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Maintenance of energy homeostasis is a fundamental requirement for organismal fitness: defective glucose
homeostasis underlies numerous metabolic diseases and cancer. At the cellular level, the ability to sense and
adapt to changes in intracellular glucose levels is an essential component of this strategy. The basic helix-
loop-helix-leucine zipper (hHLHZip) transcription factor complex MondoA-MIx plays a central role in the
transcriptional response to intracellular glucose concentration. MondoA-Mlx complexes accumulate in the
nucleus in response to high intracellular glucose concentrations and are required for 75% of glucose-induced
transcription. We show here that, rather than simply controlling nuclear accumulation, glucose is required at
two additional steps to stimulate the transcription activation function of MondoA-Mlx complexes. Following
nuclear accumulation, glucose is required for MondoA-MIx occupancy at target promoters. Next, glucose
stimulates the recruitment of a histone H3 acetyltransferase to promoter-bound MondoA-MIx to trigger
activation of gene expression. Our experiments establish the mechanistic circuitry by which cells sense and
respond transcriptionally to various intracellular glucose levels.

The ability to sense and respond to changing nutrient levels
in the surrounding environment is a central requirement for all
life (24). No more fundamental energy source exists than the
six-carbon sugar, glucose. Defects in glucose metabolism un-
derlie numerous heritable genetic diseases, Alzheimer’s dis-
ease, diabetes, and cancer (10, 23, 28).

Two basic helix-loop-helix leucine zipper (bHLHZip)
transcription factor complexes, MondoA-MIx and ChREBP-
MIx, act as transcriptional biosensors of glucose flux (6, 25).
ChREBP is expressed predominantly in liver and upregulates
genes involved in the conversion of glucose to lipid for energy
storage and cell growth (3, 12, 15, 26). MondoA is expressed
predominantly in skeletal muscle and upregulates glycolytic
target genes (22). MondoA-Mlx and ChREBP-MIx appear to
be responsible for the majority of glucose-dependent transcrip-
tion in their largely nonoverlapping target tissues (2, 7, 16, 25).

MondoA-MIx heterodimers shuttle between mitochondria
and the nucleus, fostering communication between these es-
sential organelles (22). In the presence of glucose, MondoA-
MlIx accumulates in the nucleus, facilitating activation of gene
expression (25). MondoA contains five N-terminal domains
known as the Mondo conserved regions (MCRs), which regu-
late nuclear accumulation of the heterodimer (8). Amino acids
126 to 135 (LTKLFECMTL [underlining indicates hydropho-
bic amino acids]) within the MCRII domain of MondoA define
a Crml-dependent nuclear export sequence (NES), which fol-
lows the hydrophobic-rich consensus ®-X;-®-X,-&-X-® (11).
Point mutation of methionine 133 to alanine within the NES
ablates nuclear export of MondoA (8); thus MondoA(M133A)
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is a useful tool to study NES-dependent function of the het-
erodimer. Whether high concentrations of intracellular glucose
disrupt interaction between MCRII and Crml, leading to
MondoA-MIx accumulation in the nucleus, is unknown.

Thioredoxin-interacting protein (TXNIP) is a direct and glu-
cose-dependent target of MondoA (1, 25). TXNIP negatively
regulates glucose uptake (13, 21), and, hence, defects in TXNIP
expression or function may precede the onset of type 2 diabetes
(5, 20). The glucose-dependent occupancy of MondoA-MIx at
TXNIP requires a double-E-box-like promoter element known as
the carbohydrate response element (ChoRE) (18, 25). We have
shown that TXNIP functions downstream of MondoA to neg-
atively regulate glucose uptake when intracellular glucose con-
centration is exceedingly high (25).

Both glucose and the nonmetabolizable glucose analog
2-deoxyglucose (2DOG) promote nuclear accumulation of
MondoA-MiIx. Our previous work demonstrates that phosphory-
lation of glucose by hexokinases to glucose-6-phosphate (G6P)
is critical for nuclear accumulation of MondoA-MlIx (25). Two
models may explain how G6P regulates nuclear accumulation
of MondoA. First, the MondoA-MIx heterodimer could reside
at the mitochondria when G6P levels are low and translocate
to the nucleus when GO6P levels are high. Alternatively,
MondoA-MIx could shuttle between the mitochondria and nu-
cleus in the presence or absence of G6P. The latter model
predicts that GO6P augments the nuclear accumulation of the
heterodimer through increase of nuclear import, increase in
promoter occupancy, and/or decrease of nuclear export.

MondoA-MlIx is a predominant regulator of glucose-induced
transcription and, via its regulation of TXNIP, activates a neg-
ative feedback loop governing glucose uptake. We show here
that rather than simply controlling nuclear accumulation of
MondoA-MIx, glucose regulates three steps—nuclear accumu-
lation, promoter occupancy, and coactivator recruitment—
leading to transcriptionally active heterocomplexes.
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MATERIALS AND METHODS

Cloning and mutag Plasmids encoding V5-tagged MondoA and Flag-
tagged MIx have been described (8, 13, 25). Homo sapiens MondoA was cloned
into the pWZL-BLAST vector (AddGene) for retroviral expression in mouse
embryonic fibroblasts (MEFs). Mutations in MondoA were generated using the
QuikChange XL site-directed mutagenesis kit (Stratagene) following the man-
ufacturer’s instructions. Mutation was confirmed by sequencing of the entire
MondoA c¢cDNA. Gal4-tagged Crm1 was a gift of Bryan Cullen.

Cell culture and transient transfection experiments. Cells were passaged in
Dulbecco modified Eagle medium (DMEM) with antibiotics and 10% bovine
calf serum (L6 cells) or 10% fetal bovine serum (FBS) (MEFs). L6 myoblasts and
MEFs were transfected using Lipofectamine 2000 at 5 ug DNA: 4-pl lipid ratios
and a 1:100 dilution of lipid to Opti-MEM (Invitrogen). All MondoA transfec-
tions were performed in the presence of cotransfected Flag-MIx. Equal expres-
sion levels of overexpressed wild-type (wt) and mutant MondoA were confirmed
by Western blotting. Glucose starvations were performed by incubating cells
overnight in glucose-free DMEM plus 2% FBS and antibiotics. Treatment of
glucose-starved cells with glucose (25 mM or 20 mM when comparing directly to
2-DOG) or 2-DOG (20 mM) was performed as described previously (25). Lep-
tomycin B (LMB) (Biomol) was added to the media of transfected cells at a final
concentration of 10 ng/ul for 4 h. Luciferase reporter assays were performed as
described previously (18), and data are displayed as the average and standard
deviation of one representative experiment performed in triplicate.

Immunofluorescence. Immunofluorescence and microscopy were conducted
essentially as described previously (8). V5 tag localization was scored as pre-
dominantly cytoplasmic (Cyto), equal in the cytoplasm (C) and nucleus (N) (N =
C), or predominantly nuclear (Nuc). Data are the average and standard deviation
for two biological replicates, each scoring at least 50 cells from 10 random fields.
Slides were blinded prior to scoring.

Western blotting. Whole-cell lysates were prepared in ice-cold PBS plus
0.1% NP-40 and protease inhibitors. Western blotting using anti-MondoA at
1:500, anti-MlIx (affinity-purified rabbit polyclonal serum raised against TDD
EDSDYHQEAYKESYK; Quality Controlled Biochemicals) at 1:500, anti-
tubulin (Sigma) at 1:10,000, and anti-TXNIP at 1:1,000 (MBL International)
was performed as described previously (25).

ChIP. Chromatin immunoprecipitation (ChIP) assays were performed essen-
tially as described previously (25). Briefly, 3 X 10° cells were formaldehyde
cross-linked, and isolated nuclei were sonicated four times for 25 s using a
Sonicator Ultrasonic Processor XL (Misonix), with pulses of 0.9 s on/0.1 s off in
1 ml nuclei lysis buffer (50 mM Tris, 10 mM EDTA, 1% SDS plus protease
inhibitors). Cleared lysates were diluted 1:10, precleared with 20-pl beads alone
for 4 h, and immunoprecipitated overnight with 20-ul beads plus 5-pl antibodies
against MondoA, acetylated histone H3 (Millipore), or trimethylated histone H3
lysine 4 (Active Motif). Coimmunoprecipitated DNA was purified and quantified
by quantitative PCR (qPCR) with normalization to an off-target control region.
TXNIP exon 1 primers flank the site of a nucleosome relevant to MondoA- and
ChREBP-dependent regulation of TXNIP (4, 13). Rat and mouse primer se-
quences for the TXNIP E box, TXNIP exon 1, the ARRDC4 promoter, and
PFKFB3 off target are available upon request. Data represent the average and
standard error of the mean for two biological replicate experiments.

MondoA knockout (KO) and rescue. C57BL/6 animals harboring MondoA*¥*
were intercrossed, and embryonic fibroblasts prepared at day 14 of embryo-
genesis (30). Following genotyping, MondoA'*¥'°* MEFs were infected with
pBabePuroCre, resulting in 100% deletion of sequences between exons 12
and 15 of MondoA. These sequences encode the bHLHZip domain of MondoA,
required for DNA binding and dimerization with MIx. As such, their deletion
completely abrogates MondoA’s function as a transcriptional activator. A de-
tailed description of our targeting of the MondoA allele will be described else-
where. Knockout cells were rescued through retroviral expression of MondoA
using the pWZL-BLAST vector and selected with blasticidin as directed by the
manufacturer (Invitrogen).

Glucose uptake assays. MEFs at subconfluent densities in 35-mm plates were
washed with Krebs-Ringer-HEPES (KRH) buffer and then incubated for 10 min
in 1 ml KRH containing 1 mM 2-deoxy-p-glucose and 1 p.Ci 2-[°H(G)]-deoxy-
p-glucose (specific activity, 5 to 10 Ci/mmol; PerkinElmer). Glucose uptake was
terminated by aspirating the incubation solution and washing cells with ice-cold
KRH. Cells were solubilized with 0.5% NP-40 plus 0.5 M NaOH in H,O, and an
aliquot of the lysate was assessed by scintillation counting for radiolabel incor-
poration. Assay results were normalized by determining radiolabel incorporation
in control cells pretreated with cytochalasin B (10 pM; Sigma) and by normal-
ization to protein content for each sample. The average and standard deviations
of one representative experiment performed in quintuplicate are shown.

MoL. CELL. BIOL.

-9
Z 15 » 14000
5 E
= =
= 12 2
E E; 10000
20
-2 -
3 g 6000
r 5
s 2 2000
=
S0
= Con - 2DOG Glu Glu  +Glu  -Glu  +Glu
Glucose Starved Vector MondoA:MIx
1.0+
k]
E
£ 08
£
TXNIP S 06
a
. o
Tubulin = 0.4
=
=
0.2

Vector AN237NLS
MondoA

FIG. 1. MondoA is regulated by glucose in L6 myoblast cells.
(A) TXNIP promoter occupancy by MondoA in L6 cells grown in
complete media (Con) or glucose-starved overnight and treated for 3 h
with glucose-free media (—), 20 mM 2-deoxyglucose (2DOG), or 20
mM glucose (Glu). (B) Activity of a TXNIP-luciferase reporter plas-
mid in L6 cells cotransfected with expression plasmids as indicated,
starved overnight for glucose, and incubated for 7 h in the absence or
presence of 25 mM glucose. (C) TXNIP protein expression in whole-
cell lysates from L6 cells treated overnight in the absence or presence
of 25 mM glucose. (D) Glucose uptake in L6 cells infected with ret-
roviral vector alone or AN237NLS MondoA.

RESULTS

MondoA is a glucose-responsive regulator of TXNIP in skel-
etal muscle cells. Our previous work with epithelial cells dem-
onstrated that MondoA occupies the TXNIP promoter and
regulates TXNIP expression in a glucose-dependent manner
(13, 25). To determine whether the same regulatory circuitry
exists in skeletal muscle cells, in which MondoA is most highly
expressed (2), we examined TXNIP regulation in L6 myo-
blasts. MondoA occupancy of the TXNIP promoter was low in
glucose-free media and increased by the addition of glucose or
2DOG (Fig. 1A). In addition, the activity of a TXNIP-lucifer-
ase reporter was stimulated by the addition of glucose, and
luciferase activity was further increased by ectopic expression
of MondoA (Fig. 1B). TXNIP protein expression in L6 cells
was strictly glucose dependent (Fig. 1C). Expression of a dom-
inant active mutant of MondoA, AN237NLS MondoA, also
decreased glucose uptake in L6 cells, similar to our observa-
tions with other cell types (Fig. 1D) (25). Therefore, MondoA’s
glucose-dependent regulation of TXNIP and its negative im-
pact on glucose uptake extend to L6 myoblasts, suggesting that
MondoA may be a ubiquitous regulator of the glucose-depen-
dent transcriptional response.

Glucose regulates nuclear export of MondoA-MIx hetero-
dimers. Dimerization with MIx is required for MondoA nuclear
accumulation, but the mechanism is unknown (25). It is pos-
sible that MondoA is subject to increased rates of nuclear
export unless it is dimerized with MIx. Alternatively, dimeriza-
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FIG. 2. Nuclear accumulation of MondoA is regulated by MIx
binding and glucose. (A to C) Quantified subcellular localization of V5
tag in L6 cells transfected with the indicated MondoA-VS5 con-
structs and treated as indicated. (A) wt MondoA or MondoA(I766P)
treated for 4 h with leptomycin B (LMB). (B) wt MondoA or
MondoA(M133A/I766P), starved overnight for glucose and treated for
3 h in the presence or absence of 2DOG. (C) wt MondoA, starved
overnight for glucose and treated for 4 h in the presence or absence of
2DOG and LMB. (D) wt MondoA or MondoA(M133A) and Gal4
vector alone or Gal4-Crml, starved overnight for glucose and treated
for 3 h with 2DOG. Only cells with predominantly nuclear MondoA
were scored.

tion between MondoA and MIx could be required for nuclear
import. The first model predicts that inhibiting nuclear export
will result in nuclear accumulation of MondoA regardless of
dimerization status. The second model predicts that only
MondoA-MIx heterodimers should accumulate in the nucleus
following blockade of nuclear export. To distinguish between
these models, we blocked nuclear export of wt MondoA or
MondoA(I766P), a leucine zipper mutant unable to het-
erodimerize with MIx (25). MondoA(1766P) was highly cyto-
plasmic in the presence of the nuclear export inhibitor LMB,
which blocks Crm1 function, whereas wt MondoA was almost
100% nuclear in the presence of LMB (Fig. 2A). Similarly, the
NES/dimerization double mutant MondoA(M133A/1766P)
was cytoplasmic in the presence of 2DOG treatment, whereas
wt MondoA accumulated in the nucleus in response to 2DOG
as expected (Fig. 2B). Since blockade of nuclear export did not
lead to nuclear accumulation of MondoA(I766P), we conclude
that MondoA-MIx heterodimerization is an obligate step re-
quired for MondoA nuclear entry.

High-glucose conditions lead to nuclear accumulation of
MondoA-MlIx, but under low-glucose conditions, it is unclear
whether MondoA-MIx is held at the mitochondria or shuttles
between the mitochondria and the nucleus. LMB trapped
nearly 100% of MondoA in the nucleus in the absence of
glucose or 2DOG treatment (Fig. 2A and C), supporting the
argument that MondoA-MIx heterocomplexes shuttle be-
tween the mitochondria and nucleus in low-glucose condi-
tions. Therefore, the shuttling of MondoA-MIx in low-glucose
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conditions is likely a function of decreased nuclear import,
decreased DNA binding, and/or increased nuclear export of
the heterodimer relative to high-glucose conditions.

Previous studies of ChREBP showed that glucose increases
the rate of nuclear import (6), but the role of glucose in nuclear
export has not been addressed. If high intracellular glucose
concentrations disrupt a nuclear export complex containing
Crm1 and MondoA-MIx, then overexpression of Crm1 should
preserve such interactions even under high-glucose condi-
tions, leading to increased nuclear export of MondoA-MIx.
Consistent with this hypothesis, Crm1 overexpression signif-
icantly decreased the 2DOG-induced nuclear accumulation
of wt MondoA. Nuclear accumulation of the MondoA
(M133A) NES mutant was unchanged by overexpression of
Crm1; therefore this effect was specific to the NES function of
MCRII (Fig. 2D). These data suggest that glucose-dependent
nuclear accumulation of MondoA-MIx heterodimers involves a
blockade of nuclear export.

The basic region of MondoA contributes to nuclear accu-
mulation. Glucose decreases nuclear export of MondoA-MIx,
which increases nuclear accumulation of the heterodimer.
Glucose also increases occupancy of MondoA-MlIx at target
promoters such as TXNIP. To test whether DNA binding is
important for glucose-dependent nuclear accumulation of
MondoA-Mlx, we made a single histidine-to-proline mutation
in the basic region of MondoA, MondoA(H724P) (Fig. 3A),
and measured its nuclear localization in L6 cells. Mutations
analogous to MondoA(H724P) are sufficient to ablate DNA
binding in vitro for closely related bHLHZip proteins (2, 9, 19).

Following 2DOG treatment, MondoA(H724P) displayed re-
duced nuclear accumulation relative to wt MondoA (Fig. 3B).
Following LMB treatment, this mutant phenocopied the nu-
clear accumulation of wt MondoA (Fig. 3D). Thus, MondoA
(H724P) can enter the nucleus, suggesting that its impaired
nuclear accumulation stems from a defect in DNA binding.
Therefore, in addition to blocking nuclear export, these data
suggest that glucose may also contribute to nuclear accumula-
tion of MondoA-MIx by increasing the promoter dwell time of
the heterocomplex.

The Mondo conserved regions of MondoA control subcellu-
lar localization and TXNIP activation. To determine whether
the MCR domains of MondoA contribute to nuclear accumu-
lation and TXNIP activation, we mutated each of the five
MCRs individually. Single or triple point mutations in highly
conserved residues of MCRs I to IV, known or predicted to
disrupt the function of each domain, were generated (8). Due
to the lower level of conservation of MCRYV, a deletion was
used to remove this domain (Fig. 3A).

The MCR mutants of MondoA fell into three functional
classes: (i) cytoplasmic localization and impaired transcrip-
tional activity, (ii) nuclear localization and enhanced transcrip-
tional activity, and (iii) nuclear localization and moderately
impaired transcriptional activity. The MCRI and MCRIII
point mutants comprised class I and were cytoplasmic plus or
minus 2DOG treatment (Fig. 3B and data not shown). Con-
sistent with their lack of nuclear accumulation, these mutants
did not activate the TXNIP reporter in response to glucose
(Fig. 3C). Importantly, these mutants accumulated in the nu-
cleus to an extent similar to that of wt MondoA, suggesting
that their cytoplasmic localization was due to a defect in nu-
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FIG. 3. Glucose-dependent activities of MondoA require the MCR and bHLHZip domains. (A) Asterisks denote point mutations in MondoA
MCRI (H78A/H81A/H88A), MCRII (M133A), MCRIII (I1166A/W167A/R168A), MCRIV (Y210D/W211D/K212D), or the bHLHZip domain
(I766P or H724P). MCRYV is a deletion of amino acids 282 to 324. DCD, dimerization and cytoplasmic localization domain. (B to D) Localization
or activity of MondoA-V5 mutants in L6 cells, normalized to wt. (B) Nuclear localization of the indicated mutants, with 2DOG treatment.
(C) TXNIP luciferase activity of the indicated mutants, with glucose treatment. (D) Nuclear localization of the indicated mutants, with LMB

treatment.

clear retention (Fig. 3D). Class II mutants, including the
MCRIV triple point mutant and the MCRYV deletion mutant,
were highly nuclear in the presence or absence of 2DOG (Fig.
3B and data not shown). Consistent with their enhanced nu-
clear accumulation, these mutants were significantly more ac-
tive than wt on the TXNIP reporter in response to glucose
(Fig. 3C).

Class III comprised only the MondoA(M133A) point mu-
tant in MCRII. Despite strong nuclear accumulation consistent
with its NES mutation (Fig. 3B), MondoA(M133A) was only
about 50% as transcriptionally active as the wt (Fig. 3C). Thus,
MCRII of MondoA not only regulates nuclear export of
MondoA-MIx but also is necessary for full transcriptional activa-
tion at targets such as TXNIP.

MCRII regulates MondoA localization, TXNIP activation,
and glucose uptake. MCRII is implicated in nuclear accumu-
lation and activation of TXNIP (Fig. 3). To investigate MCRII
function further, we devised a knockout/rescue scheme to ex-

press wt MondoA or MCRII mutants of MondoA in a null
background. Mouse embryonic fibroblasts (MEFs) were gen-
erated with exons 12 to 15 in the 3’ region of the MondoA gene
flanked by loxP sites. Retroviral expression of Cre recombinase
deleted these exons, resulting in a destabilized N-terminal frag-
ment of MondoA unable to heterodimerize with Mlx or bind
DNA. Cre-expressing MEFs were devoid of full-length
MondoA and TXNIP protein (Fig. 4A). Consistent with a loss of
TXNIP, these cells displayed elevated glucose uptake (Fig. 4B)
(25). As expected, rescue of the KO MEFs with retroviral
expression of MondoA restored TXNIP expression and reduced
glucose uptake (Fig. 4A and B). Perturbations in MondoA ex-
pression did not affect levels of Mlx protein (Fig. 4A).

To better understand how MCRII regulates MondoA local-
ization and transcriptional activity, we designed two additional
mutants based on the consensus NES ($-X;-P-X,-P-X-P) of
MCRII and introduced them into MondoA KO cells. L129 of
MondoA does not contribute to this consensus, and thus,
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FIG. 4. MCRII controls localization and activity of MondoA-MIx. MEFs from control mice (wt), MondoA KO, and KO cells rescued with
retrovirally expressed wt MondoA (KO + wt) or MCRII mutants (KO + L129A mutant, KO + F130A mutant, KO + M133A mutant, and KO +
AMCRII mutant) were measured for protein expression with the indicated antibodies (A), glucose uptake (B), and subcellular localization of
MondoA in the presence or absence of 2DOG (C). Asterisk indicates nonspecific background band.

MondoA(L129A) should not disrupt NES function. This mu-
tant was cytoplasmic in the absence of 2DOG and did not
accumulate in the nucleus following 2DOG treatment (Fig.
4C). As expected, this constitutively cytoplasmic mutant failed
to rescue TXNIP expression (Fig. 4A) and did not reduce
glucose uptake (Fig. 4B). Since L129 of MondoA is dispens-
able for NES function, it is surprising that MondoA(L129A)
does not accumulate in the nucleus following 2DOG treat-
ment. This mutation may be hypermorphic for NES function or
could drive cytoplasmic localization through a neomorphic
mechanism.

In contrast to MondoA(L129A), MondoA(F130A) is pre-
dicted to disrupt the NES similarly to the MondoA(M133A)
mutant. Consistent with this, both MondoA(M133A) and
MondoA(F130A) localized constitutively to the nucleus, drove
increased expression of TXNIP, and led to reduced cellular
glucose uptake relative to wt MondoA (Fig. 4A, B, and C).

Next, we deleted the entire 12-amino acid domain [MondoA
(AMCRII)]. MondoA(AMCRII) was highly nuclear in both the
presence and absence of 2DOG (Fig. 4C). Unlike MondoA
(F130A) and MondoA(M133A), MondoA(AMCRII) failed to
rescue TXNIP expression (Fig. 4A) or block glucose uptake

(Fig. 4B). Though deletion of MCRII results in nuclear accu-
mulation of MondoA, the finding that MondoA(AMCRII)
cannot activate TXNIP indicates that glucose-dependent nu-
clear accumulation of MondoA-MIx is not sufficient for
MondoA-MIx transcriptional activity. Similar findings have been
reported for ChREBP (6).

MCRII regulates glucose-dependent promoter occupancy
independent of transcriptional activation. One explanation for
the separable nuclear localization and transcriptional activity
of MondoA is that the MCRII mutants may fail to occupy
target promoters. We used chromatin immunoprecipitation
(ChIP) to determine whether mutations in MCRII affected
promoter occupancy by MondoA. As expected, wt MondoA in
parental MEFs occupied the promoter of TXNIP in a robust
and glucose-dependent manner, and occupancy was com-
pletely absent in KO cells (Fig. 5A).

Rescue of KO cells with wt MondoA led to restoration of
robust and glucose-dependent MondoA occupancy at the
TXNIP promoter (Fig. 5A). As expected, MondoA(L129A) did
not occupy the TXNIP promoter plus or minus glucose, while
MondoA(F130A), MondoA(M133A), and MondoA(AMCRII)
displayed enhanced occupancy of the TXNIP promoter (Fig.
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box in wt MondoA, KO, and KO + rescue MEFs treated overnight in
the presence or absence of glucose. (B) Experiments were performed
as described for panel A except for the use of ARRDC4 promoter
primers.

5A). Importantly, TXNIP promoter occupancy by MondoA
(F130A), MondoA(M133A), and MondoA(AMCRII) re-
mained glucose dependent, even though each mutant accumu-
lated in the nucleus in the presence or absence of glucose (Fig.
4C). Thus, nuclear accumulation of MondoA is uncoupled
from promoter occupancy. Furthermore, each MCRII mutant
occupied the TXNIP promoter more that the wild type, sug-
gesting that CRM1 or another MCRII-bound factor inhibits
promoter binding.

To demonstrate that these results were not specific to
TXNIP, a second direct target of MondoA was examined. Previ-
ous work has shown that expression of the TXNIP paralogue
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ARRDC4 is MondoA dependent (25). MondoA occupied the
ARRDC4 promoter in a glucose-dependent manner, similar
to its occupancy of TXNIP (Fig. 5B). MCRII mutants of
MondoA also occupied the ARRDC4 promoter similarly to
the TXNIP promoter, demonstrating that MondoA-dependent
activity at TXNIP is not a promoter-specific phenomenon.

MCRII recruits an H3-specific histone acetyltransferase to
TXNIP. The MondoA(AMCRII) mutant occupies the TXNIP
promoter but is unable to activate expression of TXNIP, sug-
gesting an additional role for MCRII in coactivator recruit-
ment. To investigate this further, we conducted TXNIP re-
porter assays. MondoA KO cells displayed baseline levels of
TXNIP reporter activity in the presence or absence of glucose,
and rescue with wt MondoA restored glucose-dependent
TXNIP expression. As expected, MondoA(AMCRII) was unable
to rescue TXNIP luciferase expression levels in MondoA KO
cells (Fig. 6A). Since no intrinsic chromatin modifying activity
is predicted for the MCRII domain of MondoA (our unpub-
lished sequence analysis), these data suggest that MCRII must
be required to recruit a coactivator(s) to target promoters. To
investigate MCRII-dependent recruitment of coactivators, we
used ChIP to look for activating histone marks at the TXNIP
promoter in MondoA KO cells or KO cells expressing wt
MondoA or MondoA(AMCRII).

Trimethylation of histone H3 lysine 4 (H3K4me3) was ele-
vated above baseline levels by glucose in MondoA KO cells
(Fig. 6B). Rescue with wt MondoA enhanced H3K4me3 levels
in both the presence and absence of glucose, suggesting that
MondoA promotes histone H3 lysine 4 trimethylation in a glu-
cose-independent manner. Importantly, MondoA(AMCRII) also
drove trimethylation of H3K4, suggesting that MCRII is not
responsible for recruitment of the histone methyltransferase. It
is surprising that MondoA can recruit a histone H3 lysine 4
methylase to the TXNIP promoter in the absence of glucose,
despite weak but assayable occupancy of the TXNIP promoter
by MondoA under these conditions. MondoA may “sample”
target promoters in the absence of glucose, and this may be
sufficient for certain histone modifications.

We next determined if MCRII of MondoA recruited histone
acetyltransferase activity to the TXNIP promoter by measuring
levels of acetylated histone H3 and H4. H3 acetylation at
TXNIP was glucose dependent, consistent with our past results
(Fig. 6C) (13). MondoA was required for the induction of H3
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FIG. 6. Glucose-dependent activation of TXNIP involves MondoA MCRII-dependent acetylation of histone H3. MondoA KO, KO + wt
MondoA, and KO + MondoA(AMCRII) MEFs incubated overnight in the presence or absence of glucose and assayed for TXNIP luciferase
activity (A) and H3K4me3 (B) or acetylated histone H3 (C) modifications at TXNIP exon 1.
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FIG. 7. Model of glucose-dependent regulation of MondoA. MondoA-MIx heterodimers shuttle between cytoplasm and nucleus in the
presence and absence of glucose (dashed lines). Intracellular glucose is metabolized to glucose-6-phosphate (G6P), which we propose as a MondoA
signaling molecule that promotes nuclear accumulation (A), promoter occupancy (B), and recruitment of HAT coactivators (C) by MondoA-MIx,

in turn activating target genes, such as TXNIP.

acetylation by glucose, demonstrating that MondoA recruits a
histone H3 acetyltransferase to the TXNIP promoter in a glu-
cose-dependent fashion. Levels of acetylated H3 at the TXNIP
promoter were impaired with the MondoA(AMCRII) mutant,
demonstrating that MCRII of MondoA was required for his-
tone H3 acetylation at the TXNIP promoter. Levels of acety-
lated histone H4 at TXNIP required neither MondoA nor
glucose (data not shown). These results suggest that the mech-
anism through which MCRII contributes to TXNIP activation
involves glucose-dependent recruitment of a histone H3 acetyl-
transferase.

DISCUSSION

Proper utilization of glucose is central to all prokaryotic and
eukaryotic life. In metazoans, MondoA is an essential tran-
scriptional biosensor of intracellular glucose concentration.
We propose that the primary glucose metabolite G6P regulates
three fundamental aspects of MondoA function. (i) G6P pro-
motes nuclear accumulation of MondoA by decreasing nuclear
export, increasing promoter binding, and possibly through in-
creasing nuclear import as shown for ChREBP (6). (ii) G6P
enhances promoter occupancy of MondoA at targets such as
TXNIP and ARRDCA4. (iii) G6P directs recruitment of a his-
tone H3 acetyltransferase to MondoA, thereby driving gene
activation (Fig. 7).

Our data suggest that MondoA continually cycles between
the cytoplasm and nucleus, monitoring intracellular glucose
concentration. In low-glucose conditions, MondoA-MIx cannot
stably bind DNA and is immediately exported from the nu-
cleus. In high glucose, MondoA-MIx occupies target promot-
ers, recruits transcriptional coactivators, and activates gene
expression. How does G6P control three distinct steps of
MondoA function? Regulation could proceed through a signaling
cascade: G6P could invoke one or multiple signaling pathways
to govern nuclear accumulation, DNA binding, and coactivator
recruitment of MondoA. Alternatively, G6P could bind
MondoA directly, regulating the activation steps by an in-
tegrated allosteric mechanism. These models are not mutually
exclusive. However, the strong evolutionary conservation of

the five MCRs suggests that they might bind a common me-
tabolite directly. Thus, our data are most consistent with an
allosteric regulatory model.

We propose a model in which G6P binding links the MCR
and basic regions of MondoA, leading to increased nuclear
accumulation and full transcriptional activity of the protein.
The four tenets of this model are that (i) G6P dissociates Crm1
from MondoA-MIx, (ii) the basic region of MondoA-MIx binds
DNA, (iii) promoter occupancy is further enhanced by a pre-
sumptive chromatin binding function of the MCRs, and (iv)
MondoA-MlIx utilizes the MCR region to recruit a histone H3
acetyltransferase, facilitating glucose-dependent activation of
targets such as TXNIP.

The first tenet of our model is that G6P dissociates Crm1
from the NES of MondoA and thus drives nuclear accumula-
tion by restricting nuclear export. Due to the transient nature
of Crml-cargo binding, we have not been able to test this
model directly. However, several experiments support this as-
sertion. Overexpression of Crml reduced 2DOG-dependent
nuclear accumulation of MondoA. Furthermore, 2DOG-de-
pendent nuclear accumulation of MondoA is comparable to
nuclear accumulation driven by LMB treatment. Finally, mu-
tation of the NES located in MCRII of MondoA also results in
constitutive nuclear localization, similar to LMB treatment.
Thus, inhibition of nuclear export phenocopies 2DOG treatment,
supporting the first tenet of our model. We propose that intra-
cellular G6P levels act as a switch between Crm1-bound, cyto-
plasmic MondoA-MIx and Crml-unbound, promoter-bound
MondoA-MIx. The MondoA(H724P) DNA binding mutant dis-
plays a partial loss of 2DOG-induced nuclear accumulation.
Therefore, we cannot rule out an additional contribution of DNA
binding in the regulation of nuclear accumulation of MondoA-
MIx.

The second tenet of our model is that G6P is required for DNA
binding by MondoA. MondoA(F130A), MondoA(M133A), and
MondoA(AMCRII) are deficient in Crml-dependent nuclear
export, showing constitutive nuclear accumulation. The fact
that these mutants occupy the TXNIP promoter only in the
presence of glucose supports the argument that Crm1 bind-
ing does not directly inhibit DNA binding of MondoA-MIx.
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Importantly, nuclear accumulation of MondoA-MlIx is not
sufficient for DNA binding. Furthermore, each Crm1 bind-
ing mutant of MondoA displayed elevated TXNIP promoter
occupancy relative to the wt, suggesting that G6P binding to
the conserved MCR region, rather than Crm1 dissociation per
se, unmasks the DNA binding function of MondoA-MIx.

The third tenet of our model is that DNA-binding MondoA-
MIx heterodimers utilize the MCR region to stabilize MondoA
at target genes, such as TXNIP and ARRDC4, in a G6P-
dependent manner. Our mutagenesis data suggest a role for
the MCR region in promoter occupancy by MondoA. How-
ever, MondoA(1-400), which contains the MCR region, lacks
an identifiable DNA binding domain and cannot activate a
TXNIP luciferase reporter (data not shown). These results
suggest that the MCR region cannot interact with DNA inde-
pendently. We propose that the basic region of MondoA is the
prime determinant of DNA binding, while the MCR region
enhances promoter occupancy by interacting with other chro-
matin factors, such as modified histones.

The final tenet of our model is that MCRII recruits a histone
H3 acetyltransferase to MondoA-MIx in a G6P-dependent
manner. We hypothesize that G6P binding at MCRII drives
coactivator recruitment by the adjacent transcriptional activa-
tion domain (TAD) of MondoA (2). Second-generation se-
quencing shows that a number of histone acetyltransferases
(HATs) and histone deacetylases (HDACs) occupy promoters,
such as TXNIP (29), suggesting that MondoA-MIx may recruit
numerous ancillary factors to activate transcription. Further,
interaction between p300 and ChREBP has been demon-
strated in solution (4). We are currently working to identify
MondoA-bound coactivator(s) at target promoters. Building
on our past results (13), we are also examining whether
MondoA recruits corepressors to the TXNIP promoter in the
presence of glutamine and resulting high-tricarboxylic acid
(TCA) cycle intermediates.

In L6 cells, overexpressed MondoA(M133A) is roughly 50%
as transcriptionally active as the wt. However, the same mutant
expressed in MondoA KO MEFs is fully active. This may
simply reflect a difference between these two cell types. How-
ever, it has been shown that ChREBP-MIx multimerizes at
target promoters, such as LPK and ACC (17). In L6 cells, the
transcriptional activity of MondoA-MIx may thus reflect the
function of mixed hetero-oligomers. In contrast, the transcrip-
tional activity of MondoA-MIx complexes in MondoA KO
MEFs is driven by pure wt or mutant homo-oligomers. The
potential for dimeric or multimeric function of MondoA-MIx
will be an important consideration in functional studies of the
heterocomplex.

MondoA and MIx heterodimerize throughout their shuttling
cycle (22), and we show that heterodimerization is required for
nuclear import. We therefore propose that in addition to
binding DNA, MondoA-MIx heterodimerization acts as a
checkpoint to exclude inactive monomers from nuclear en-
try. MondoA-MIx dimerization is glucose independent (data not
shown), yet Uyeda and Repa propose that glucose is required
for ChREBP-MIx dimerization and nuclear import. The key
ChREBP residues identified for glucose-dependent heterodimer-
ization of ChREBP-MIx are not conserved in MondoA (27).
Hence, some glucose response mechanisms of MondoA and
ChREBP have apparently diverged.
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Divergence between MondoA and ChREBP is especially
evident in the MCRs. The MondoA(L129A) MCRII mutant
used here is constitutively cytoplasmic and transcriptionally
inactive, whereas the comparable ChREBP(L89A) mutant is
constitutively nuclear and transcriptionally active (6). Deletion
of MCRYV from MondoA enhances its transcriptional activity,
while MCRYV deletions in ChREBP render the protein tran-
scriptionally inert (14). Finally, point mutations within the
MCR domains of MondoA affect its subcellular localization
and transcriptional activity in different ways, whereas each
MCR deletion in ChREBP abrogates its transcriptional activity
(15). These differences may be due to varied spacing between
the MCR domains among Mondo family members. The spac-
ing between MCRII, MCRIII, and MCRIV is invariant across
metazoans, suggesting that these MCRs function as a con-
served structural module. However, MCRI and MCRYV flank
this MCRII/MCRII/MCRIV module with linkers whose
length and sequence vary between Mondo relatives, namely,
MondoA and ChREBP. A full understanding of the regulatory
differences between MondoA and ChREBP in their sensation
of glucose will involve the dissection of the intramolecular
interactions between MCRI, MCRII/MCRIII/MCRIV, and
MCRV (25, 27).

In conclusion, we detail the multistage, glucose-dependent reg-
ulation of MondoA transcriptional activity. MondoA responds to
the primary glycolytic metabolite G6P, which activates MondoA-
Mix heterodimers through a three-step regulatory cascade:
nuclear accumulation, promoter occupancy, and coactivator
recruitment. The MCR region of MondoA, namely, MCRII,
plays a central role in this process. The best-characterized
transcriptional targets of MondoA, TXNIP and ARRDCH4, are
activated through this pathway. The involvement of TXNIP
and ARRDCH4 in negative regulation of glucose uptake thus
places MondoA at the center of a negative feedback loop con-
trolling intracellular glucose uptake and glucose homeostasis.
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