1) was raised in rabbits using a 15 amino acid peptide
(22?GSEQGWEDPPIGAEQ?*") from the long cytoplasmic loop between transmembrane domains 6 and 7
of GLUTS. This peptide shows zero homology with other GLUT species and is included in both GLUT8
variants v1 and v3. Other antibodies used in this study are tabulated in Table 2, including the rabbit
anti-GLUT1, a generous gift of Steven M. Anderson, University of Colorado—Denver.

To study the nonglycosylated GLUT proteins, cell lysates were deglycosylated using PNGase F (R&D
systems, cat no. 9109-GH) according to the manufacturer’s instructions.

Glucose uptake assay. Glucose uptake was assayed using 1.0 mCi/ml 2-(1,2-H [N])-deoxy-p-glucose
(3H-2DG; Perkin Elmer, catalog no. NET549A). Cells were plated at 2.5 X 10# cells/well in 24-well plates in
complete growth medium and incubated in a 37°C incubator overnight. The following day, the cells
were rinsed in PBS and then 0.5 ml of warm medium without glucose (Gibco, catalog no. 11966 with
5% FBS) was added for 10 min at 37°C. 3H-2DG (2 uCi) was added to each well and incubated for
10 min. Uptake was halted by washing the cells in ice-cold PBS three times; then cells were lysed in
400 wl of 10 mM Tris Cl (pH 8.0) with 0.1% SDS, and samples were counted by liquid scintillation.
Glucose uptake was normalized to cell number by analyzing a parallel 24-well plate using Fluo-
Reporter Blue, as described above.

Immunofluorescence staining. Cells were seeded onto chamber slides, incubated at 37°C for 48 h,
and fixed in 4% paraformaldehyde (PFA) for 15 min at room temperature. The PFA was removed, and
slides were washed 3 times in PBS, followed by permeabilization in 0.01% saponin in PBS for 5 min at
room temperature. Samples were blocked using 5% goat serum and 0.01% saponin in PBS for 1 h at room
temperature and then incubated with primary antibodies, diluted in PBS containing 5% goat serum and
0.01% saponin, overnight in humidified chambers at 4°C. Slides were washed in TBS-Tween (0.1%), 3
times for 5 min each, and incubated with secondary antibodies (Table 2) for 1 h at room temperature in
diluent, followed by washing (as above) and visualization.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
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