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MondoA-MlIx Transcriptional Activity Is Limited by mTOR-MondoA
Interaction

Mohan R. Kaadige, Jingye Yang, Blake R. Wilde, Donald E. Ayer

Huntsman Cancer Institute, Department of Oncological Sciences, University of Utah, Salt Lake City, Utah, USA

Mammalian target of rapamycin (mTOR) integrates multiple signals, including nutrient status, growth factor availability, and
stress, to regulate cellular and organismal growth. How mTOR regulates transcriptional programs in response to these diverse
stimuli is poorly understood. MondoA and its obligate transcription partner Mlx are basic helix-loop-helix leucine zipper
(bHLHZip) transcription factors that sense and execute a glucose-responsive transcriptional program. MondoA-MIx complexes
activate expression of thioredoxin-interacting protein (TXNIP), which is a potent inhibitor of cellular glucose uptake and aero-
bic glycolysis. Both mTOR and MondoA are central regulators of glucose metabolism, yet whether they interact physically or
functionally is unknown. We show that inhibition of mTOR induces MondoA-dependent expression of TXNIP, coinciding with
reduced glucose uptake. Mechanistically, mTOR binds to MondoA in the cytoplasm and prevents MondoA-MIx complex forma-
tion, restricting MondoA’s nuclear entry and reducing TXNIP expression. Further, we show that mTOR inhibitors and reactive
oxygen species (ROS) regulate interaction between MondoA and mTOR in an opposing manner. Like mTOR’s suppression of the
MondoA-TXNIP axis, MondoA can also suppress mTOR complex 1 (mTORCI1) activity via its direct transcriptional regulation
of TXNIP. Collectively, these studies reveal a regulatory relationship between mTOR and the MondoA-TXNIP axis that we pro-

pose contributes to glucose homeostasis.

M ammalian target of rapamycin (mTOR) plays a central role
in cell growth and proliferation, and its dysregulation con-
tributes to many diseases, including cancer and diabetes. mTOR is
a Ser/Thr kinase that exists in two functionally distinct multipro-
tein complexes, rapamycin-sensitive mTOR complex 1
(mTORC1) and rapamycin-insensitive mTOR complex 2
(mTORC2). mTORC1 promotes protein synthesis by directly
phosphorylating ribosomal S6 kinase (S6K) and eukaryotic trans-
lation initiation factor 4E (4E-BP1), whereas mTORC2 promotes
cell survival and metabolism by phosphorylating Akt (1). Inhibi-
tion of mTOR affects global transcription, with genes driving an-
abolic or catabolic processes being generally repressed or acti-
vated, respectively (2—6). Because mTOR integrates progrowth
and growth-suppressive signals, it is likely that mTOR regulates
diverse transcription factors and chromatin modifiers to induce
or repress gene expression; however, our knowledge of the tran-
scription factors regulated by mTOR is limited (7, 8).

We focus on a family of transcription factors that respond to
environmental and intracellular cues. MondoA and its dimeriza-
tion partner Mlx are members of the basic helix-loop-helix leucine
zipper (bHLHZip) family of transcription factors (9). MondoA-
Mlx complexes shuttle between the cytosol and the nucleus; how-
ever, in response to high levels of glucose, they accumulate in the
nucleus, bind the promoters of target genes, and regulate their
expression. MondoA-MIx complexes are important, perhaps the
principal, regulators of glucose-induced gene expression (10, 11).
MondoA must dimerize with Mlx to accumulate in the nucleus
and bind promoters of regulated targets (12, 13), indicating that
MondoA and Mlx are obligate dimers at target genes.

One glucose-dependent and direct target of MondoA-Mlx
complexes is thioredoxin-interacting protein (TXNIP), which is a
potent negative regulator of glucose uptake and aerobic glycolysis.
We have proposed that the MondoA-TXNIP axis functions as a
metabolic checkpoint, restoring glucose homeostasis when glyco-
lytic flux is elevated. Consistent with this, glucose uptake, aerobic
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glycolysis, and growth rates are high in MondoA- and TXNIP-
knockout (KO) cells (9-11). Glutamine blocks the glucose and
MondoA-Mlx-dependent activation of TXNIP, indicating that
MondoA-MIx complexes can coordinate glycolysis and glutami-
nolysis (14). A multitude of cellular stress signals also induce
TXNIP, suggesting that MondoA-MIx complexes link the intra-
cellular stress response with metabolic state (9, 15, 16).

Given the predominant functions of MondoA and mTOR in
the adaptive cellular response to nutrient status, we investigated
whether MondoA is an mTOR-regulated transcriptional effector.
We show that mTOR regulates the expression of TXNIP in re-
sponse to nutrient status and oxidative stress by controlling the
formation of transcriptionally competent MondoA-MIx com-
plexes. We also demonstrate that MondoA negatively regulates
mTOR activity in response to metabolic stress.

MATERIALS AND METHODS

Materials. Reagents used included the following (sources in parentheses):
2-deoxy-p-[3H] glucose (New England Nuclear); 2-deoxyglucose, 3-[(3-
cholamidopropyl)-dimethylammonio]-1-propanesulfonate  (CHAPS),
digitonin, polyethylenimine, H,0,, N-acetyl-L-cysteine (NAC), phenyl
arsine oxide (PAO), 2'7’-dichlorodihydrofluorescein diacetate, anti-c-
myc—agarose affinity gel, anti-V5-agarose affinity gel, anti-V5, anti-Flag,
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antitubulin, and anti-mTOR (Sigma); rapamycin, anti-mTOR, anti-S6,
anti-p-S6, anti-P70S6K, anti-p-P70S6k, antiraptor, anti-TSC2, and anti-
myc tag (Cell Signaling Technology); anti-TXNIP (MBL International);
anti-MondoA (Proteintech); anti-ChREBP (Novus); rabbit IgG (Santa
Cruz); secondary antibodies anti-mouse antibody-horseradish peroxi-
dase (HRP) and anti-rabbit antibody—-HRP (Amersham Biosciences);
protein A/G-Sepharose (Pierce); Western Lightning chemiluminescence
plus (Perkin-Elmer); torinl (Cayman Chemicals); Lipofectamine 2000
and rabbit IgG (Invitrogen); luciferase reporter assay system (Promega).
The rabbit polyclonal anti-MondoA was described previously (10, 17).

Cell culture. Cells were maintained at 37°C in 5% CO, in medium
containing penicillin-streptomycin and 10% standard fetal bovine serum
(FBS; HyClone) unless otherwise indicated. Mouse embryonic fibroblasts
(MEFs) and HEK293T and HA1ER cells were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM). BxPC-3 and AsPC-1 cells were grown in
RPMI medium. Nutrient depletion studies were performed as described
previously (14).

Plasmids and viruses. Plasmids expressing MondoA, MondoA-V5,
MIx-Flag, TXNIP-luciferase, and MondoA small hairpin RNA (shRNA)
have been described (10, 11). Plasmid pCMV-SPORT6 expressing human
ChREBP (MondoB) cDNA was obtained from Open Biosystems. Human
TXNIP ¢cDNA was cloned into pWZL-BLAST vector (Addgene) for ret-
roviral expression in mouse embryonic fibroblasts. Plasmids expressing
myc-mTOR and Raptor shRNA were from Addgene and have been de-
scribed (18). Plasmids myc-tubulin, RhebQ64L, and TSC2 shRNA were
provided by David Sabatini and Brendan Manning. Lentiviral and retro-
viral production was conducted as described previously (14).

Transient transfections. HA1ER cells were seeded on coverslips
(0.1 X 10° cells/coverslip) and transfected using Lipofectamine 2000.
HEK293T cells were seeded in 6-cm dishes (1.5 X 10° cells/dish) and
transfected using polyethylenimine (PEI) transfection reagent (19). Lu-
ciferase reporter assays, immunofluorescence, and microscopy were per-
formed as previously described (10, 14). Generally, MondoA expression
plasmid was used at 50 ng to 100 ng, mTOR expression plasmid was used
at 1 pg, and Mlx expression plasmid was used at 0.1 pg to 2 jg.

Immunoprecipitations. Whole-cell lysates were prepared in ice-cold
buffer (40 mM HEPES [pH 7.5], 120 mM NaCl, 1 mM EDTA, 5 mM
pyrophosphate, 10 mM glycerophosphate, 5 mM NaF, 1.5 mM Na;VO,,
and protease inhibitors) containing 0.3% CHAPS or 25 pg/ml digitonin.
After the lysate was cleared, supernatant (0.5 mg) was mixed with 7.5 pg of
primary antibody and incubated overnight at 4°C. The next day, 30 pl of
protein A/G-Sepharose (50% slurry) was added and incubated for 1 h at
4°C. Immunoprecipitates were washed 3 times in the lysis buffer. For
overexpressed proteins, 1 mg of lysate and 15 pl of anti-V5 or anti-c-myc
resin were used in each immunoprecipitation.

Glucose uptake assays. MEFs were seeded in 6-well dishes and grown
overnight to ~70% confluence. After a phosphate-buffered saline (PBS)
wash, fresh medium containing dimethyl sulfoxide (DMSO), rapamycin
(25nM), or torinl (250 nM) was added to the dishes and incubated for 16
h. 2-Deoxy-p-[*H] glucose uptake assays were performed as described
previously (16). The averages and standard deviations (SD) from at least
two experiments performed in triplicate are shown (see Fig. 1).

Cell proliferation assays. Equal numbers of MEF cells were seeded in
12-well plates and allowed to grow for 24 h. Cells were washed, and fresh
medium containing DMSO or 25 nM rapamycin or 250 nM torinl was
added, and cell proliferation was assessed by crystal violet stain as de-
scribed previously (14). The data shown (see Fig. 1D and E) are the aver-
ages = SD from triplicate samples.

Reactive oxygen species (ROS) measurement. HEK293T cells were
seeded in 6-cm dishes (1 X 10° cells/dish) and grown overnight. After a
PBS wash, cells were treated with 10 uM 2'7’-dichlorodihydrofluorescein
diacetate (DCFDA) for 30 min followed by NAC (10 mM for 20 min)
and/or PAO (5 pM for 10 min). Cells were trypsinized, collected, and
analyzed by flow cytometry. The averages and SD from one representative
experiment performed in triplicate are shown (see Fig. 6B).
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Size exclusion chromatography. HEK293T cell lysates were prepared
in ice-cold buffer (40 mM HEPES [pH 7.5], 120 mM NaCl, 1 mM EDTA,
0.3% CHAPS) and cleared by high-speed centrifugation. Supernatant was
filtered (0.45-pm pore size) and loaded onto a Superose 6 10/300 GL
column (Amersham Pharmacia Biotech). Protein was eluted at 0.5 ml/
min, and 0.5-ml fractions were collected over two column volumes. A
total of 40 pl of each fraction analyzed was separated by SDS-PAGE and
analyzed by Western blotting.

Expression and ChIP analysis. Cells were cultured overnight (16 to 18
h) in the presence of DMSO, torinl (250 nM), or rapamycin (25 nM). For
mRNA analysis, total RNA was extracted using an RNeasy minikit
(Qiagen), and cDNA was generated from 1 g RNA using the GoScript
reverse transcription system (Promega). Chromatin immunoprecipita-
tion (ChIP) experiments were performed as described previously using
MondoA antibody (3 wg/IP; Proteintech) (11). Quantitative PCR (qPCR)
analysis was performed as described previously (14). Measurements rep-
resent the averages from a minimum of two biological replicates.

Statistical analysis. Data are expressed as averages = SD. One-way
analysis of variance (ANOVA) or paired t test was used to determine
statistical significance. A P value of <0.05 was considered statistically
significant.

RESULTS

mTORCI represses TXNIP expression. To investigate whether
mTOR influences the MondoA-TXNIP axis, we first determined
whether mTOR inhibitors regulated glucose uptake in wild-type
(WT) and MondoA-knockout (KO) mouse embryonic fibroblasts
(MEFs). Treatment of WT MEFs with the mTOR inhibitors rapa-
mycin or torinl suppressed glucose uptake, but MondoA-KO
MEFs were insensitive to both inhibitors (Fig. 1A and B). Glucose
uptake in TXNIP-KO MEFs was also insensitive to torinl, indi-
cating that TXNIP is necessary for suppression of glucose uptake
following mTOR inhibition (Fig. 1C). Consistent with our previ-
ousresults (11), MondoA or TXNIP loss increased glucose uptake.
Because MondoA- or TXNIP-KO MEFs have elevated glucose up-
take following mTOR inhibition, they may have a growth advan-
tage over WT cells. To test this hypothesis, we performed cell
proliferation assays in the presence of mTOR inhibitors rapamy-
cin or torinl and found that MondoA or TXNIP loss did not block
the antiproliferative effects of mTOR inhibition (Fig. 1D and E).
Therefore, increased glucose uptake resulting from loss of the
MondoA-TXNIP axis cannot overcome the pleiotropic growth-
suppressive effects, e.g., suppression of c-myc and/or HIF-1la
(20), driven by mTOR inhibition.

Given that both MondoA and TXNIP are required for rapamy-
cin or torinl1 to restrict glucose uptake and that TXNIP is a potent
negative regulator of glucose uptake, we next determined whether
they induced TXNIP expression. Both compounds increased
TXNIP mRNA expression in wild-type MEFs, and rapamycin in-
creased TXNIP protein levels in these cells (Fig. 2A and B). Con-
sistent with previous reports demonstrating that TXNIP expres-
sion is highly dependent on MondoA (10, 11), induction of
TXNIP by rapamycin or torinl was dramatically reduced in Mon-
doA-KO MEFs (Fig. 2A and B and data not shown). Torinl also
induced TXNIP in the transformed human embryonic kidney cell
line HAIER. Importantly, TXNIP induction in this human epi-
thelial cell line was reduced by stable knockdown of MondoA,
demonstrating a MondoA dependence in an isogenic setting and
indicating that the effect of mTOR inhibitors on TXNIP is not
restricted to murine fibroblasts (Fig. 2C and D). Supporting the
latter point, mTOR inhibitors also increased TXNIP expression in
two pancreatic cancer cell lines, BxPC-3 and AsPC1 (Fig. 2E to G).
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FIG 1 mTOR inhibitors block glucose metabolism. (A and B) Glucose uptake was determined in WT and MondoA-KO MEEF cells cultured overnight in the
presence of DMSO or 25 nM rapamycin or 250 nM torinl. (C) Glucose uptake was determined in WT and TXNIP-KO MEF cells cultured overnight in the
presence of DMSO or 250 nM torinl. (D) WT and MondoA-KO MEF cells were cultured in the presence of DMSO or 25 nM rapamycin, and relative cells
numbers were determined over a 3-day time period. (E) WT and TXNIP-KO MEF cells were cultured in the presence of DMSO or 250 nM torinl, and relative
cells numbers were determined over a 5-day time period.

Additionally, rapamycin increased the activity of a TXNIP lucif- that mTOR can reduce TXNIP expression, possibly by repressing
erase reporter construct in HA1ER cells (Fig. 2H). Together, these  or restricting MondoA transcriptional activity.

findings demonstrate that mTOR inhibitors increase TXNIP ex- Because rapamycin primarily affects mTORC1, we focused our
pression in a MondoA-dependent manner and further suggest studies on this mTOR-containing complex. To confirm that
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FIG 2 mTOR inhibitors regulate MondoA-dependent TXNIP expression. (A) WT and MondoA-KO MEF cells were cultured overnight in the presence of DMSO or
25 nM rapamycin or 250 nM torinl, and reverse transcription-quantitative PCR (qQRT-PCR) was used to determine the relative expression of TXNIP, normalized to
B-actin. (B) WT and MondoA-KO MEEF cells were cultured overnight in the presence of DMSO or rapamycin, and expression of the indicated proteins was determined
by Western blotting. (Cand D) HA1ER (scrambled and MondoA knockdown) cells were cultured overnight in the presence of DMSO or 250 nM torin1, and expression
of TXNIP and MondoA was determined as described for panel A. (E) BxPC-3 cells were cultured overnight in the presence of DMSO or 25 nM rapamycin, and expression
of TXNIP was determined as described for panel A. (F) BxPC-3 cells were cultured overnight in the presence of DMSO or 25 nM rapamycin, and expression of the
indicated proteins was determined by Western blotting. (G) AsPCl cells were cultured overnight in the presence of DMSO or 25 nM rapamycin, and expression of
TXNIP was determined as described for panel A. (H) Activity of a TXNIP-luciferase reporter plasmid in HA1ER cells treated overnight with 25 nM rapamycin.
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MEF cells expressing human TSC2 were cultured overnight in the presence of 25 nM rapamycin (Rap), and qRT-PCR was used to determine the relative
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indicated proteins was determined by Western blotting. G, glucose; Q, glutamine.

mTORCI repressed TXNIP expression, we modulated its activity
using multiple approaches (Fig. 3A). First, knockdown of the
mTORCI1-required subunit raptor in BxPC-3 cells reduced
mTORCI1 activity, as evidenced by reduced levels of phosphory-
lated S6, and increased TXNIP expression (Fig. 3B). Second, acti-
vating mTORCI1 complexes with Rheb(Q64L), which binds GTP
constitutively, repressed the activity of a TXNIP luciferase re-
porter construct (Fig. 3C). We tested the involvement of TSC2,
which is a suppressor of the mMTORC1 complex, in two ways. First,
knockdown of TSC2 in BxPC-3 cells elevated mTORCI activity
and suppressed TXNIP expression (Fig. 3D). Because TSC2
knockdown was not complete, the effect of its knockdown on
TXNIP expression was subtle (Fig. 3D). Therefore, we next exam-
ined TXNIP expression in TSC2-KO MEFs. Consistent with the
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TSC2 knockdown experiment, complementing TSC2-KO MEFs,
which have high basal mMTORC1 activity, with human TSC2 sup-
pressed mTORCI activity and elevated TXNIP mRNA and pro-
tein (Fig. 3E and F). Further, inhibition of constitutive mTOR
activity in TSC2-KO MEFs with rapamycin increased TXNIP
mRNA. In contrast, rapamycin treatment of TSC2-comple-
mented MEFs, which already have reduced mTORC]1 activity, did
not increase TXNIP expression further (Fig. 3E). We conclude
that activation of the mTORCI1 complex suppresses TXNIP gene
expression.

Previously, we showed that glutamine negatively regulates glu-
cose-stimulated expression of TXNIP (14). Since mTORCI activ-
ity is also stimulated by glutamine, we tested different medium
conditions in our experiments. Consistent with previous studies
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(21), mTORCI1 activity monitored by phosphorylated S6 was im-
paired in media lacking glucose and glutamine, but activity was
rescued in media containing glutamine alone or glucose plus glu-
tamine. As expected, TXNIP was not expressed in the absence of
glucose, and glutamine repressed glucose-stimulated TXNIP ex-
pression. Although glutamine stimulated mTORCI activity, ex-
pression of TXNIP was upregulated in raptor knockdown cells
independent of glutamine status. Similarly, TXNIP expression
was downregulated in TSC2 knockdown cells that were grown in
the presence or absence of glutamine (Fig. 3B and D). We con-
clude that mTORCI suppresses TXNIP expression independently
of the previously described glutamine-dependent repression
mechanism (14).

MondoA interacts with mTOR. Because MondoA is strictly
required for TXNIP transcription and mTORC1 suppresses
TXNIP expression, we next determined whether MondoA tran-
scriptional activity was repressed directly or indirectly by
mTORCI. We used several different approaches to determine
whether MondoA interacted with members of the mTORCI com-
plex. First, gel filtration chromatography of HEK293T lysate con-
taining MondoA-V5 and myc-mTOR showed that they coelute in
high-molecular-mass fractions. Consistent with previous studies
(22,23), mTOR eluted in two peaks: the first around fractions 22
to 25 (~1 to 0.8 MDa) and the second around fractions 28 to 29
(~0.5t0 0.4 MDa). MondoA eluted as one peak between fractions
25t027 (~0.8t0 0.6 MDa) (Fig. 4A). MondoA eluted between the
two major peaks of mTOR, suggesting only a portion mTOR as-
sociates with MondoA. Raptor eluted in two peaks: the first peak
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overlapped with the primary mTOR peak and the second peak
around fractions 30 and 31, which lack mTOR and MondoA (Fig.
4A). Second, we determined the subcellular localization of Mon-
doA-V5 and myc-mTOR proteins in HA1ER cells. Consistent
with previous studies (10, 24), MondoA-V5 and myc-mTOR pro-
teins were predominantly cytoplasmic, and a high degree of colo-
calization was observed in the cytoplasm as well as at the plasma
membrane (Fig. 4B). Similar results were obtained in HeLa cells
(data not shown). Third, reciprocal immunoprecipitations from
HEK293T cells expressing MondoA-V5 and myc-mTOR proteins
showed that these proteins interact in vivo. As controls for this
experiment, MondoA-V5 was not immunoprecipitated in the ab-
sence of myc-mTOR, and myc-mTOR was not immunoprecipi-
tated in the absence of MondoA-V5. Further, an unrelated myc-
tagged protein (myc-tubulin) did not interact with MondoA-V5
(Fig. 4C and D). Thus, interaction between MondoA-V5 and
myc-mTOR was specific. Fourth, HEK293T lysate containing
myc-mTOR was fractionated by gel filtration chromatography,
and immunoprecipitation of myc-mTOR from pooled fractions
21 to 24 and 25 to 28 revealed that exogenously expressed mTOR
interacted with endogenous MondoA (data not shown). Fifth, we
determined whether endogenous MondoA and mTOR interact.
Typically, mTORC1 complexes are isolated in buffer containing
the detergent CHAPS, and MondoA has not been observed in
these complexes (25). Consistent with this, we observed no inter-
action between MondoA and mTOR in a CHAPS-based buffer. In
contrast, an association between MondoA and mTOR was ob-
served in a digitonin-containing buffer, demonstrating that these
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two proteins interact in vivo when expressed at endogenous levels
and their association is detergent sensitive (Fig. 4E). We also ob-
served an interaction between MondoA and mTOR in wild-type
MEFs, providing additional evidence for the existence of Mon-
doA-mTOR complexes and demonstrating that their interaction
is not restricted to HEK293T cells. Further, mTOR interacted with
raptor in both wild-type and MondoA-KO MEFs, demonstrating
that MondoA is not required for the assembly of the mTORC1
complex (Fig. 4F). Finally, we demonstrate that the MondoA
paralog ChREBP (MondoB) also interacts with mTOR (Fig. 4G),
suggesting that ChREBP may also be regulated by mTOR. Collec-
tively, these data demonstrate that MondoA interacts with mTOR
and suggest that mTORCI suppresses MondoA transcriptional
activity at the TXNIP promoter by a direct mechanism.
Modulation of MondoA and mTOR interaction. Mlx was not
detected in mTOR immunoprecipitates (data not shown), sug-
gesting that mTOR might suppress MondoA transcriptional ac-
tivity by sequestering MondoA from its obligate partner Mlx. To
investigate this sequestration model, we determined whether co-
expression of Flag-Mlx affected the interaction between Mon-
doA-V5 and myc-mTOR. Increasing levels of Flag-Mlx decreased
the interaction between MondoA-V5 and myc-mTOR, demon-
strating that Mlx competes with mTOR for binding to MondoA
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(Fig. 5A). To test this further, we used a mutant of MondoA,
MondoA-V5(1766P), that has a mutation in the leucine zipper
dimerization interface and does not interact with Mlx (10, 11).
MondoA-V5(1766P) interacted more strongly with myc-mTOR
than did MondoA-V5, and increasing Flag-MIx did not reduce the
interaction between MondoA-V5(I766P) and mTOR (Fig. 5A).
These findings support the hypothesis that MondoA-MIx and
MondoA-mTOR complexes are mutually exclusive. Further, be-
cause MondoA-V5(I766P) is constitutively cytoplasmic (10, 11),
these data also suggest that MondoA-mTOR complexes form in
the cytoplasm.

To determine how mTOR suppresses MondoA transcriptional
activity, we next examined whether mTORCI inhibitors affect
interaction between MondoA and mTOR. HEK293T cells ex-
pressing MondoA-V5 or MondoA-V5(1766P), each along with
myc-mTOR, were treated with rapamycin, torinl, or 2-deoxyglu-
cose (2DG), and mTOR complexes were analyzed by immunopre-
cipitation. As expected, each inhibitor attenuated mTORCI activ-
ity, as evidenced by reduced levels of phosphorylated S6 ribosomal
protein (Fig. 5B and C). All three inhibitors decreased the amount
of MondoA-V5 associated with myc-mTOR. All three inhibitors
also induced TXNIP expression, suggesting that once released
from mTOR, MondoA-V5 bound to endogenous MIx, translo-
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cated to the nucleus, and activated TXNIP expression (Fig. 5B and
C). Consistent with this model, MondoA occupancy of the TXNIP
promoter increased 2-fold in the presence of torinl and rapamy-
cin (Fig. 5D and data not shown); several of our previous publi-
cations demonstrate that 2DG increases the amount of MondoA
on the TXNIP promoter (10, 11). Inhibition of mTOR also de-
creased its interaction with MondoA-V5(1766P), demonstrating
that dissolution of the MondoA-mTOR complex does not require
Mlx. We suspect that endogenous MondoA was responsible for
increased TXNIP expression in MondoA-V5(I766P)-expressing
cells.

mTORCI comprises mTOR, raptor, and GBL. MondoA and
mTOR are both large proteins, making it difficult to produce them
in recombinant form, and thus making it impossible to determine
whether their interaction is direct. Rapamycin and torinl both
disrupted MondoA and mTOR interaction, yet binding of raptor
to mTOR was blocked by rapamycin but not by torinl, findings
that are consistent with previous studies (25, 26). Thus, we con-
clude that the interaction between MondoA and mTOR is not
mediated by a secondary interaction with raptor and speculate
that they may interact directly (Fig. 5B and C). Together, these
data suggest that mTORCI inhibitors stimulate MondoA tran-
scriptional activity by reducing the interaction between MondoA
and mTOR, freeing MondoA to associate with MIx. Formation of
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MondoA-MIx heterodimers is required for nuclear accumulation,
promoter binding, and transcriptional activation (11).

ROS regulate MondoA and mTOR interaction. Because re-
dox-sensitive mechanisms also regulate mTORCI activity (27—
29), we determined if cellular redox status affects the interaction
between MondoA and mTOR. Treatment of HEK293T cells ex-
pressing MondoA-V5 and myc-mTOR with phenyl arsine oxide
(PAO) increased interaction between MondoA-V5 and myc-
mTOR. Consistent with previous studies (30, 31), PAO reduced
the interaction between mTOR and raptor and stimulated
mTORCI activity, as evidenced by increased phosphorylation of
P70S6K (Fig. 6A). Similar results were obtained with kinase-dead
myc-mTOR, demonstrating that mTORCI activity is not required
for the formation of MondoA-mTOR complexes and their regu-
lation by PAO. Endogenous mTOR must be responsible for the
increased phosphorylation of P70S6K observed in kinase-dead
myc-mTOR-expressing cells (Fig. 6A). PAO has at least two func-
tions: it can cross-link vicinal thiol groups of cysteines and it can
increase ROS (30, 32, 33). The reducing agent British anti-Lewisite
did not reverse the stimulatory effects of PAO (data not shown),
suggesting that it did not increase MondoA-mTOR interaction by
cysteine cross-linking. In contrast, N-acetyl-L-cysteine (NAC) re-
duced the levels of PAO-driven ROS and also blocked the PAO-
dependent increase in MondoA-mTOR complexes (Fig. 6B and
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C). Together, these studies suggest that increased intracellular
ROS drive interaction between MondoA and mTOR. Substantiat-
ing this conclusion, H,O, also increased levels of MondoA-mTOR
complexes, and this increase was reversed by NAC (Fig. 6D).

MIx overexpression blocked PAO-driven MondoA-mTOR
complex formation, suggesting that ROS stimulated the forma-
tion of MondoA-mTOR complexes at the expense of transcrip-
tionally active MondoA-MIx complexes (Fig. 6A). Consistent with
this model, both PAO and H,O, reduced TXNIP mRNA levels,
and in each case the reduction in TXNIP message was reversed by
NAC (Fig. 6 and data not shown). Together, these studies suggest
that increased intracellular ROS drives MondoA-mTOR complex
formation at the expense of MondoA-MlIx complexes, resulting in
lower TXNIP mRNA expression.

MondoA-TXNIP axis represses mTORCI activity. Previous
studies show that in addition to stimulating MondoA transcrip-
tional activity, 2DG can suppress mTORCI activity (25). There-
fore, we determined whether the effect of 2DG on mTORCI re-
quires the MondoA-TXNIP axis. As expected, treatment of WT
MEFs with 2DG increased TXNIP expression and reduced
mTORC]I activity, as evidenced by the reduced levels of phosphor-
ylated P70S6K. In contrast, mTORCI activity remained high in
2DG-treated MondoA-KO MEFs, which lack TXNIP. Comple-
menting MondoA-KO MEFs with human MondoA restored ex-
pression of TXNIP and restored the suppression of mMTORCI ac-
tivity in response to 2DG (Fig. 7A). These data show that MondoA
is required for the suppression of mMTORCI activity that accom-
panies metabolic stress driven by 2DG.
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Introduction of TXNIP into TSC2-KO MEFs reduced
mTORCI1 activity and also reduced glucose uptake (Fig. 7B and
C), suggesting that the suppressive effect of MondoA on mTORC1
activity is mediated by its regulation of TXNIP. TXNIP may sup-
press mTORCI activity by stabilizing Redd1, which drives the
formation of TSC1/2 complexes (34) or by blocking glucose up-
take. However, high TXNIP expression reduced mTORC1 activity
and glucose uptake in TSC2-KO MEFs to a level comparable to
that observed in TSC2-KO MEFs complemented with human
TSC2 cDNA (Fig. 7B and C). Together, these data demonstrate
that TXNIP suppresses mTORC1 activity independent of TSC2.

DISCUSSION

Nutrient sensing is fundamental to maintenance of cellular ho-
meostasis. MondoA and mTORCI1 are key sensors of two abun-
dant nutrients, glucose and glutamine (9, 35, 36). Here, we estab-
lished a link between MondoA and mTORCI and demonstrate
that mMTORCI negatively regulates the transcriptional activity of
MondoA by sequestering it away from its obligate partner, Mlx.
Further, we show that the MondoA-TXNIP axis can repress
mTORCI activity, particularly under conditions of metabolic
stress. Raptor, which is an essential component of mTORCI,
knockdown increased TXNIP expression, demonstrating that
mTORCI regulates the MondoA-TXNIP axis (Fig. 3B). Our ex-
periments do not rule out the possibility that mTORC2 also reg-
ulates the MondoA-TXNIP axis. Given the central role that
TXNIP plays in glucose homeostasis, our findings suggest that the
regulated conversion between MondoA-mTORC1 and MondoA-
MIx complexes contributes to metabolic homeostasis.

ROS drives the interaction between MondoA and mTOR, re-
stricting MondoA-MlIx complexes and reducing TXNIP expres-
sion (Fig. 7D). TXNIP elevates intracellular ROS by inhibiting the
antioxidant function of thioredoxin, and this has been linked to
oxidative stress, inflammasome activation, and apoptosis (37-41).
We propose that the ROS-dependent formation of MondoA-
mTOR complexes and the resultant decrease in TXNIP expression
constitutes a protective mechanism that shields cells from delete-
rious levels of ROS. Both WT and kinase-dead mTOR interacted
comparably with MondoA, and interactions between both forms
of mTOR and MondoA were increased by PAO treatment (Fig.
6A). Therefore, mTOR kinase activity seems to have no role in the
ROS-dependent formation of MondoA-mTOR complexes. Fur-
thermore, a recent phosphoproteomic study identified serine 33
in MondoA as the mTOR phosphorylation site (42); however,
mutation of this site did not affect MondoA’s transcriptional ac-
tivity at the TXNIP promoter or its association with mTOR (data
not shown). Thus, whether mTOR kinase activity impacts Mon-
doA function more directly or at different transcriptional targets
remains to be clarified.

In contrast to ROS, inhibition of mTOR activity disrupts Mon-
doA-mTOR complexes, resulting in increased TXNIP expression
(Fig. 5B and C). Conceptually, elevated TXNIP may enforce or be
a feature of an antiproliferative program driven by mTOR inhibi-
tion. Strikingly, MondoA, TXNIP, and MlIx (data not shown) are
required for the decrease in glucose uptake following rapamycin
or torinl treatment (Fig. 1A to C). This finding demonstrates that
the MondoA-TXNIP axis is required for metabolic reprogram-
ming driven by mTOR inhibitors. Our data suggest that mTOR
activity is not required for assembly of the MondoA-mTOR com-
plex; however, it is possible that its activity is required for complex
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integrity. Alternatively, TXNIP is induced by many signals (9, 15,
43-45); thus, it is possible that mTOR inhibition drives disassem-
bly of MondoA-mTOR complexes and TXNIP expression by an
indirect mechanism (Fig. 7D).

Previous mTOR complex isolations have been carried out in
CHAPS-based buffers (25); thus, it is not surprising that MondoA
had not been previously identified as an mTOR interactor. Inter-
estingly, a recent study showed that hexokinase II interacts with
mTOR in a digitonin-based buffer but not in a CHAPS-based
buffer (46); thus, MondoA is not unique in having a detergent-
sensitive interaction with mTOR. Our coimmunoprecipitation
studies suggest that mTOR interacts and regulates only a small
fraction (~5%) of MondoA. This finding is consistent with our
findings and those of others demonstrating that only a small frac-
tion of MondoA translocates to the nucleus to execute a glucose-
responsive transcriptional program (10, 11, 47, 48). It is possible
that mTOR interacts with and regulates only this small pool of
MondoA, perhaps functioning as a permissivity factor for Mon-
doA transcriptional activity. However, it is also possible that be-
cause MondoA-mTOR complexes are detergent sensitive, our ex-
periments underrepresent the actual amount of MondoA-mTOR
complexes in cells. Supporting a more stoichiometric relationship
between MondoA and mTOR, our immunofluorescence analysis
shows that the majority of MondoA-VS5 staining overlaps with the
majority of myc-mTOR staining (Fig. 4B). Regardless of the pre-
cise amount of MondoA that interacts with mTOR in vivo, we
provide multiple experiments to support the conclusion that
MondoA and mTOR interact in vivo and the functional signifi-
cance of the interplay between MondoA-mTOR and MondoA-
Mlx complexes (Fig. 4 to 6). We have performed extensive muta-
tional analysis on MondoA, identifying two independent binding
sites for mTOR, but have yet to identify a mutant that can distin-
guish the functions of the two MondoA-containing complexes.

Metabolic stress induced by 1 mM 2DG induced TXNIP ex-
pression and suppressed mTORCI activity in wild-type MEFs but
notin MondoA-KO MEFs (Fig. 7A), suggesting that the MondoA-
TXNIP axis is required for the full metabolic stress response trig-
gered by mTORCI1 suppression. TXNIP has previously been
shown to reduce mTORCI activity via stabilization of Reddl,
which drives TSC1/2 complex formation (34). However, our stud-
ies in TSC2-KO MEFs suggest that TXNIP can reduce mTORC1
activity independent of Redd1 and TSC2 (Fig. 7B). At present, we
do not know how the MondoA-TXNIP axis suppresses mTORC1
activity. However, given that ectopic expression of TXNIP re-
duced glucose uptake in TSC2-KO MEFs (Fig. 7C), it is likely that
high TXNIP expression results in activation of AMPK, which sup-
presses mTORCI activity by phosphorylating TSC2 and raptor
(49).

In conclusion, our studies identified mTOR as a regulator of
the MondoA-TXNIP axis and provide insights into the conditions
under which MondoA-mTOR complexes are formed and dis-
rupted (Fig. 7D). Our work suggests that MondoA-mTOR
complexes are regulated during normal homeostatic growth tran-
sitions or by ROS-induced stress. Whether MondoA-mTOR com-
plexes are regulated under another condition(s) remains to be
determined; however, our studies provide the foundation for a
more complete understanding of how cells integrate nutrient sta-
tus with growth and stress signals.
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