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Summary
TXNIP is an α-arrestin family protein that is induced in response to glucose elevation. It has been
shown to provide a negative feedback loop to regulate glucose uptake into cells, though the
biochemical mechanism of action has been obscure. Here, we report that TXNIP suppresses
glucose uptake directly by binding to the glucose transporter, Glut1, inducing Glut1 internalization
through clathrin coated pits, as well as indirectly by reducing the level of Glut1 mRNA. In
addition, we show that energy stress results in phosphorylation of TXNIP by AMP-dependent
protein kinase (AMPK), leading to its rapid degradation. This suppression of TXNIP results in an
acute increase in Glut1 function and an increase in Glut1 mRNA (hence total protein levels) for
long-term adaptation. The glucose influx through GLUT1 restores ATP/ADP ratios in the short
run and ultimately induces TXNIP protein production to suppress glucose uptake once energy
homeostasis is reestablished.

Introduction
Thioredoxin interacting protein (TXNIP) has many reported functions. As its name implies,
TXNIP can form intermolecular disulfide bonds with reduced thioredoxin (Nishiyama et al.,
1999; Patwari et al., 2006). This interaction has been interpreted as inhibition of thioredoxin
function, leading to cellular oxidative stress as well as perturbing activities of proteins that
rely on the presence of thioredoxin for their function, such as PTEN, ASK-1 and NLRP3
inflammasome (Hui et al., 2008; Hui et al., 2004; Jeon et al., 2005; Junn et al., 2000;
Schulze et al., 2004; Zhou et al., 2010). On the other hand, independent of its thioredoxin
binding property, TXNIP overexpression represses cellular glucose uptake while knocking
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down TXNIP increases glucose uptake in peripheral tissues in both insulin-dependent and
insulin-independent manners (Parikh et al., 2007). Metabolically, Txnip knock-out animals
exhibit phenotypes of familial combined hyperlipidemia, consistent with enhanced glucose
uptake (Bodnar et al., 2002; Chutkow et al., 2008; Sheth et al., 2005). Since glucose
availability affects ROS production in mitochondria, the diverse effects of TXNIP on
thioredoxin functions and on glucose uptake suggest a unifying mechanism for maintaining
homeostasis.

Since the initial identification of TXNIP as a Vitamin D3 upregulated protein (VDUP1) in
HL-60 cells (Chen and DeLuca, 1994), many factors were found to regulate TXNIP mRNA
level (Baker et al., 2008; Billiet et al., 2008; Kim et al., 2004; Lerner et al., 2012; Oslowski
et al., 2012; Parikh et al., 2007; Wang et al., 2006; Yu et al., 2009). Most notable are the
transcription complexes of chREBP/Mlx and MondoA/Mlx that bind to the carbohydrate
response element (ChoRE) on the TXNIP promoter (Cha-Molstad et al., 2009; Stoltzman et
al., 2008), resulting in a very tight correlation between TXNIP expression level and
elevation in glucose influx into cells. As discussed above, the elevation in TXNIP protein
suppresses glucose uptake, thus it appears to play a central role in maintaining glucose
homeostasis.

TXNIP belongs to the arrestin superfamily, which has 14 members in human: 6 alphas
(ARRDC1-5 and TXNIP), 4 visual/betas, and 4 Vps26 genes (Alvarez, 2008). The β-
arrestins are well studied in their regulation of GPCR signaling. Recently, one member of
the a-arrestin family, ARRDC3, was reported to down-regulate β2-adrenergic receptor and
β-4 integrin, much like the β-arrestins (Draheim et al., 2010; Nabhan et al., 2010). With the
exception of ARRDC5, a-arrestins have PPxY motifs in their C-terminal tails, and these
motifs have been implicated in binding to WW-domains, such as ones in the HECT family
of ubiquitin E3 ligases (Alvarez, 2008). One HECT member, Itch, reportedly binds to a
PPxY motif in TXNIP and mediates its degradation under basal conditions (Zhang et al.,
2010).

AMP-activated protein kinase (AMPK) monitors cellular energy status in response to
nutritional variation in the environment. A low energy state results in activation of AMPK
which, in turn, phosphorylates a host of key cellular proteins to suppress ATP consumption
and increase in ATP production to restore energy homeostasis (Mihaylova and Shaw, 2011;
Viollet et al., 2009). A recent study indicated that AMPK regulates chREBP/Mlx activity
through phosphorylation-dependent nuclear translocation, thus indirectly regulating TXNIP
protein level (Kawaguchi et al., 2002). In the course of examining the effect of glucose
deprivation on chREBP/Mlx function we found that activation of AMPK leads to
phosphorylation and degradation of TXNIP. We also found that TXNIP binds to Glut1 and
facilitates its endocytosis via clathrin-coated pits (CCP). In addition, TXNIP expression
causes a reduction in Glut1 mRNA level, thus reducing long-term Glut1 protein level. We
propose that TXNIP is a dynamic sensor modulating the cell’s demand for energy together
with its need to avoid the negative effects of nutrient overload.

Results
TXNIP is phosphorylated in an AMPK-dependent manner

While investigating the mechanism of chREBP/Mlx function using TXNIP as a reporter, we
discovered that under acute glucose withdraw, TXNIP protein is modified such that its
mobility on SDS-PAGE is reduced (Fig. 1A). Since AMPK is acutely activated by glucose
withdrawal, we explored the possibility that other mechanisms for activating AMPK would
induce this altered migration of TXNIP. As shown in Fig. 1B (see also Fig. S1), treatment of
various cell lines (HepG2, MCF7, ACHN and T47D) with 2-deoxyglucose (2DG), AICAR,
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A769662 or phenformin (agents known to either directly or indirectly activate AMPK)
resulted in decreased migration of TXNIP on SDS-PAGE; this shift in migration correlated
well with the extent of phosphorylation of ACC at a known AMPK site. More importantly,
this shift in migration was not observed when AMPK α1/α2 double knockout MEFs were
treated with 2DG (Fig. 1C), indicating that AMPK activation was required for the shift.
Treatment of cell lysates with -phosphatase prior to SDS-PAGE abrogated the shift in
migration (Fig. 1D), indicating that this difference was due to phosphorylation of TXNIP.
Therefore, the activation of AMPK induces a phosphorylated species of TXNIP that
migrates slower on SDS-PAGE.

AMPK-dependent phosphorylation of TXNIP on Ser308 leads to its accelerated
degradation

We observed that prolonged treatment of rat hepatocytes with AMPK activators resulted in a
decrease in the total amount of TXNIP protein (Fig. 2A). These activators also caused a
decrease in TXNIP protein in AMPK WT MEFs, but not in AMPK double knockout MEFs
(Fig. 2B). The decrease in TXNIP protein did not appear to be due to an acute decrease in
mRNA, since quantitative RT-PCR revealed no change in TXNIP mRNA within the time
frame when protein levels dropped (Fig. 2C). After inhibiting protein synthesis with
cycloheximide, TXNIP protein levels dropped more rapidly in the presence of A769662 than
in its absence (Fig. 2D), further supporting the idea that TXNIP protein degradation was
accelerated by AMPK activators. Finally, we found that the proteosome inhibitor MG132
blocked the A769662-dependent degradation of TXNIP and essentially all the TXNIP
accumulated in the upper band (Fig. S2A). MG132 did not affect TXNIP mRNA level in
A769662-treated cells. Altogether, these results consistently support the concept that a
phosphorylation event leads to the shift of TXNIP on SDS-PAGE and that this
phosphorylation event correlates with proteosome-dependent degradation.

We investigated the possibility that AMPK might directly phosphorylate TXNIP. Incubation
of bacterially-expressed GST-TXNIP with AMPK and ATP resulted in an increase in
phosphorylation at Ser308 as assessed by mass spectrometry (Fig. S2B). The sequence
surrounding this site (Fig. 2E) is consistent with the general selection of AMPK for sites
with Arg at the -3 position and surrounded by hydrophilic residues (Ser and Thr), though the
site is not optimal as it has a hydrophobic residue at -6 rather than -5 (Gwinn et al., 2008;
Scott et al., 2002). Importantly, mutation of Ser308 to Ala dramatically impaired the ability
of AMPK to phosphorylate TXNIP in vitro, as judged by incorporation of 32P-phosphate
from γ-32P-ATP. (Fig. S2C). We synthesized a peptide based on the sequence surrounding
Ser308 of TXNIP and found that this peptide had a Vmax/Km ratio that was approximately
60% that of the optimized AMPK peptide substrate SAMS (Fig. S2D). Remarkably, despite
the presence of 9 Ser/Thr residues in this synthetic peptide, mutation of the Ser308 residue
to Ala almost completely eliminated phosphorylation, indicating that this position is strongly
selected by AMPK. Furthermore, we found that an HA-tagged TXNIP S308A mutant does
not undergo the shift in SDS-PAGE migration in response to 2DG treatment in HepG2 cells
while both the HA-TXNIP WT and the endogenous TXNIP protein do exhibit the migration
shift (Fig. 2F). Importantly, the HA-S308A mutant appears more stable compared to HA-
WT and endogenous TXNIP in a time course of treatment with A769662 (Fig. 2G). These
results indicate that phosphorylation at S308 is critical for AMPK-dependent degradation of
TXNIP. In addition, phosphorylated TXNIP seems to be degraded through HECT domain
containing E3 ligases interacting with the PPxY motifs. When these two PPxY motifs are
mutated (P332A, Y334A, P376A and Y378A altogether), the AMPK facilitated degradation
is impaired (Fig. S2E). It is likely that phosphorylation on S308 induces a conformational
change that exposes the PPxY motifs for binding to E3 ligases.
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Localization of TXNIP at clathrin coated pits
To investigate how TXNIP controls glucose uptake, we first examined the cellular location
of GFP-TXNIP in HepG2 cells. Consistent with previous studies (Nishinaka et al., 2004),
we found a fraction of TXNIP in the nucleus, but we also observed a significant fraction of
GFP-TXNIP at the plasma membrane (Fig. 3A). Moreover, the localization on the plasma
membrane was characterized by dynamic speckles (Video S1). With TIRF imaging, these
dynamic speckles periodically disappear from the cell surface, suggesting that they may be
sites of endocytosis (Video S2). Consistent with this idea, we found that the TXNIP speckles
co-localize with clathrin coated pits (CCP) on the plasma membrane as visualized by TIRF
(Fig. 3B). In addition, using Alexa647-labeled transferrin as a marker for clathrin-dependent
endocytosis, we observed a subset of CCPs that contained both transferrin and TXNIP and
observed that TXNIP, transferrin and clathrin simultaneously disappeared from the plasma
membrane in time-lapse studies (Fig. 3C, Video S3).

To provide further evidence that TXNIP binds to clathrin complexes in vivo, we used an
adenovirus delivery system to express HA-TXNIP in the mouse liver, harvested the liver,
and immunoprecipitated TXNIP using an HA antibody. Both clathrin heavy chain and the
clathrin adaptor, AP2, co-precipitated with TXNIP (Fig. 3D). Examining the TXNIP
sequence carefully, we identified a di-leucine motif that likely serves as either a clathrin or
an AP2 binding site (Fig. 3E). Mutating these two leucine residues (L351 and L352) to
alanines abolished CCP localization of TXNIP, but did not prevent the plasma membrane
localization (Fig. 3F). Using mCherry-Rab5A as a marker for endosomes, we have not
observed convincing co-localization of TXNIP and Rab5, suggesting that TXNIP falls off
the coated vesicles after internalization rather than trafficking to endosomes (data not
shown). From these data, we conclude that TXNIP, like other arrestin family members, is
involved in protein trafficking through CCPs.

TXNIP regulation of Glut1
Given the localization of TXNIP on plasma membrane and clathrin coated pits and prior
evidence for its role in suppressing glucose uptake, we investigated whether TXNIP is
directly involved in regulating glucose transporter activity. There are 14 family members of
facilitative glucose transporters in humans, some of which transport metabolites other than
glucose (Augustin, 2010). Glut1 drew our attention since it has a wide tissue distribution
like TXNIP itself, and is upregulated in many cancer cells.

First, we discovered that stable knockdown of TXNIP in HepG2 cells with shRNA resulted
in a dramatic increase in total Glut1 protein levels; this could be suppressed by adding back
shRNA-resistance HA-TXNIP construct (Fig. 4A). This result could, in part, be explained
by an increase in GLUT1 mRNA upon TXNIP knockdown (Fig. 4B), and this is likely to be
mediated by the TXNIP fraction that localizes in the nucleus. Consistent with the increased
total Glut1 protein and mRNA, 3H-2DG uptake increased upon knocking down TXNIP and
this change could be reversed by the HA-TXNIP add-back (Fig. 4C). The enhancement
in 3H-2DG uptake was less dramatic than the increase in Glut1 levels suggesting either that
other glucose transporters dominate glucose uptake in these cells or that other homeostatic
mechanisms (suppression of hexokinase activity or suppression of recycling of Glut1 to the
plasma membrane) are induced in response to the large increase in Glut1 levels to bring the
cells back to glucose homeostasis.

Second, we found TXNIP directly interacts with Glut1. When co-expressing HA-TXNIP
and Myc-Glut1 in 293T cells, immunoprecipitation of TXNIP results in co-precipitation of
Glut1 and vice versa (Fig. S3A). We also generated HepG2 cells stably expressing double-
Flag-tagged Glut1 at levels comparable to endogenous Glut1 and observed that endogenous
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TXNIP co-precipitated with Flag-tagged Glut1, indicating that the proteins interact when at
endogenous levels (Fig. 4D). Importantly, the phosphorylated form of TXNIP that appears
upon treatment with 2DG failed to co-precipitate with Glut1 (notice the absence of the
slowly migrating form of TXNIP in the Flag IP in the far right lane of the lower panel of
Fig. 4D, despite its presence in the TXNIP western blot of the total cell lysate in the top
panel of Fig. 4D). When the same IP was performed with cells stably expressing both Flag-
Glut1 and HA-TXNIP, the HA-S308A mutant retained its interaction with Glut1 longer than
the HA-WT protein after AMPK stimulation (Fig. 4E), further supporting the idea that
AMPK-dependent phosphorylation of TXNIP inhibits its interaction with Glut1.

Since TXNIP binds to Glut1 and to coated pits we examined the possibility that it facilitates
Glut1 endocytosis. We adapted the endocytosis assay developed for Glut4 (Blot and
McGraw, 2008) to examine Glut1 endocytosis in TRVb-1 cells(McGraw et al., 1987) (Fig.
4F and 4G). Briefly, TRVb-1 cells were transfected with HA-Glut1 construct alone, or
together with either GFP-TXNIP WT or the GFP-TXNIP LL to AA construct that impairs
localization to coated pits. The cells were incubated with anti-HA tag antibody for various
periods of time at 37°C and then fixed. The cell surface HA-Glut1 was labeled with Cy5
secondary antibody first, then cells are permeabilized to label the internalized HA-Glut1
with Cy3 secondary antibody. The ratio of Cy3-to-Cy5 signal is calculated as a measure of
internalization. For early time points, the linear rate of increase in internalization is taken as
the rate constant of endocytosis. In this assay, HA-Glut1 is endocytosed at a much faster rate
when GFP-TXNIP WT was present compared to the control or GFP-TXNIP LL to AA
mutant. The incomplete suppression of Glut1 endocytosis by the GFP-TXNIP LL to AA
mutant on Glut1 endocytosis could be due to the presence of endogenous TXNIP or to other
endocytotic pathways for Glut1, such as non-concentrative bulk endocytosis.

To evaluate if the effect of TXNIP on Glut1 endocytosis is reflected in cellular glucose
uptake independent of its effects on Glut1 mRNA, we used shRNA to knock down
endogenous TXNIP and introduced either shRNA-resistant HA-WT or HA-S308A TXNIP
in HepG2 cells. Cells were then treated with phenformin to activate AMPK and 3H-2DG
uptake was monitored. The acute treatment with phenformin led to preferential degradation
of the HA-WT compared to the HA-S308A mutant of TXNIP, and had no significant effect
on total Glut1 protein over the one hour time period (Fig. S3B). However, it caused a
smaller increase in glucose uptake in the HA-S308A cells than the HA-WT cells (Fig. S3C).
These results support our model in which the plasma membrane located TXNIP binds to and
suppresses Glut1 function by facilitating its endocytosis; TXNIP degradation resulting from
AMPK-dependent phosphorylation relieves this inhibition.

Altogether, both populations of TXNIP affect Glut1: the plasma membrane localized TXNIP
likely mediates the acute suppression of Glut1 function partly through endocytosis, while the
nuclear localized TXNIP likely mediates the overall suppression of Glut1 mRNA and
protein levels to provide a long-term suppression of glucose uptake.

Discussion
In this study, we characterize an auto-inhibitory cellular response loop to extracellular
glucose levels. Our findings suggest glucose induces TXNIP expression to down-regulate
Glut1 function in order to suppress further glucose uptake (Fig. S4). TXNIP accomplishes
this by affecting Glut1 on multiple levels, ensuring a response both in speed and amplitude.
Energy stress additionally modulates this feed-back loop through AMPK-induced
degradation of TXNIP, resulting in upregulation of glucose transport through Glut1.
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The results presented here, along with previous studies (Cha-Molstad et al., 2009; Stoltzman
et al., 2008) indicate that glucose homeostasis is mediated by three major components that
mediate feedback control: Glut1, TXNIP and chREBP/Mlx (or MondoA/Mlx). Metabolites
of glucose that build up due to high rates of glucose influx activates the transcription factors
ChREBP/Mlx (or MondoA/Mlx). These factors then drive the expression of TXNIP which
in turn, induces internalization of Glut1 to acutely suppress glucose uptake. In addition,
TXNIP suppresses Glut1 mRNA levels by an unknown mechanism to cause longer term
decreases in Glut1 protein and glucose uptake. Under conditions of energy stress AMPK is
activated and phosphorylates TXNIP to acutely block TXNIP-dependent Glut1 endocytosis.
This phosphorylation also leads to degradation of TXNIP to provide a prolonged
enhancement of glucose uptake, thereby allowing cells to utilize glucose as a fuel for
restoring energy homeostasis.

While our data support a model wherein TXNIP serves as an adaptor that recruits Glut1 into
clathrin coated pits, facilitating its endocytosis, they do not exclude the possibility that
TXNIP binding to Glut1 directly inhibits its ability to transport glucose at the plasma
membrane. Previous studies have indicated that activation of AMPK increases the Vmax of
Glut1-dependent glucose uptake (Abbud et al., 2000; Barnes et al., 2002; Fryer et al., 2002)
and this could potentially be explained if AMPK-dependent phosphorylation of TXNIP
released TXNIP from Glut1, thereby acutely increasing Glut1 intrinsic activity. It is also
possible that TXNIP contributes to ubiquitination and lysosomal-dependent degradation of
Glut1. Glut1 is continuously endocytosed under basal conditions, employing both clathrin-
mediated and clathrin-independent pathways (Eyster et al., 2009; Reed et al., 2005). AMPK
regulation of cellular glucose uptake, both through Glut4 and Glut1, has long been reported
(Hardie et al., 2012). However, the only previously known direct substrate of AMPK that
has an immediate effect on glucose uptake is AS160/TBC1D4, a Rab GTPase-activating
protein (GAP) that regulates exocytosis of intracellular Glut4-storage vesicles(Zeigerer et
al., 2004). Our data provide a missing link between AMPK and Glut1 function.

In S. cerevisiae, ART (arrestin-related trafficking adaptor) family proteins regulate
ubiquitin-mediated endocytosis of many nutrient transporters through Rsp5, a yeast HECT
E3 ligase (Becuwe et al., 2012; Macgurn et al., 2012; MacGurn et al., 2011). Recently,
Becuwe et al. (2012) reported that when yeast cells are grown in lactate media, Snf1, the
yeast homologue of AMPK, phosphorylates Art4/Rod1. This phosphorylation allows
binding of 14-3-3 to Art4 and prevents Art4 from facilitating the endocytosis of the lactate
transporter Jen1. To our knowledge, TXNIP is the first mammalian arrestin protein shown to
directly regulate a nutrient transporter. It appears that AMPK regulation of nutrient
transporters through arrestin proteins is conserved through evolution.

Finally, many cancer cells express high levels of Glut1 to maintain their high levels of
glycolysis and anabolic metabolism (Vander Heiden et al., 2009). Interestingly, TXNIP has
been reported to have a negative role on tumor development: its expression is reported to be
reduced in many tumors, while overexpression of TXNIP inhibits tumor growth and
metastasis (Han et al., 2003; Ikarashi et al., 2002; Yan et al., 2011; Zhou et al., 2011). In one
mouse model, animals lacking TXNIP had markedly increased incidence of hepatocellular
carcinoma (Sheth et al., 2006). The possibility that TXNIP suppresses tumor formation by
restricting glucose uptake is intriguing but not adequately explored.

Overall, TXNIP appears to be a key regulator of both acute and long-term glucose influx in
response to energy stress. Its importance in cellular homeostasis is just beginning to be
recognized.
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Experimental procedures
Materials

2-deoxyglucose, cycloheximide and phenformin were purchased from Sigma, A769662
from Tocris Bioscience, AICAR from Toronto Research Chemicals, MG132 from
EMD4Biosciences. Antibodies used are: TXNIP (B2) and Myc (9E10) from Santa Cruz
Biotechnology; AMPK, ACC, phosphoAMPK(T172) and phosphoACC(S79) from Cell
Signaling Technology; Glut1 from Millipore; Flag antibody from Sigma; HA.11 from
Convance.

Cell Culture
Primary rat hepatocytes were purchased from Invitrogen. AMPK MEFs were kind gifts from
Dr. Benoit Viollet, France. HepG2 cells were purchased from ATCC and maintained
according to their instruction.

Cell lysis, IP, western blots
Cells were washed three times with cold PBS and lysed in 1% NP40 buffer (30mM Tris7.5,
120mM NaCl, 1mM vanadate, 20mM NaF, with protease inhibitors and Calyculin A). The
supernatant was used for running western blots or IP. For co-IP studies involving Glut1,
0.5% β-OG was used instead of 1% NP40 as the detergent.

qRT-PCR
For quantitative RT-PCR, RNA was isolated with Qiagen RNeasy kit and analyzed with
Real time PCR core facility at BIDMC using Taqman assay.

Live cell imaging and TIRF
All images were collected and analyzed at the Nikon Imaging Center at Harvard Medical
School. See the supplementary material for details.

HA-Glut1 endocytosis assay
The assay was adapted from Blot and McGraw, 2008 (Blot and McGraw, 2008). TRVB-1
cells transiently transfected with HA-Glut1 and GFP-TXNIP constructs were plated on
glass-bottom dishes. Cells were labeled with HA.11 antibody (Convance) for indicated time
point at 37°C, then fixed after washing quickly with cold HBSS. Secondary Cy5 antibody
incubation was carried out at 37°C for 30min without permeablization. After washing with
PBS, cells were fixed again, permeablized with saponin and labeled with Cy3 secondary
antibody at 37°C for 30min. The cells were washed and stored in PBS at 4°C until imaging
the next day. All imaging and data analysis were carried out with Metamorph. Cells were
selected for good morphology and positive for GFP signal when GFP-TXNIP construct is
present. Average Cy3-to-Cy5 ratio of around 50 cells was reported as internalized-to-total
HA-Glut1 ratio for each time point.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. TXNIP is an AMPK substrate

2. TXNIP negatively regulates Glut1 protein and mRNA levels
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Fig. 1. AMPK-dependent TXNIP phosphorylation
Western blots of total cell lysates probed with TXNIP, phosphoAMPK (T172), total AMPK,
phosphoACC (S79), and total ACC antibodies under various conditions. Activation of
AMPK causes an upshift in TXNIP mobility. (A) HepG2 cells were glucose starved for 20′
and 40′ in DMEM with no glucose and 10% dialyzed FBS. (B) HepG2 cells were treated
with AMPK activators: 25mM 2DG for 10′, 2mM AICAR for 60′, 1mM A769662 for 30′
and 2mM phenformin for 30′. (C) AMPK MEFs, WT and DKO (double knock-out for both
α1 and α2) were treated with 25mM 2DG for 10′. (D) phosphatase treatment of endogneous
TXNIP immunoprecipitated from HepG2 cells treated with 25mM 2DG abolishes the
upshift.

Wu et al. Page 12

Mol Cell. Author manuscript; available in PMC 2014 March 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. AMPK phosphorylation of TXNIP on S308 accelerates its degradation
Western blots showing decreasing TXNIP levels after AMPK activation in (A) primary rat
hepatocytes and (B) AMPK WT and DKO MEFs treated with 1mM A769662 for 0′, 30′
and 60′. (C) qRT-PCR analysis of TXNIP mRNA from RNA isolated from HepG2 cells
after various treatments indicating short-term activation of AMPK (e.g. using A769662)
does not decrease TXNIP mRNA level while glucose starvation does as reported before. The
values are the average of triplicates ±STDV. (D) HepG2 cells were pretreated with
cycloheximide (CHX) for 20′ to stop protein synthesis, then stimulated with A769662 to
activate AMPK. Lysates harvested at indicated time points show increased rate of TXNIP
protein degradation with AMPK activation. (E) Domain structure of TXNIP and multiple
sequence alignment of human, rat, mouse TXNIP and human ARRDC4 around Ser308. (F)
HepG2 cells stably expressing vector control, HA-WT, or HA-S308A TXNIP treated with
25mM 2DG for 10′ show that S308A mutation abolishes the phosphorylation induced
protein mobility upshift after AMPK activation. (G) HepG2 cells stably expressing vector
control, HA-WT or HA-S308A TXNIP were treated with 1mM A769662 for 0′, 30′ and
60′. HA-S308A TXNIP protein is degraded at a slower rate than both HA-WT and
endogenous TXNIP. *: HA-tagged protein, **: endogenous protein.
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Fig. 3. Dual localization of TXNIP
(A) Confocal live-cell images of HepG2 cells stably expressing GFP-TXNIP and
Histone2B-mCherry, show plasma membrane localization of TXNIP in addition to its
nuclear localization as reported before. (B) TIRF live-cell images of HepG2 cells stably
expressing GFP-TXNIP and mCherry-clathrin light chain (CLC) show some TXNIP protein
localization in clathrin-coated pits (CCP). (C) HepG2 cells stably expressing GFP-TXNIP
and mCherry-CLC were labeled with Alexa647-transferrin at 4°C. After rinsing off excess
transferrin, time-lapse images were taken at room temperature to capture endocytosis events
using a confocal microscope. For every time point, there was a 2–3 seconds delay between
each fluorophore: GFP was followed by mCherry and then Alexa647. The arrow points to an
endocytosed CCP that contained both GFP-TXNIP and Alexa647-transferrin. This sequence
is also shown in Video S3. The scale bar is 1 μM. (D) Western blot of HA IP of lysates from
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mouse liver expressing adenoviral HA-TXNIP probed with clathrin heavy chain (CHC) and
adaptor AP2 μ subunit (AP2M) antibodies. *: HA-tagged protein, **: endogenous protein
(E) Multiple sequence alignment of di-leucine motif in various clathrin-interacting proteins.
(F) Confocal and TIRF live-cell images of HepG2 cells stably expressing GFP-WT or GFP-
L351AL352A TXNIP show that the LL to AA mutation abolished TXNIP localization to the
CCP, but not to the plasma membrane.
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Fig. 4. TXNIP regulation of Glut1
Stable HepG2 cells were generated expressing control shRNA construct (GFPsh), or TXNIP
knock-down shRNAs (sh1 and sh2), or knock-down cells reconstituted with HA- WT
TXNIP construct that is resistant to sh1 (WT/sh1). Cells were examined for (A) Glut1
protein levels by Western blot, (B) Glut1 mRNA levels by qRT-PCR normalized to GFPsh
control cells, and (C) relative rate of glucose uptake in media with 2mM glucose using trace
amount of 3H-2DG, normalized to GFPsh control cells. The average values of triplicate
experiments (±STDV) are reported. (D) HepG2 control cells and cells stably expressing
Flag-Glut1 were treated with either water or 25mM 2DG for 10′. Flag–tag IP was carried
out with the cell lysates to test interaction with endogenous TXNIP. (E) HepG2 cells stably
expressing both Flag-Glut1/HA-TXNIP WT or both Flag-Glut1/HA-TXNIP S308A mutant
were treated for 10′ with water, 5mM 2DG, or 20mM 2DG. Flag-tag IP was carried out to
check for the effect of S308 phosphoryaltion on Glut1/TXNIP interaction. (F). HA-Glut1
endocytosis assay in TRVb-1 cells transiently transfected with HA-Glut1, HA-Glut1/GFP-
TXNIP WT or HA-Glut1/GFP-TXNIP AA constructs. Cells were incubated with antibody
against HA-tag on the first exofacial loop of Glut1 at 37°C and fixed after each time point.
The cell surface HA-Glut1 is labeled with Cy5 secondary antibody while the endocytosed
HA-Glut1 is labeled with Cy3 secondary antibody. The ratio of Cy3-to-Cy5 fluorescence
signal was reported as the ratio of internalized-to-surface HA-Glut1 and plotted versus time
± SEM. R2 of the linear regression lines are shown. The data are from a representative
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experiment. (G). Relative endocytosis rates calculated from the slopes of linear regression
from data in (F) normalized to HA-Glut1 alone control.
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