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MondoA Senses Non-glucose Sugars
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triggers an adaptive transcriptional response.
hexose transport curb.

important question.
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(Background: Glucose is a fundamental metabolite that is sensed by the MondoA transcription complex. MondoA elevates
transcription of thioredoxin-interacting protein to restrict glucose uptake.
Results: MondoA senses the phosphorylated forms of the non-glucose hexose sugars, allose, and 3-O-methylglucose and

Conclusion: TXNIP is regulated by non-hexose sugars in a manner that requires their metabolism, and TXNIP is part of the

Significance: Sugar is a universal metabolite, so how cells respond to changes in glucose and the transcriptional level is an

N
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Glucose is required for cell growth and proliferation. The
MondoA-Mlx transcription factor is glucose-responsive and
accumulates in the nucleus by sensing glucose 6-phosphate. One
direct and glucose-induced target of MondoA-MIx complexes is
thioredoxin-interacting protein (TXNIP). TXNIP is a potent
negative regulator of glucose uptake, and hence its regulation by
MondoA-Mlx triggers a feedback loop that restricts glucose
uptake. This feedback loop is similar to the “hexose transport
curb” first described almost 30 years ago. We show here that
MondoA responds to the non-glucose hexoses, allose, 3-O-
methylglucose, and glucosamine by accumulating in the nucleus
and activating TXNIP transcription. The metabolic inhibitor
3-bromopyruvate blocks the transcriptional response to allose
and 3-O-methylglucose, indicating that their metabolism, or a
parallel pathway, is required to stimulate MondoA activity. Our
dissection of the hexosamine biosynthetic pathway suggests that
in addition to sensing glucose 6-phosphate, MondoA can also
sense glucosamine 6-phosphate. Analysis of glucose uptake in
wild-type, MondoA-null, or TXNIP-null murine embryonic
fibroblasts indicates a role for the MondoA-TXNIP regulatory
circuit in the hexose transport curb, although other redundant
pathways also contribute.

Glucose is a fundamental nutrient required for the growth of
all organisms. In higher eukaryotes, cells tightly control glucose
uptake and glucose utilization through a variety of mechanisms
that are understood with different levels of detail. It is clear that
alterations in glucose homeostasis have pleiotropic effects in
pathobiology. For example, it has been known for >80 years
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that tumor cells take up and utilize more glucose than their
normal counterparts. Furthermore, a base-line change in glu-
cose homeostasis in liver, adipose, and skeletal muscle is a com-
mon feature associated with insulin resistance and diabetes.

Knowing exactly how cells sense and adapt to changes in
extracellular and/or intracellular glucose concentrations is one
key to understanding glucose homeostasis. For example, pan-
creatic B-cells sense elevated intracellular glucose and rapidly
secrete insulin into the bloodstream as a primary response. In
this case, glucose sensing and response occur exclusively in the
cytoplasmic compartment. By contrast, a family of transcrip-
tional regulators has been characterized more recently that play
an important role in glucose homeostasis by sensing glucose
metabolism and triggering an adaptive transcriptional response
(1). There are two members in this family of transcriptional
regulators, MondoA and the carbohydrate response element-
binding protein (ChREBP),? also known as WBSCR14 or Mon-
doB. MondoA and ChREBP are members of the basic region
helix-loop-helix leucine zipper (b HLHZip) family of transcrip-
tion factors. Both MondoA and ChREBP interact with another
bHLHZip protein, Mlx. Following elevations in intracellular
glucose-derived metabolites, MondoA-Mlx or ChREBP-Mlx
complexes bind target promoters and primarily activate their
transcription. MondoA and ChREBP are most highly expressed
in skeletal muscle and liver, respectively, which is consistent
with their function as glucose sensors (2). Further, each is a
prominent regulator of glucose-induced transcription (3, 4).
The activity and regulation of ChREBP have been recently
reviewed (5, 6).

Our laboratory is focused on MondoA. MondoA does not
respond to glucose directly; rather it monitors flux through gly-
colysis by sensing glucose 6-phosphate (Glc-6-P) (4). In the

3 The abbreviations used are: ChREBP, carbohydrate response element-bind-
ing protein; 3-BrPA, 3-bromopyruvate; ChoRE, carbohydrate response ele-
ment; 2DG, 2-deoxy-D-glucose; 6DG, deoxy-D-glucose; DNP, 2,4-dinitro-
phenol; DON, 6-diazo-5-oxonorleucine; MEF, murine embryonic fibroblast;
3MG, 3-O-methylglucose; OXPHOS, oxidative phosphorylation; PGl, phos-
phoglucose isomerase; TXNIP, thioredoxin-interacting protein.
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absence of glucose, MondoA shuttles between the nucleus and
the cytoplasm, with the equilibrium strongly favoring a cyto-
plasmic localization (7). By contrast, in the presence of increas-
ing glucose levels, MondoA accumulates in the nucleus and
occupies the promoters of its targets (4, 7). One well character-
ized direct and glucose-induced target for MondoA is thiore-
doxin-interacting protein (TXNIP). TXNIP has several func-
tions (8, 9), one of which is its potent negative regulation of
glucose uptake (10, 11). Collectively, these data suggest a model
where MondoA senses elevations in Glc-6-P and activates
TXNIP transcription, thereby initiating a negative feedback
mechanism that restricts further glucose uptake (1, 4, 7, 12).

This proposed negative feedback loop is conceptually similar
to the hexose transport “curb” described in the literature nearly
30 years ago (13-16). The key features of this blockade of
hexose uptake are that it can be triggered by a number of dif-
ferent sugars, e.g. glucose, allose, and glucosamine, and that it
requires protein synthesis and oxidative phosphorylation
(OXPHOS). Given these similarities, we examined whether
MondoA could regulate TXNIP expression in response to dif-
ferent sugars and whether the MondoA-TXNIP regulatory cir-
cuit contributes to the previously described hexose transport
curb.

EXPERIMENTAL PROCEDURES

Cell Culture—Cells were maintained at 37 °C in 5% CO, in
DMEM containing penicillin/streptomycin, glutamine, and
10% FBS (HyClone) unless otherwise indicated. HA1ER cells
(gift of William Hahn, Dana-Farber Cancer Institute) are
human embryonic kidney epithelial cells expressing hTERT,
the early region from simian virus 40 and H-Ras“'*Y (17). Wild-
type CCL39 and phosphoglucose isomerase-defective DS7 cells
(gift of Daniele Roux, Université de Nice Sophia-Antipolis) are
Chinese hamster lung fibroblast cells (18). 143B cells (gift of
Navdeep Chandel, Northwestern University) are a human
osteosarcoma cell line. MondoA-deficient murine embryonic
fibroblast (MEF) cells were created by harvesting cells from a
MondoA'>**°* embryo at day 14 of gestation and transducing
the cells in vitro with retroviral pBabePuro-Cre to delete both
alleles of MondoA. MondoA'>**"*** and MondoA ’~ MEFs
were passaged on a 3T3 protocol to create the immortalized cell
lines used here. Additionally, immortalized MondoA '~ cells
were transduced with pWZL retroviral vector encoding full-
length human MondoA.

Plasmids—Plasmids expressing MondoA-V5 and MIx-FLAG
have been described (19). Wild-type and carbohydrate
response element (ChoRE) point mutant TXNIP luciferase
reporter constructs have also been described (12). Plasmids
were transfected into cells using Lipofectamine 2000
(Invitrogen).

Hexose Treatments—Cells were incubated overnight in glu-
cose-free DMEM containing 2% serum, followed by a 3-h treat-
ment in the same medium supplemented with a 20 mm concen-
tration, unless otherwise specified, of one of the following
hexoses: glucose, 2-deoxy-D-glucose (2DG), 6-deoxy-D-glucose
(6DG), 3-O-methylglucose (3M@), or allose. Glucosamine and
N-acetylglucosamine were used at 5 mm or 10 mM as indicated
in the figure legends.
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Glucose Uptake Assay—Cells at subconfluent densities in
35-mm plates were washed with Krebs-Ringer-HEPES (KRH)
buffer and then incubated for 10 min in KRH containing 1 mm
2DG and 1 mCi of 2-[’H(G)]DG (specific activity 5-10
Ci/mmol; PerkinElmer Life Sciences). Cells were washed with
ice-cold KRH to terminate glucose uptake and were then solu-
bilized with 0.5% Nonidet P-40 + 0.5 M NaOH in H,O, and an
aliquot of the lysate assessed by scintillation counting for radio-
label incorporation. Assay results were normalized by deter-
mining radiolabel incorporation in control cells pretreated with
cytochalasin B (10 mm; Sigma) as well as protein content for
each sample.

Western Blotting—Primary antibodies were used at the fol-
lowing dilutions: anti-MondoA 1:500 (20); anti-VDUP1
(TXNIP) 1:1,000 (Medical and Biological Laboratories); anti-
tubulin 1:10,000 (Sigma). Secondary antibodies were used at
1:5,000 (Amersham Biosciences). Western Lightning Plus-ECL
(PerkinElmer Life Sciences) was used for detection.

Immunofluorescence and Microscopy—Cells were fixed on
glass coverslips using PBS containing 3.7% formaldehyde for 10
min and then labeled by standard indirect immunofluorescence
procedures. Mouse anti-V5 (Invitrogen) was used at 1:1,000,
Alexa Fluor 594 goat anti-mouse IgG (Molecular Probes) was
used at 1:500, and Hoechst 33342 (Molecular Probes) was used
at 2 mg/ml to label nuclei. Subcellular immunolocalization of
MondoA-V5 protein within individual cells was scored as
described previously (4). Data are presented as the average =
S.D. resulting from cell counts in five random fields per sample,
performed in triplicate.

Gene Silencing and Glycolysis Inhibition—Nonspecific or
MondoA-specific SARNA were introduced into the HA1ER
cells as described previously (4). The glycolysis inhibitor, 3-bro-
mopyruvate (3BrPA) (Aldrich), was used concurrently with
hexose treatment in glucose-free DMEM.

Mass Spectrometry Detection of Hexoses—Cells were incu-
bated overnight in glucose-free medium and then treated with
glucose, 3MG or allose. Cells were washed once with PBS and
scraped into 100 ul of PBS and snap frozen. Metabolites were
extracted from cell extracts as described (21). Dried and pro-
tein-free pellets were suspended in 40 ul of O-methyl hydrox-
ylamine hydrochloride (Sigma-Aldrich) in pyridine (40 mg/ml),
sonicated for 5 min to fully dissolve the dried sample followed
by 1 h of incubation at 34 °C. After incubation the solid debris
was removed by centrifugation for 3 min at 10,000 X g. Samples
were loaded onto a MPS 2 autosampler (Gerstel, Linthicum,
MD) where a second derivatization step was programmed. To
each sample was added 10 ul of N-methy-N-(trimethylsilyl) tri-
fluoroacetamide (Pierce) followed by a 30-min incubation with
shaking at 37 °C. After incubation, 1 ul was injected to an Agi-
lent split/splitless injector at a 20:1 split ratio. Injector temper-
ature was 250 °C. An Agilent 6890 (Agilent, Santa Clara, CA)
gas chromatograph was employed with the initial temperature
held at 95 °C for 2 min followed by a 40 °C/min ramp to 110 °C.
A second 5 °C/min ramp was employed to a temperature of
250 °C followed by a final 25 °C/min ramp to 350 °C. This final
temperature was held for 3 min. A Restek (Bellefonte, PA) 30-m
RTX-5MS column fitted with a 5-m guard column was
employed for metabolite separation. A Waters (Beverly, MA)
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FIGURE 1. MondoA broadly regulates hexose-induced TXNIP expression. A, HA1ER cells expressing nonsilencing control or MondoA-specific RNAi were
glucose (Gluc)-starved overnight and then treated with the indicated hexoses (20 mm; 3h). Western blot analysis of MondoA, TXNIP, ribosomal S6 protein,
phospho-S6, and tubulin was performed following treatment. B, control HATER cells were transfected with MondoA-V5 and FLAG-MIx prior to glucose
starvation and hexose treatment. Percentage of cells displaying nuclearimmunolocalization of MondoA-V5 protein is shown. Error bars, S.D. C, activities of the
wild-type (wt) and ChoRE point mutant (— ChoRE) TXNIP luciferase reporters were measured in HA1ER cells following glucose starvation and hexose treatment.

GCT Premier TOF mass spectrometer was used for metabolite
detection.

Statistical Methods—For the experiments examining the
hexose curb in the different MEF populations, two-way
ANOVA models with interaction were fit to log-transformed
data. Two-sided Wald p values for the interaction term are
reported.

RESULTS

MondoA Is Required for Hexose-induced TXNIP Expression—
MondoA-MlIx complexes accumulate in the nucleus and acti-
vate TXNIP expression directly in cells treated with either glu-
cose or its nonmetabolizable analog, 2DG (4, 20). Previous
experiments suggested that nuclear accumulation of MondoA
requires the enzymatic activity of hexokinase (4). Consistent
with our previous findings in different cell types (4), TXNIP was
induced in the HA1ER kidney epithelial cells that were starved
for glucose overnight and then treated with either glucose or
2DG for 3 h (Fig. 1A). The nonphosphorylatable glucose analog
6DG did not trigger the nuclear accumulation of MondoA-Mlx
complexes and failed to induce TXNIP protein expression (Fig.
1, A and B). Thus, the regulation of TXNIP in HA1ER cells is
identical to that observed in other cell lines representing a vari-
ety of cell lineages. Thus, the regulation of MondoA by glucose
and 2DG is likely a ubiquitous adaptation to changing glucose
concentration.

3MG and the rare sugar epimer of glucose, n-allose, up-reg-
ulate TXNIP in insulinoma and hepatocellular carcinoma cells,
respectively (22, 23), but MondoA has not been implicated in
this regulation. Consistent with these previous reports, TXNIP
protein was elevated in both 3MG- and allose-treated control
HAI1ER cells (Fig. 1A). However, none of the hexoses tested
induced TXNIP in cells with reduced MondoA. Thus, TXNIP
can be induced by multiple hexoses and in every case its induc-
tion was strongly dependent on MondoA.

Hexose-dependent Induction of TXNIP Requires ChoRE—In
response to glucose or 2DG, MondoA-Mlx complexes accumu-
late in the nucleus and occupy the ChoRE of the TXNIP pro-
moter (4, 7). This ChoRE consists of a pair of CACGAG E-box
sequences separated by 5 bp and is essential for glucose- or
2DG-dependent activation of TXNIP transcription (22). Con-
sistent with their induction of TXNIP, 3MG and allose, but not
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6DG@G, drove significant nuclear accumulation of epitope-tagged
MondoA in HA1ER cells (Fig. 1B). As with glucose, 3MG and
allose strongly increased transcriptional activity of the TXNIP
luciferase reporter, and all transcriptional activity was elimi-
nated by mutation of the first E-box sequence of the ChoRE
(Fig. 1C). Consistent with MondoA regulating TXNIP directly,
glucose, 2DG (4, 7) and allose (data not shown) induced Mon-
doA binding to a region in the TXNIP promoter that contains
the ChoREs.

MondoA nuclear accumulation requires the phosphoryla-
tion of glucose or 2DG by hexokinases, which is the first enzy-
matic step in the glycolytic pathway (4). To investigate further
the role of hexose metabolism in MondoA transcriptional
activity, we used the glycolytic inhibitor 3-BrPA. Treatment
with 3-BrPA significantly reduced the nuclear accumulation of
MondoA in cells treated with the different hexoses (Fig. 24).
3-BrPA also inhibited transcriptional activity from the TXNIP
promoter following treatment with each hexose (Fig. 2B).
Finally, the hexose-dependent transcriptional activity of the
TXNIP luciferase reporter was reduced in MondoA knock-
down cells (Fig. 2B), confirming its role in the hexose-depen-
dent activation of TXNIP. Together, these data demonstrate
that the hexose-dependent activation of TXNIP requires Mon-
doA, an activity blocked by 3-BrPA, and an intact ChoRE in the
TXNIP promoter.

Glucose and 2DG are well known substrates for hexokinases;
however, the previous results suggest that allose and 3M@G are
also metabolized to trigger MondoA nuclear accumulation and
its activation of TXNIP. Allose phosphate is easily detectable in
cell lysates (24), whereas 3MG is generally assumed to be non-
metabolizable. However, several papers provide direct evidence
that 3MG can be phosphorylated (25, 26). To address this point,
we determined the level of each hexose and the corresponding
phosphorylated counterpart in MEFs by mass spectrometry
(Fig. 2C). Consistent with their rapid flux through glycolysis,
glucose and glucose phosphate accumulated to low levels, By
contrast, 2DG phosphate, which is not further metabolized by
glycolysis, accumulated to high levels. Allose phosphate and
3MG phosphate were also easily detectable in this assay, indi-
cating that they are also substrates for hexokinases. The levels
of glucose phosphate and 3MG phosphate were comparable,
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FIGURE 2. MondoA-activated TXNIP expression requires hexokinase activity. A, HA1ER cells transfected with MondoA-V5 and FLAG-MIx were glucose
(Gluc)-starved overnight and then treated with the indicated hexoses (20 mm; 3h) = 3BrPA (20 um). Percentage of cells displaying nuclearimmunolocalization
of MondoA-V5 is shown. B, activity of TXNIP luciferase reporter was determined following hexose treatment of HATER cells expressing MondoA RNAi or control
RNAi = 3-BrPA. C, levels of the indicated hexoses in MEFs were determined by mass spectrometry. Error bars, S.D.

suggesting 3MG phosphate accumulated to a sufficient level to
drive MondoA activation of TXNIP.

MondoA Senses Glycolytic Flux—2DG drives MondoA
nuclear accumulation and activity at the TXNIP promoter
more effectively than does glucose (4). We hypothesized that
this differential effect reflects an accumulation of 2DG 6-phos-
phate, whereas Glc-6-P is rapidly shunted into other metabolic
pathways (Fig. 2C) (1, 4). We used a mutant cell line highly
defective in phosphoglucose isomerase (PGI™) and its wild-
type counterpart to investigate more thoroughly the role of
hexose phosphates in regulating MondoA activity (18, 27). PGI
converts Glc-6-P to fructose 6-phosphate; thus, the PGI-null
cells accumulate higher levels of Glc-6-P than the wild-type
controls.

The wild-type parental cell line, CCL39, displayed marked
nuclear MondoA accumulation following treatment with 2DG
and allose, but not with low or high glucose or 3MG. This find-
ing is consistent with the higher accumulation of 2DG phos-
phate and allose phosphate in MEFs (Fig. 2C). In contrast, the
PGI™ DS7 cells displayed strong nuclear accumulation of Mon-
doA in the presence of all of the hexoses (Fig. 34). Thus, loss of
PGI allows glucose and 3MG to drive nuclear accumulation of
MondoA to a similar level as that observed with 2DG and allose,
a finding consistent with MondoA sensing a phosphorylated
hexose.

Each hexose induced TXNIP expression in the parental
CCL39 cells (Fig. 3B), similar to the induction observed in the
HA1ER cells (Fig. 1A). The low level of TXNIP in 2DG-treated
cells likely results from reduced translational efficiency because
2DG inhibits mTOR kinase, as evidenced by a reduction in
phosphorylated S6 in HA1ER cells (Fig. 14) and as reported in
the literature (28). The PGI™ DS7 cells showed a similar pattern
of TXNIP induction with the different hexoses, although
TXNIP levels were generally lower in the mutant cell line. This
result is not surprising because the nuclear levels of MondoA
and its activity at the TXNIP promoter can be uncoupled (7). In
both cell lines, each sugar induced a hexose transport curb and
reduced glucose uptake by about 50% (Fig. 3C). Thus, TXNIP
induction generally correlated with the hexose transport curb.
Paradoxically, glucose uptake in the PGI™ DS7 cells was lower
under each condition compared with those observed in the
CCL39 cells (Fig. 3C). Together, these data suggest a role for
TXNIP in the hexose transport curb, but other TXNIP-inde-
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FIGURE 3. Modulation of MondoA activity by PGI. A, CCL39 (wild type) or
DS7 (PGI™) cells transfected with MondoA-V5 and FLAG-MIx were glucose
(Gluc)-starved overnight and then treated with the indicated hexoses (low
gluc = 5 mm, all others = 20 mwm; 3 h). Percentage of cells displaying nuclear
immunolocalization of MondoA-V5 protein is shown. B, Western blot analysis
of endogenous MondoA, TXNIP, and tubulin in CCL39 and PGI-DS7 cells fol-
lowing glucose starvation and the indicated hexose treatment was per-
formed. G, glucose uptake in CCL39 and PGI-DS7 cells following glucose star-
vation and the indicated hexose treatment was measured. Error bars, S.D.

pendent mechanisms altered in the PGI mutant cells must gov-
ern basal glucose uptake.

Glucosamine 6-Phosphate Regulates MondoA Activity—The
hexosamine biosynthetic pathway is implicated in blocking glu-
cose uptake and inducing insulin resistance (29). Further, glu-
cosamine, which enters the hexosamine biosynthetic pathway,

VOLUME 286+NUMBER 44-NOVEMBER 4, 2011



>
I

GQ+ GQ+

Q G GN  GNAc GQ

GN GNAc

MondoA

TXNIP

Tubulin

G+GN G+GNAc

MondoA

TXNIP

Tubulin

DON

FIGURE 4. MondoA senses glucosamine 6-phosphate. Western blot analy-
sis of endogenous MondoA, TXNIP, and tubulin from the osteosarcoma cell
line 143B treated with the different nutrient combinations is shown. Q, gluta-
mine (2 mm); G, glucose (25 mm); GN, glucosamine (10 mm); GNAc, N-acetylg-
lucosamine (10 mm); DON, 6-diazo-5-oxonorleucine (20 um); —, no glucose or
glutamine.

is sufficient to trigger a hexose transport curb (15). Based on
these findings, we thought that glucosamine might also regulate
MondoA transcriptional activity. Glucosamine 6-phosphate is
generated through the donation of the amine from glutamine to
fructose 6-phosphate in the first step of the hexosamine biosyn-
thetic pathway. Consistent with our previous reports in other
cell lines (4, 7, 12, 30), we found that glucose stimulated TXNIP
expression in the 143B osteosarcoma cell line and that gluta-
mine repressed the glucose-dependent activation (Fig. 4A).
Glucosamine stimulated TXNIP expression in the complete
absence of glucose. Glucosamine also stimulated TXNIP
expression in BxPC3 cells, indicating that its effect is not
restricted to 143B cells (data not shown)

Two mechanisms may account for the glucosamine-depen-
dent activation of TXNIP: (i) MondoA may sense glucosamine
6-phosphate directly, or (ii) glucosamine 6-phosphate may be
processed by the hexosamine biosynthetic pathway and Mon-
doA may sense a downstream metabolite. N-Acetylgluco-
samine, which enters the hexosamine pathway just below glu-
cosamine 6-phosphate did not drive TXNIP expression (Fig.
4A). This result suggests that MondoA does not sense hexosa-
mine biosynthetic pathway intermediates downstream of glu-
cosamine 6-phosphate, but may sense glucosamine 6-phos-
phate directly.

To test whether MondoA can sense glucose flux into gluco-
samine 6-phosphate we blocked the conversion of fructose
6-phosphate to glucosamine 6-phosphate via glutamine:fruc-
tose-6-phosphate amidotransferase using the glutamine:fruc-
tose-6-phosphate amidotransferase inhibitor 6-diazo-5-ox-
onorleucine (DON). DON potently inhibited the glucose-
dependent induction of TXNIP (Fig. 4B), suggesting that
intermediates downstream of fructose 6-phosphate and gluta-
mine:fructose-6-phosphate amidotransferase contribute to
TXNIP induction. Glucosamine completely rescued the DON
blockade, whereas N-acetylglucosamine had a minimal effect.
Thus, these data suggest that glucosamine 6-phosphate, but not
other downstream components of the hexosamine biosynthetic
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without ectopic TXNIP-mCherry. Cells were maintained under normal growth
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(20 mm; 3 h). B, glucose uptake in WT and MondoA KO MEFs, with or without
TXNIP-mCherry, following the indicated treatments. C, glucose uptake in
wild-type or TXNIP knock-out MEFs following the indicated treatments. Error
bars, S.D.

pathway, regulate TXNIP expression. Furthermore, we con-
clude that flux into the hexosamine pathway and not just flux
through glycolysis can stimulate TXNIP expression.

TXNIP Functions Downstream of MondoA—To determine
the roles of MondoA and TXNIP in the hexose transport curb,
we investigated the curb in wild-type, MondoA knock-out or
TXNIP knock-out MEFs (7). We also investigated the role of
TXNIP as a MondoA effector by expressing a TXNIP-mCherry
chimera in MondoA knock-out cells. TXNIP protein was
strongly induced by allose in wild-type MEFs, but was com-
pletely absent in MondoA knock-out cells under all growth
conditions (Fig. 54). TXNIP-mCherry expression in MondoA
knock-out cells was unresponsive to changes in hexose status.
Identical to our previous results (7), MondoA knock-out MEFs
had elevated glucose uptake compared with wild-type controls
in normal growth medium and following an overnight period in
glucose-free medium (Fig. 5B and data not shown). Addition of
allose to wild-type MEF cells reduced glucose uptake 2.2-fold.
In contrast, allose reduced glucose uptake just 1.6-fold in Mon-
doA knock-out MEFs. Thus, MondoA contributes to the
hexose transport curb.

Introduction of TXNIP-mCherry into MondoA knock-out
MEFs reduced glucose uptake to levels below those observed in
wild-type cells in control and glucose-starved cells (Fig. 58 and
data not shown). Addition of allose to the complemented cells
resulted in an intermediate reduction of 1.9-fold in glucose
uptake compared with wild-type or MondoA knock-out MEFs
(Fig. 5B). Thus, TXNIP is sufficient to function as a MondoA
effector in the hexose transport curb.
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FIGURE 6. OXPHOS is required for the hexose transport curb and TXNIP expression. A, Western blot analysis of MondoA, TXNIP, and tubulin in wild-type
MEFs maintained under normal growth conditions (Con) or glucose-starved overnight and then treated with allose (20 mwm; 3 h) with or without DNP (0.2 mm).
B, glucose uptake in wild-type MEFs following the indicated treatments. C, Western blot analysis of MondoA, TXNIP, and tubulin in wild-type (MonA™’™") or

MondoA knock-out (MonA™’

~) MEFs, with or without ectopic MondoA. Different cell populations were glucose-starved overnight and then treated with allose

(20 mm; 3 h) with or without DNP (0.2 mm). D, glucose uptake in MonA~/~ MEFs, with or without ectopic MondoA, following the indicated treatments. The
difference in the allose-driven hexose transport curb between the MondoA knock-out cells (MonA™/~) and the complemented cells (MonA~/~ + MonA) is

statistically significant (p = 0.0018). Error bars, S.D.

As a final test of the contribution of the MondoA-TXNIP
circuit to the hexose transport curb, we determined glucose
uptake in wild-type and TXNIP-null MEFs. As expected,
genetic deletion of TXNIP resulted in increased glucose uptake
(Fig. 5C). Similar to the effect of MondoA deletion, TXNIP
deletion reduced the magnitude of the allose-induced hexose
curb. In this experiment, allose reduced glucose uptake 2.8-fold
of control levels in wild-type MEFs, but only reduced glucose
uptake 1.7-fold in TXNIP knock-out cells. Thus, like MondoA,
TXNIP contributes to the hexose transport curb.

2,4-Dinitrophenol (DNP) Regulates TXNIP Expression—In
addition to hexose treatment, the hexose transport curb also
depends on oxidative phosphorylation (31). We investigated
the effects of the proton gradient uncoupler DNP on TXNIP
expression and glucose uptake in MEFs. DNP treatment almost
completely prevented the robust allose-dependent up-regula-
tion of TXNIP (Fig. 6A). Consistent with the changes in TXNIP
expression, glucose uptake was significantly lower in allose-
treated MEFs (Fig. 6B), and treatment with DNP almost com-
pletely eliminated the allose-induced glucose uptake curb.

To investigate the role of MondoA in mediating the effects of
DNP, we examined MondoA-null MEFs and MondoA-null
MEFs complemented with wild-type MondoA. As expected,
following allose treatment, TXNIP expression was absent in the
MondoA-null cells, but completely restored in the rescued
MEFs (Fig. 6C). Allose + DNP co-treatment blocked TXNIP
expression in the complemented MEFs. Similar to findings
shown in Fig. 5B, MondoA-null MEFs responded partially to
allose treatment and reduced glucose uptake 1.6-fold (Fig. 6D).
Complemented MEFs showed a more dramatic 4-fold allose-
triggered reduction in glucose uptake. DNP did not reverse the
hexose transport curb in MondoA-null MEFs, but the DNP
effect was restored in the complemented cells (Fig. 6D). Thus,
MondoA is required for DNP to block the hexose transport
curb.

DISCUSSION

Cells sense and respond to glucose in an effort to maintain
the delicate balance of glucose homeostasis. The MondoA and
ChREBP transcription factors are predominant glucose sensors
in mammalian cells (1, 5, 6). Here, we show that MondoA also
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responds to other hexoses and is required for full elaboration of
the previously described hexose transport curb. TXNIP con-
tributes as a MondoA effector of the hexose transport curb, but
other factors also play a role. Finally, we show that uncoupling
of the electron transport chain abrogates TXNIP expression,
reduces the hexose transport curb, and increases glucose
uptake. These data are consistent with MondoA transcriptional
activation at the TXNIP promoter being controlled by flux
through glycolysis and mitochondrial activity. Thus, MondoA
can interpret and integrate intracellular bioenergetic cues.

Previous studies showed that 3MG and allose induce TXNIP
expression (23, 32). These two sugars drive MondoA nuclear
accumulation and activate TXNIP transcription in a manner
that is entirely dependent on the ChoRE in the TXNIP pro-
moter. Induction of TXNIP by 3MG and allose is severely
impaired in MondoA knockdown cells (Fig. 1A4). Furthermore,
allose fails to induce TXNIP in cells with a genetic deletion of
MondoA (Figs. 54 and 6C), yet this induction is restored when
the knock-out cells are complemented with wild-type Mon-
doA. Collectively, these data suggest that the induction of
TXNIP by 3MG and allose results from their stimulation of
MondoA transcriptional activity at the TXNIP promoter.
Interestingly, the glucose epimers psicose, altrose, mannose,
and galactose do not induce TXNIP (data not shown), demon-
strating that not all hexoses are capable of regulating MondoA
function.

We originally proposed that MondoA senses Glc-6-P (4) and
our experiments here using the PGI-defective cells provides
further evidence to support that conclusion (Fig. 3). Glucosa-
mine can also activate TXNIP expression. Glucosamine feeds
the hexosamine biosynthetic pathway, which is implicated in
insulin resistance and diabetes (29). Thus, glucosamine may
contribute to insulin resistance by up-regulating TXNIP. The
glutamine:fructose-6-phosphate amidotransferase inhibitor,
DON, reduces the glucose-dependent induction of TXNIP, and
this blockade can be overcome with glucosamine, but not
N-acetylglucosamine (Fig. 4). The lack of rescue by N-acetylg-
lucosamine suggests that MondoA is not regulated by flux
through the hexosamine biosynthetic pathway and makes it
unlikely that MondoA itself is sugar-modified in a way that
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controls its transcriptional activity. Interestingly, a recent paper
demonstrates that ChREBP is B-N-acetylglucosamine-modi-
fied which increases its transcriptional activity (33). Appar-
ently, MondoA and ChREBP are functionally divergent in this
regard. Glucosamine induced nuclear accumulation of Mon-
doA (data not shown), suggesting that it functions similarly to
glucose. This is not surprising as Glc-6-P and glucosamine
6-phosphate only differ at the 2 position. We propose that the
glucose-induced transcriptional activation of TXNIP reflects
the combined effects of Glc-6-P, its flux into the hexosamine
biosynthetic pathway, and production of glucosamine
6-phosphate.

TXNIP is also activated by allose and 3MG, and this activa-
tion requires MondoA. Allose phosphate has been detected in
mammalian cells, but the kinase responsible has not been iden-
tified (24). By contrast, 3MG is generally considered to be non-
metabolizable; however, several publications challenge this
convention (25, 26). We detected allose phosphate and 3MG
phosphate using mass spectrometry approaches, and their acti-
vation of TXNIP is blocked by the metabolic inhibitor 3-BrPA.
The level of 3MG phosphate is low likely because it is a poor
substrate for hexokinases. However, it does accumulate to lev-
els similar to Glc-6-P, suggesting that even at low levels 3MG
phosphate is sufficient to drive the nuclear accumulation of
MondoA-MlIx complexes. 3MG phosphate accumulates to a
level below that of 2DG phosphate, yet both hexoses induce
TXNIP to a similar level. This finding suggests that
MondoA-Mlx transcriptional activity is limited by mechanisms
other than the absolute level of hexose phosphate. Thus our
data are consistent with MondoA nuclear activity being regu-
lated by the phosphorylated forms of allose and 3MG.

The hexose transport curb is not a passive response of cells to
accumulated Glc-6-P, but rather requires initial feeding with a
hexose, an intact oxidative phosphorylation pathway, and pro-
tein synthesis (13, 14, 27, 31, 34). Our data suggest that the
MondoA-TXNIP negative feedback circuit is a required com-
ponent of the hexose transport curb. Multiple experiments sup-
port this contention. First, the hexose transport curb is reduced
in MondoA- or TXNIP-null MEFs (Fig. 5, B and C), directly
implicating both proteins in the curb. Second, the hexose trans-
port curb is restored in MondoA-null MEFs complemented
with wild-type MondoA (Fig. 6D), indicating that the defect in
the curb in MondoA knock-out cells can be attributed to Mon-
doA. Third, the hexose transport curb is also restored in Mon-
doA-null MEFs by complementation with TXNIP, indicating
an important role for TXNIP as a MondoA effector. Finally,
both the hexose transport curb and TXNIP protein synthesis
are extinguished by DNP (Fig. 6, A and B), demonstrating a
strict requirement for mitochondrial function in regulating
TXNIP protein levels and maintaining the curb. Thus, we pro-
pose that the hexose-and MondoA-dependent regulation of
TXNIP is required for the full elaboration of the hexose trans-
port curb.

The curb is only partially reduced in MEFs lacking MondoA
or TXNIP, indicating contributions by other factors. The
nuclear function of ChREBP is also glucose-regulated (5, 6),
thus it is possible that ChREBP functions redundantly with
MondoA in the hexose transport curb. Similarly, the TXNIP
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paralog, ARRDC4, is also up-regulated by glucose and allose in
a MondoA-dependent manner (data not shown). Like TXNIP,
ARRDCH4 is a potent negative regulator of glucose uptake (11).
Thus, it is likely that TXNIP and ARRDC4 function together
downstream of MondoA, and possibly ChREBP, to drive the
majority of the hexose transport curb. Our work here provides
the foundation to address this important question.

DNP effectively blocked the allose-dependent and MondoA-
dependent induction of TXNIP, suggesting that MondoA
requires a signal generated by OXPHOS to activate TXNIP
transcription. Furthermore, consistent with previous reports
(34), DNP reversed the hexose transport curb (Fig. 6B). We are
currently working to identify this signal. Given that MondoA
senses phosphorylated hexoses, it is possible that OXPHOS-
derived ATP is required for MondoA nuclear activity. Although
precise mechanism(s) by which OXPHOS controls MondoA
activity and TXNIP expression remains to be determined, our
studies highlight cross-talk between mitochondrial activity and
glycolytic flux in regulating MondoA and the hexose transport
curb.
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