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Impaired nutrient sensing and dysregulated glucose homeostasis are common in diabetes. However, how nutrient-sensi-
tive signaling components control glucose homeostasis and f cell survival under diabetic stress is not well understood.
Here, we show that mice lacking the core nutrient-sensitive signaling component mammalian target of rapamycin (mTOR)
in B cells exhibit reduced p cell mass and smaller islets. mTOR deficiency leads to a severe reduction in B cell survival
and increased mitochondrial oxidative stress in chemical-induced diabetes. Mechanistically, we find that mTOR associ-
ates with the carbohydrate-response element-binding protein (ChREBP)-Max-like protein complex and inhibits its tran-
scriptional activity, leading o decreased expression of thioredoxin-interacting protein (TXNIP), a potent inducer of B cell
death and oxidative stress. Consistent with this, the levels of TXNIP and ChREBP were highly elevated in human diabetic
islets and mTOR-deficient mouse islets. Thus, our results suggest that a nutrient-sensitive mTOR-regulated transcriptional

network could be a novel target to improve f cell survival and glucose homeostasis in diabetes.

Introduction

The prevalence of diabetes, one of the most common chronic
diseases worldwide, has been rising in recent decades (Khar-
roubi and Darwish, 2015); thus, prevention and treatment of
diabetes are important issues of global healthcare. Although
type 1 and type 2 diabetes are pathogenically distinct, they both
exhibit chronic hyperglycemia, primarily because of impaired
pancreatic f cell function and survival (Heit et al., 2006; Muoio
and Newgard, 2008). Elevated blood glucose levels further
induce oxidative stress and eventual p cell death (Muoio and
Newgard, 2008; Shalev, 2014) and are accompanied with a pro-
gressive reduction in p cell mass (Butler et al., 2003). Thus, elu-
cidating the molecular mechanisms responsible for maintaining
f cell function and protecting against f3 cell death might lead to
the development of novel strategies to treat diabetes.

Nutrients such as glucose and amino acids are fundamen-
tal sources for p cell growth and survival (Henquin, 2000; Xu et
al., 2001; Krause et al., 2011). Under the conditions of nutrient
deprivation or overload such as high-fat diet feeding, p cells
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maintain intracellular energy homeostasis through degradation
and recycling of cellular organelles (Ebato et al., 2008; Russell
etal., 2014). Indeed, markedly increased f cell apoptosis is ob-
served in mice lacking the autophagy-related gene Atg7 (Ebato
et al., 2008; Jung et al., 2008), suggesting that intracellular and
extracellular nutrient status affects f cell survival and death. An
important question that we have pursued is to determine how
nutrient-sensitive signaling, which senses nutrient availability,
is connected to f3 cell survival and function.

Considering that pancreatic p cells control the amounts
of insulin secreted in response to nutrient levels (Muoio and
Newgard, 2008; Halban et al., 2014), it is critical that they
first sense extracellular glucose levels and then transduce nu-
trient-sensitive signals to increase insulin release and regulate
their own growth. Recently, the mammalian target of rapamycin
(mTOR) has emerged as a central component of nutrient sens-
ing and cell growth (Gleason et al., 2007; Zoncu et al., 2011;
Jewell and Guan, 2013; Shimobayashi and Hall, 2014). mTOR
exists in two distinct complexes, mMTOR complex 1 (mTORCI)
and mTOR complex 2 (mTORC2; Zoncu et al., 2011). These
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two complexes share mTOR, mLSTS8, DEPTOR, and Ttil/Tel2
(Laplante and Sabatini, 2012). The regulatory-associated pro-
tein of mammalian target of rapamycin (raptor) and PRAS40
are known to be components of mTORC1, whereas rapamycin-
insensitive companion of mTOR (rictor), mSinl, and protor1/2
are components of mMTORC2 (Laplante and Sabatini, 2012).

Details of the molecular mechanisms of by which nu-
trients are sensed inside cells through mTOR signaling path-
way are beginning to emerge (Shimobayashi and Hall, 2014,
Chantranupong et al., 2016; Wolfson et al., 2016). When amino
acids such as glutamine and arginine are abundant, vacuo-
lar H*-ATPase stimulates guanine exchange factor activity of
Ragulator, a complex encoded by the MAPKSPI, ROBLD3, and
cllorf59 genes (Sancak et al., 2010), and inhibits the GTPase
activating protein activity of GTPase activating protein activ-
ity toward Rags 1 (Bar-Peled et al., 2013), leading to the for-
mation of heterodimeric complex RagA.B-GTP/RagC.D-GDP
(Rag GTPase; Sancak et al., 2008). Activated Rag GTPase
binds to and recruits mMTORCT1 to the lysosome surface, where
its kinase activator, Rheb, a small GTPase, resides (Bar-Peled
et al., 2012; Chantranupong et al., 2016). In leucine-induced
mTOR activation, leucyl-tRNA synthetase directly binds to Rag
GTPase to induce the binding of Rag GTPase to mTOR, leading
to the recruitment of mTOR to the lysosome surface (Han et al.,
2012), suggesting that multiple signaling components signal to
mTORCI1 complex for amino acid sensing.

Consistent with the roles of mTORCI in nutrient-sensi-
tive responses, mice injected with rapamycin, which inhibits
mTORCI activity, display reduced f cell mass and glucose in-
tolerance (Houde et al., 2010). In addition, mice lacking S6K1,
a downstream effector of mTORCI, display hypoinsulinemia,
decreased B cell size, and enhanced insulin sensitivity (Pende
et al., 2000; Um et al., 2004). We further demonstrated that
nutrient-sensitive S6K1 in f cells is critical to p cell growth
during the development and adult period in a cell-autonomous
manner (Um et al., 2015). Moreover, offspring of dams exposed
throughout pregnancy to a low-protein diet, which also reduces
mTORCI activity, exhibit impaired glucose tolerance (Alejan-
droetal., 2014). As adults, the normal phenotype can be rescued
by activation of mTORC1 signaling, indicating that mTORC1
signaling actively controls f cell growth and programming
during fetal development and adult life (Alejandro et al., 2014).
In addition to mTORC1, mice expressing kinase-dead Akt, a
downstream target of mTORC?2 in f cells, exhibit glucose in-
tolerance and decreased insulin secretion (Bernal-Mizrachi et
al., 2004). Similarly, the loss of rictor, a crucial component of
mTORC2, leads to a reduction in Akt activity in p cells and re-
sults in mild hyperglycemia, reduced f cell mass, and defective
insulin secretion (Gu et al., 2011). Thus, these studies suggest
that downstream effectors or components of mTOR complexes
such as S6K1, Akt, and rictor are critical to § cell growth, pro-
liferation, and function.

The individual roles of downstream effectors and com-
ponents of mMTORC1 and mTORC?2 in f cells have been de-
termined through analysis of mice lacking S6K1, Akt, rictor,
and TSC1/2 or through analysis of mice treated with rapamy-
cin (Pende et al., 2000; Bernal-Mizrachi et al., 2004; Mori et
al., 2009; Houde et al., 2010; Gu et al., 2011; Koyanagi et al.,
2011; Um et al., 2015). However, the physiological function of
mTOR, a central component of mMTORC1 and mTORC2 in
cells, has not been elucidated, primarily because knockout of
the mouse mTOR gene results in embryonic lethality (Gangloff
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et al., 2004; Murakami et al., 2004). Here, we analyzed pan-
creatic § cell-specific mTOR deficiency and determined how
mTOR regulates nutrient and stress-sensitive 3 cell survival
and function physiologically. Moreover, we have evaluated
the clinical relevance of our findings in human diabetic islets.
Considering the implication of thioredoxin-interacting protein
(TXNIP) on pancreatic  cell death under oxidative stress and
diabetic conditions (Chen et al., 2008; Lerner et al., 2012; Os-
lowski et al., 2012) and the impact of mTORCI1 signaling on
TXNIP expression in response to glucose and glutamine stim-
ulation (Kaadige et al., 2015), we further examined whether
mTOR regulates TXNIP expression in pancreatic § cells under
the condition of diabetes.

Results

f Cell-specific deficiency of mMmTOR leads to a
reduction in islet size and § cell mass

B Cell-specific mTOR deficient mice (fmTORKO) were gener-
ated by crossing mTOR/**fex mice (WT; Gangloff et al., 2004,
Murakami et al., 2004) with transgenic mice expressing Cre
recombinase under the control of the rat insulin II promoter
(RIP-Cre mice; Fig. S1 A). The deficiency of mTOR was con-
firmed in primary mouse islets (Fig. 1 A). However, we did
not detect significant differences in mRNA and protein levels
of mTOR in the hypothalamus between pmTORKO and WT
mice (Figs. 1 A and S1 B), indicating p cell-specific mTOR
deletion. pmTORKO mice displayed no difference in body
weight and blood glucose compared with W7 mice (Figs. 1
B and S1 C). To examine the role of mTOR in systemic glu-
cose homeostasis, we performed glucose tolerance test and
insulin tolerance test. fmTORKO mice displayed mild glu-
cose intolerance and insulin resistance compared with WT
mice (Fig. 1, C and D). Although the levels of serum insulin
were similar between fmTORKO and WT mice that were fed
standard chow ad libitum (Fig. 1 E), the levels of insulin se-
cretion during glucose tolerance tests were markedly reduced
in mTOR-deficient mice (Fig. 1 F). These results suggest that
mTOR plays a role in maintaining glucose homeostasis. To
understand how pmTORKO mice exhibit glucose intolerance
and insulin resistance, we examined the islet morphology
and P cell mass by hematoxylin and eosin staining and im-
munohistochemistry. Hematoxylin and eosin staining analy-
sis indicated that the mean islet volume in fmTORKO mice
was significantly reduced compared with those in WT mice
(299 + 55 in fmTORKO vs. 670 + 63 x 10° uym? in WT, P <
0.05; Fig. 1 G). Consistent with this, the relative p cell mass
was significantly decreased in pmTORKO mice (1.66 = 0.3
in pmTORKO vs. 3.2 £ 0.4 mg in WT, P < 0.05; Fig. 1 H).
We next examined how mTOR deficiency affects  cell mass,
we assessed P cell replication by performing immunohisto-
chemistry for Ki67, a nuclear protein marker of proliferating
cells, and B cell apoptosis using TUNEL assay. There was
no difference in B cell replication between WT and fmTOR
KO mice (1.5 £ 0.3 in fmTORKO vs. 1.1 + 0.3% in WT, P <
0.1; Fig. 1 I). However, TUNEL staining demonstrated an in-
crease of p cell death in fmTORKO mice (2.3 + 0.3 in pmTOR
KO vs. 1.1 £ 0.2% in WT, P < 0.05; Fig. 1 J), suggesting a
protective role of mTOR in maintaining f cell mass. Together,
these results suggest that mTOR plays a critical role in the
regulation of islet growth and P cell mass.
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Figure 1. B Cell-specific deficiency of mTOR leads to reduction in islet size and f cell mass. (A) Inmunoblots showing mTOR expression in isolated islets
and hypothalamus from WT (mTORfex/fey or pmTOR knockout (KO) mice (mTORfe/foxRIP Cre). (B) Blood glucose levels were monitored weekly for 8 wk.
(C) Glucose tolerance tests were performed in 12-wk-old mice (2 g glucose per kilogram body weight). (D) Insulin tolerance tests were performed in 12-wk-
old mice (0.75 U insulin per kilogram body weight). (E) Serum insulin levels in 12 wk-old WT and mTOR-deficient mice fed standard chow. In B-E, WT, n =
8; knockout, n = 6. (F) Serum insulin levels were measured during glucose tolerance testing (WT, n = 7; knockout, n = 6). (G, left) Representative hematoxylin
and eosin staining of pancreatic sections from WT and fmTORKO mice. Bars, 75 pm. (right) Mean islet volume was calculated in hematoxylin and eosin—
stained pancreatic sections. (H, left) Immunofluorescence staining for insulin (green) or glucagon (red) in WT and fmTORKO mice; Nuclei are shown with
Hoechst (blue) staining. Bars, 50 pm. (right) Relative p cell mass. (I) p Cell proliferation in WT and gmTORKO mice. (left) Representative immunofluorescence
images of pancreatic sections from WT and pmTORKO mice using antibodies against insulin (green) or Ki67 (red). Bars, 50 pm. (right) p Cell proliferation
was quantified by percentage of Kié7-positive cells. (J, left) Representative immunofluorescence images of mouse islets stained for TUNEL (green), or insulin
(red). Nuclei are stained blue with Hoechst. Bars, 50 pm. (right) Quantification of TUNEL-positive islets in pancreatic sections. In G-J, 18 sections from six

WT mice and 15 sections from five knockout mice were stained. In B-J, values are given as mean + SEM. *, P < 0.05 versus WT (ANOVA).

In view of the defect in glucose-induced insulin secretion in
PmTORKO mice in vivo (Fig. 1 F), we next determined whether
mTOR deficiency or depletion affected glucose-stimulated in-
sulin secretion ex vivo and in vitro, and we determined whether
such effects were developmentally related. mTOR deficiency
was achieved in isolated mTOR/ "~ islets by infection with ad-
enovirus expressing Cre (Ad-Cre; Fig. 2 A). mTOR-deficient
islets exhibited 31.2% less insulin secretion compared with WT'
islets (Fig. 2 B). Given that glucose triggers insulin secretion
in pancreatic f cells by increasing ATP content and enhancing
Ca? influx, eventually leads to exocytosis of insulin granules,
we measured the ADP/ATP ratio in islets. mTOR deficiency in
islets led to increased ADP/ATP ratio after either low- or high-
glucose treatment, compared with mTOR~ islets infected
with adenovirus expressing GFP (Ad-GFP; Fig. 2 B). Consis-
tent with this, reducing mTOR levels resulted in decreased insu-

lin secretion and elevated ADP/ATP ratios in INS-1 cells upon
either low- or high-glucose stimulation (Fig. 2 C). Similarly,
the inhibition of mTORCTI activity by rapamycin or the inhibi-
tion of both mMTORC1 and mTORC?2 activities by PP242 led to
decreased insulin secretion (Fig. 2 D) and increased ADP/ATP
ratios upon low- or high-glucose treatment (Fig. 2 E). Consid-
ering that the rise of intracellular free Ca?* is critical for induc-
ing exocytosis of insulin granules (Henquin, 2000; Muoio and
Newgard, 2008), we measured intracellular free Ca’* concen-
tration in islets. mTOR-deficient islets exhibited lower increase
of intracellular Ca** levels than mTOR/¥fex islets in response to
glucose stimulation (Fig. 2 F). We further determined whether
mTOR deficiency was associated with defects in mitochondrial
membrane potential, which are connected to ATP generation
and eventual insulin secretion (Maechler, 2013). The mitochon-
drial membrane potential was significantly reduced in mTOR-
deficient islets (Fig. 2 G) and mTOR-depleted cells (Fig. 2 H).
Consistent with this, analysis of oxygen consumption rate
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Figure 2.  mTOR deficiency in B cells leads to impaired nutrient dependent insulin secretion in g cells. (A) Inmunoblots showing deletion of mTOR in primary
islets. Isolated islets were infected with either Ad-GFP or Ad-Cre at an MOI of 25 for 48 h. (B) Glucose-stimulated insulin secretion and ADP/ATP ratio in
WT and mTOR-deficient islets (n = 4 per group). (C) Insulin secretion and ADP/ATP ratio after mTOR depletion. INS-1 cells transfected with 10 nM si-NS
or si-mTOR were incubated with 3 mM glucose or 25 mM glucose in KRBH buffer for 1 h. (D) Insulin secretion in rapamycin- or PP242-treated cells. INS-1
cells were treated with either 20 nM rapamycin or 1 pM PP242 for 24 h. (E) ADP/ATP ratio in rapamycin- or PP242-reated cells. (F) Glucose-induced
Ca?* influx in WT and mTOR-deficient islets. Representative trace (left) and quantification of [Ca2*]; with Fura-2 (right) in isolated islets stimulated with the
indicated amounts of glucose (n = 5 per group). (G) Mitochondrial membrane potential in WT and mTOR-deficient islets (WT, n = 5; knockout [KO], n = 4).
(H) Mitochondrial membrane potential in INS-1 cells affer mTOR depletion. (I) Oxygen consumption rate (OCR) was measured in mTORdeficient islets
(n = 5 per group). (J) Histogram showing ROS levels in INS-1 cells affer mTOR knockdown. In C, D, E, H, and J, n = 3 independent experiments; values
are given as mean = SEM. In C, D, and E, *, P < 0.05; **, P < 0.01 versus control (si-NS or vehicle; ANOVA). In B, F, and |, *, P < 0.05; **, P < 0.01
versus WT (ANOVA). DCF, Dicholorofluorescein; TMRE, tetramethylrhodamine ethyl ester; Veh, vehicle.

indicated that mitochondrial respiration in mTOR-deficient islets
was reduced in response to high-glucose challenge (Fig. 2 I).
Given that the levels of reactive oxygen species (ROS) affect
mitochondrial ATP production and insulin release in p cells
upon glucose treatment (Sakai et al., 2003), we further exam-
ined the levels of ROS after mTOR knockdown. The generation
of ROS induced by glucose stimulation in mTOR depleted cells
was increased by 62% compared with control cells upon glu-
cose stimulation (Fig. 2 J), suggesting that mTOR deficiency—
mediated decreases in mitochondrial membrane potential and
increases in ROS production are associated with a reduction in
mitochondrial activity. Thus, these results suggest that mTOR
plays a positive role in insulin secretion: regulating ADP/ATP
ratios, maintaining mitochondrial membrane potential, enhanc-
ing Ca?* influx, and suppressing ROS generation in f cells.

Deletion of mMmTOR in pancreatic f§ cells
exacerbates the development of chemically
induced diabetes

The impaired f cell function and survival are commonly char-
acterized in diabetes (Muoio and Newgard, 2008). Streptozoto-
cin (STZ) has been extensively used to induce diabetic mimetic
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condition and f cell death (Chen et al., 2008; Lee et al., 2016).
To determine the consequence of mTOR deficiency on f cell
survival in chemically induced diabetes, we injected STZ (100
mg/kg body weight; i.p.) or vehicle into WT and pmTORKO
mice twice a week for 2 wk. Mice were fed normal chow ad
libitum throughout. Body weight and blood glucose were mon-
itored for 8 wk after STZ injection. Under these conditions,
PmTORKO mice exhibited a 17.8% reduction in body weight
compared with WT mice (Fig. S1 D). In addition, the levels of
blood glucose in fmTORKO mice were markedly increased
compared with those in WT mice (Fig. 3 A). We next examined
how mTOR regulates systemic glucose homeostasis in chemi-
cally induced diabetes. fmTORKO mice displayed very severe
glucose intolerance compared with W7 mice (Fig. 3 B). High
blood glucose levels in these fmTORKO mice were accompa-
nied by insulin resistance (Fig. 3 C) and significantly reduced
insulin levels compared with WT mice (Fig. 3 D) and were also
accompanied by decreased glucose-induced insulin secretion in
vivo (Fig. 3 E). These results suggest that mTOR plays a critical
role in maintaining glucose homeostasis in diabetes. Consistent
with this, mean islet volume was strikingly decreased in pmTOR
KO mice after STZ injection (166 + 14 in pmTORKO vs. 337
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Figure 3. Deletion of mTOR in pancreatic B cells exacerbates the development of chemically induced diabetes. Vehicle (Veh) or STZ (100 mg/kg body

weight) were administered twice a week for 2 wk. (A) Blood glucose levels were monitored weekly for 8 wk after STZ administration. (B) Glucose tolerance
tests were performed 21 d after STZ injection. (C) Insulin tolerance tests were performed 21 d after STZ injection. (D) Serum insulin levels were measured in
random fed WT and mTOR-deficient mice 21 d after STZ injection. In A-D, WT, n = 8; knockout [KO], n = 6. (E) Insulin secretion measured during glucose
tolerance festing (WT, n = 7; knockout, n = 6). (F, left) Representative hematoxylin and eosin staining of pancreatic sections from WT and gmTORKO mice
8 wk after STZ injection. Bars, 75 pm. (right) Mean islet volume was calculated in hematoxylin and eosin-stained pancreatic sections. (G) p Cell number
in WT and mTORKO mice upon STZ exposure. (left) Inmunofluorescence staining for insulin (green), or glucagon (red). Nuclei are shown with Hoechst
(blue) staining. Bars, 50 pm. (right) Relative B cell mass. In F and G, 18 sections from six WT mice and 15 sections from five knockout mice were stained.
In A-G, values are given as mean + SEM. *, P < 0.05; **, P<0.01 versus WT (ANOVA).

+ 45 x 103 pm? in WT, P < 0.05; Fig. 3 F). Moreover, the rela-
tive P cell mass was significantly decreased in fmTORKO mice
compared with WT mice (0.7 = 0.2 in fmTORKO vs. 1.83 +
0.33 mg in WT, P < 0.05; Fig. 3 G), suggesting that mTOR pro-
vides some level of protection against loss of  cells in diabetic
animals. Significant reduction of § cell mass and islet size in
pPmTORKO mice under diabetic conditions might be connected
with severe glucose intolerance and reduced insulin secretion.

mMmTOR protects f cell survival in
STZ-induced diabetes

We next examined how mTOR regulates replication and 3 cell
survival upon STZ-induced diabetes. The density of Ki67-pos-
itive P cells islets was dramatically lower in fmTORKO is-
lets (0.8 £ 0.2 in fmTORKO vs. 2.9 = 0.6% in WT, P < 0.05;
Fig. 4 A). The increase in Ki67-positive cells in WT mice under
STZ treatment suggests that f cells in these mice tend to pro-
liferate more than normal to overcome cell loss under diabetic
conditions. In addition, TUNEL assay revealed that the rate of
B cell apoptosis was significantly greater in fmTORKO mice
than in WT mice (6.3 + 0.7 in pmTORKO vs. 3.4 + 0.5% in WT,
P <0.01; Fig. 4 B). This suggests that p cell survival in diabetes
is dependent on mTOR. Moreover, the decrease in mean islet
volume (Fig. 3 F) and relative § cell mass (Fig. 3 G) and the
increase in the rate of [ cell apoptosis (Fig. 4 B) in fmTOR
KO mice were much more severe in the diabetic condition than
in the normal condition (Fig. 1, G, H, and J), suggesting that
mTOR is more critical for protecting f cells under diabetic con-
ditions. To determine whether B cells require mTOR for their
survival independently of the humoral environment, we as-
sessed the effect of in vitro STZ treatment on fmTORKO islets

(Fig. 4 C) and on mTOR knockdown INS-1 cells (Fig. 4 D).
In both pmTORKO islets and mTOR knockdown INS-1 cells,
such treatment resulted in a dramatic increase in the expression
of apoptosis-related proteins such as cleavage of poly (ADP-
ribose) polymerase (PARP) and Bcl-2-associated X protein
(Bax; Fig. 4, C and D). Consistent with this, the percentage
of cells in sub-G1 phase was increased in STZ-treated mTOR
knockdown cells (Fig. 4 E). Given that mitochondria appear
to be highly sensitive to oxidative and apoptotic stress (Yano
et al,, 2011; Maechler, 2013), we analyzed mitochondrial
membrane potential and generation of ROS. Mitochondrial
membrane potential was dramatically decreased in mTOR-
deficient islets in diabetes (Fig. 4 F). Consistently, generation
of ROS was markedly increased in mTOR-depleted INS-1 cells
after STZ treatment (Fig. 4 G), suggesting that mTOR plays
a protective role against oxidative stress-induced mitochon-
drial toxicity in f cells.

MTOR deficiency induces expression

of TXNIP and ChREBP in f§ cells upon
metabolic stress

We next addressed the molecular mechanism by which mTOR
regulates P cell survival. In diabetes mellitus, glucotoxicity is
one of the critical factors involved in (3 cell death (Muoio and
Newgard, 2008). Given that TXNIP, a key modulator of the redox
system (Shalev, 2014), induces ROS generation and cell death
in P cells (Oslowski et al., 2012), we assessed mRNA expres-
sion levels of TXNIP in mTOR-deficient p cells and INS-1 cells
upon high-glucose treatment. Levels of TXNIP mRNA were in-
creased in mTOR-deficient islets and mTOR knockdown INS-1
cells (Figs. 5 A and S2 A). Considering that the expression of
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Figure 4. mTOR protects p cell survival in STZ-induced diabetes. (A, left) § Cell proliferation in WT and fmTORKO mice after 8 wk of STZ injection. Rep-
resentative immunofluorescence images of pancreatic sections from WT and fmTORKO mice using antibodies against insulin (green) or Kié7 (red). (right)
B Cell proliferation was quantified by percentage of Ki67-positive cells. Data for Veh group is from Fig. 1 1. (B, left) Representative immunofluorescence
images of mouse islets stained for TUNEL (green), or insulin (red) 8 wk after STZ injection. Nuclei are stained blue with Hoechst. (right) Quantification
of TUNEL positive islets in pancreatic sections. Data for Veh group is from Fig. 1 J. Bars, 50 pm. 18 sections from six WT mice and 15 sections from
five knockout mice were stained. (C) Expression of apoptosis-related proteins in mouse islets after 1 mM STZ treatment for 6 h (n = 4 per group). (D)
Expression of apoptosis-related proteins in INS-1 cells after treatment with 1 mM STZ. (E) Percentage of sub-G1 phase cells after mTOR depletion under
STZ exposure (n = 5 per group). (F) Mitochondrial membrane potential in WT and mTOR-deficient islets after STZ treatment (n = 5 per group). (G) ROS
levels after mTOR knockdown after STZ treatment (n = 3). In A, B, and E, values are given as mean + SEM. *, P < 0.05 versus control (WT or si-NS);

** P <0.01 versus WT (ANOVA).

TXNIP is transcriptionally regulated by carbohydrate-responsive
element-binding protein (ChREBP) in B cells (Cha-Molstad et
al., 2009; Kibbe et al., 2013), we next examined mRNA expres-
sion levels of ChREBP upon high-glucose treatment. The levels
of ChREBP mRNA were increased in mTOR-deficient islets and
mTOR knockdown INS-1 cells (Figs. 5 A and S2 A). Consistent
with this, TXNIP and ChREBP protein levels were increased by
deficiency of mTOR or inhibition of its activity using rapamycin
or PP242 in response to high glucose (Fig. 5 B and Fig. S2, B
and C), suggesting that lack of mTOR or inhibition of its activity
up-regulates the expression of TXNIP and ChREBP. However,
the expression levels of TXNIP and ChREBP in the hypothala-
mus were similar between fmTORKO and WT mice (Fig. S2 D).
We further assessed whether deficiency or depletion of mTOR
affects TXNIP and ChREBP expression in mouse islets or INS-1
cells upon STZ treatment. The levels of TXNIP and ChREBP
mRNA in mTOR-deficient islets and mTOR-depleted cells were
markedly increased compared with WT islets and nonsilenc-
ing siRNA transfected cells, respectively (Fig. 5 C and S2 E).

Similarly, TXNIP and ChREBP protein levels were increased in
mTOR deficient islets (Fig. 5 D), mTOR knockdown cells (Fig. S2
F), and rapamycin or PP242 treated cells (Fig. S2 G) under STZ
exposure. To further determine p cell specific up-regulation of
TXNIP and ChREBP under the diabetic condition, we performed
double immunostaining of TXNIP and insulin or ChREBP and
insulin in pancreatic sections from W7 and pmTORKO mice
injected with either vehicle or STZ. This analysis showed that
TXNIP was stained strongly in 3 cells of fmTORKO mice and
was increased further upon STZ treatment (Fig. 5 E). Similar to
TXNIP, ChREBP signals were also higher in islets of fmTORKO
mice and diabetic mice (Fig. 5 F). Conversely, the overexpression
of wild-type mTOR, but not kinase-dead mTOR, attenuated the
expression of TXNIP and ChREBP after STZ treatment, indicat-
ing that the activity of mTOR regulates TXNIP and ChREBP ex-
pression (Fig. 5 G). Moreover, overexpression of mTOR restored
Bcl-2 expression levels, prevented an increase in Bax expression
(Fig. 5 H), and abolished the STZ-induced increase in the per-
centage of cells in sub-G1 phase (Fig. S2 H).
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TXNIP interacts with and inhibits the activity of thiore-
doxin-1 (Trx-1), an antioxidant molecule, which has a critical
role in protecting p cells from oxidative stress (Huh et al., 2013).
We next examined levels of Trx-1 in mTOR-deficient islets or
mTOR knockdown INS-1 cells. Deletion or depletion of mTOR
resulted in decreased Trx-1 expression after high-glucose treat-
ment (Figs. 5 B and S2 B) or STZ treatment (Figs. 5 D and
S2 F). In contrast, overexpression of mTOR abolished the ox-
idative stress—induced decrease in Trx-1 expression (Fig. 5 G),
suggesting that mTOR protects against 3 cell death via the
Trx-1-TXNIP axis. We further determined whether mTORC1
or mTORC2 regulates TXNIP transcription upon high-glu-
cose or STZ treatment. Under these conditions, expression of
TXNIP in INS-1 cells was increased by depletion of raptor, but
not rictor (Fig. S2, I and J), indicating a role of mTORCI in
regulating TXNIP expression. Consistent with this, immunos-
taining analysis indicated that levels of S6 phosphorylation (Ser
235/236) were markedly decreased in response to STZ expo-
sure (Fig. 5 I), along with a decrease in mTOR phosphorylation
(Ser 2448; Fig. S2 K), suggesting that mTORCI activity was
reduced by STZ treatment.

mMTOR is associated with glucose-
responsive ChREBP, leading to
suppression of TXNIP expression

We have shown that deficiency or depletion of mTOR induced
the expression of TXNIP and ChREBP upon high-glucose
treatment or STZ exposure (Figs. 5 and S2), suggesting that
mTOR suppresses ChREBP-mediated transcription of TXNIP
upon nutritional or apoptotic stress. To confirm whether mTOR
regulates TXNIP transcription through ChREBP in f cells, we
depleted ChREBP in INS-1 cells. Reducing ChREBP levels
abolished mTOR deficiency—induced up-regulation of TXNIP
expression upon high-glucose treatment (Fig. 6 A), suggesting
that mTOR suppresses TXNIP expression through ChREBP.
To determine whether mTOR inhibits binding of ChREBP to
the TXNIP promoter, we performed a chromatin immunopre-
cipitation assay. The binding of ChREBP to the ChoRE region
of the TXNIP promoter was enhanced by mTOR depletion
under the low-glucose condition, and such binding was further
increased by high-glucose treatment (Fig. 6 B). Similarly, re-
ducing ChREBP levels abolished mTOR deficiency—induced
up-regulation of TXNIP expression upon STZ treatment
(Fig. 6 C). A chromatin immunoprecipitation assay demon-
strated that the binding of ChREBP to the ChoRE region of
the TXNIP promoter was enhanced by mTOR depletion, and
the enhanced binding was further increased by STZ treatment
(Fig. 6 D). These results indicate that mTOR inhibits the bind-
ing of ChREBP to the TXNIP promoter, eventually leading to
the suppression of TXNIP expression.

ChREBP associates with Max-like protein (Mlx), and the
complex is known to act as a transcriptional regulator of TXNIP
in INS-1 cells upon high-glucose stimulation (Cha-Molstad et
al., 2009). Considering that expression levels of TXNIP and
ChREBP were increased after treatment with high glucose or
STZ (Fig. 5), we assessed binding of ChREBP to MIx. Immuno-
precipitation analysis revealed that the association of ChREBP

with MIx was enhanced by STZ treatment (Fig. 6 E), suggesting
that formation of the ChREBP-MIx complex was increased in
response to STZ. Given that ChREBP is required for TXNIP
transcription (Cha-Molstad et al., 2009; Fig. 6, B and D) and
mTOR suppresses TXNIP expression (Fig. 5), we examined
whether mTOR directly binds to ChREBP. Notably, we found
that ChREBP was coimmunoprecipitated with mTOR and that
STZ treatment increased the relative amount of ChREBP in
the precipitate (Fig. 6 F). Based on our results showing that
ChREBP and Mlx form a complex (Fig. 6 E) and mTOR binds
to ChREBP (Fig. 6 F), we next investigated whether mTOR
also interacted with Mlx. We found that mTOR was associated
with MIx, and the association was increased by STZ treatment
(Fig. 6 F), suggesting that mTOR interacts with the ChREBP—
MiIx complex under apoptotic stress conditions. Given that two
ChREBP-MIx complexes bind to the two E boxes of the ChoRE
motif to provide a positive transcriptional input to TXNIP ex-
pression (Cha-Molstad et al., 2009), our results suggest that
mTOR regulates the formation of the ChREBP-MIx complex
for the transcription of TXNIP (Fig. 6, B and D). We further
examined whether mTOR affects the association between
ChREBP and Mlx. Binding between ChREBP and MIx was in-
creased by mTOR depletion (Fig. 6 G), suggesting that mTOR
negatively regulates the association of ChREBP and MIx. To-
gether, these results suggest that mTOR suppresses TXNIP ex-
pression via inhibiting the transcriptional activity of ChREBP.

The expression levels of TXNIP

and ChREBP are elevated in human
diabetic islets

Based on the fact that the ChREBP-Mlx complex translo-
cates from the cytoplasm into the nucleus, where it binds to
the ChoRE region of the TXNIP promoter to induce TXNIP
transcription (Cha-Molstad et al., 2009), we next determined
whether mTOR is involved in nuclear translocation of the
ChREBP-MIx complex to induce TXNIP transcription with
STZ treatment. In vehicle-treated cells, mTOR, ChREBP, and
MiIx were separated in the cytoplasm (Fig. 7, A—C). In contrast,
in the chemically induced diabetic condition, mMTOR was asso-
ciated with ChREBP and MIx in the cytoplasm, but not in the
nucleus (Fig. 7, A and B). This tells us that mTOR does not
translocate together with the ChREBP-MIx complex from the
cytoplasm into the nucleus but rather regulates the binding of
ChREBP-MlIx to the TXNIP promoter under STZ treatment.
We further examined whether depletion of mTOR affects the
translocation of ChREBP-MIx complex into the nucleus under
such conditions. The depletion of mTOR induced the transloca-
tion of the ChREBP-MIx complex into the nucleus after STZ
exposure, suggesting that mTOR inhibits the translocation of
the ChREBP-MIx complex under apoptotic stress conditions
(Fig. 7 C). The levels of ChREBP were elevated in the nucleus
of mTOR-depleted cells upon STZ treatment (Figs. 7 C and S2
L). To evaluate the clinical relevance of TXNIP and ChREBP in
diabetes, we assessed the expression levels of these proteins in
human diabetic islets by immunostaining. The levels of TXNIP
and ChREBP expression were significantly elevated in islets
from subjects with diabetes compared with nondiabetic subjects

immunofluorescence images of pancreatic sections from WT mice affer 8 wk of STZ injection using antibodies against p-S6 (Ser 235/236) (green) and
insulin (red). Nuclei are shown with Hoechst (blue) staining. In E, F, and |, bars, 50 ym; WT, n = 6; knockout, n = 5. In A and C, values are given as mean
+ SEM of three independent experiments. *, P < 0.05; **, P < 0.01 versus WT [ANOVA).
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treatment. (C) Expression of TXNIP and ChREBP after mTOR knockdown under STZ treatment. (D) Binding of ChREBP to the ChoRE region of TXNIP promoter
in INS-1 cells transfected with si-NS or si-mTOR after STZ treatment. (E) Interaction between Mix and ChREBP in INS-1 cells upon STZ treatment. INS-1 cells
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versus si-NS (ANOVA). IP, immunoprecipitate; Veh, vehicle.

(Fig. 7, D and E), indicating that diabetes-induced enhancement
of TXNIP and ChREBP expression is conserved between mice
and humans. Collectively, these results suggest that depletion
of mTOR facilitates the association of ChREBP with Mlx and
induces recruitment of the ChREBP-MIx complex into the nu-
cleus, where it binds the ChoRE region of the TXNIP promoter,
thereby enhancing transcription of the TXNIP gene (Fig. 7 F).

Discussion

Insulin secretory function and survival of pancreatic f cells are
intimately linked to nutrient availability and its sensing (Efeyan
et al., 2015). Here, we report that mice lacking mTOR, a com-
mon nutrient-sensing component of mMTORC1 and mTORC2,
in B cells exhibited glucose intolerance, insulin resistance, a
decrease in p cell mass, and an increase in p cell death. These
results suggest that impaired glucose homeostasis is connected
to a defect in P cell survival caused by mTOR deficiency. On
the other hand, TSC2 deficiency in P cells, which leads to
constitutive activation of mTORCI signaling, results in a de-
crease in blood glucose levels, hyperinsulinemia, and improved
glucose tolerance, which is the opposite phenotype of mTOR-
deficient mice (Rachdi et al., 2008). Conversely, rapamycin and
other mTORCI1 inhibitors such as sirolimus, everolimus, and
zatarolimus have been used to treat chronic diseases like cancer,
hyperinsulinism, tuberous sclerosis complex, and lymphangi-
oleiomyomatosis (Li et al., 2014). Considering that mMTORCI is

critical for nutrient sensing (Jewell and Guan, 2013), it should
be concerning that the long-term treatment of chronic diseases
with mTORCI inhibitors leads to adverse effects, including
severe weight loss, hypertriglycemia, hypercholesterolemia,
nephrotoxicity, altered insulin sensitivity, and immunodefi-
ciency (Li et al., 2014). In f cells, rapamycin induces apopto-
sis in mouse and human islets, as well as in MIN6 cells upon
chronic glucose exposure (Bell et al., 2003; Fraenkel et al.,
2008). Our results and those of others suggest the relevance of
mTOR signaling in f cell growth and survival in response to
nutritional status and indicate the importance of determining
the mechanism of the action of mTOR protein in controlling 3
cell survival and function.

Although it is well known that insulin resistance is com-
monly defined by inadequate response to insulin in peripheral
tissues such as muscle, liver, and adipose tissue (Le Bacquer
et al., 2007; Muoio and Newgard, 2008), we observed insulin
resistance in P cell-specific mTOR-deficient mice. In patients
with type 1 or type 2 diabetes, there are common cases of in-
sulin resistance accompanied by a decrease in 3 cell mass and
insulin secretion (Muoio and Newgard, 2008). It is possible that
the phenotype of insulin resistance in m7TOR-deficient mice
may be connected to the markedly reduced in p cell mass and
insulin secretion caused by mTOR deficiency. Given that 3 cells
themselves are capable of producing chemokines and cytokines
such as IL-1B, IFNy, pancreatic-derived factor (PANDER),
amylin, and apolipoprotein CIII in response to hyperglycemia
(Cieslak et al., 2015), and considering that these chemokines
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Figure 7. Increased expression levels of TXNIP and ChREBP in human diabetic islets. (A) Formation of ChREBP-MIx complex after STZ treatment. (B) Trans-
location of the ChREBP-MIx complex from the cytoplasm into the nucleus after STZ treatment. (C) Recruitment of the ChREBP-MIx complex into the nucleus
by mTOR knockdown after STZ treatment. (D) Increased expression levels of TXNIP in islets of nondiabetic and diabetic patients. (leff) Representative pan-
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intensity. (E) Enhanced expression levels of ChREBP in islets of diabetic patients. (left) Representative immunofluorescence images of human pancreatic
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diabetes mellitus (ANOVA). Cyt, cytoplasm; Nuc, nucleus; Veh, vehicle.
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and cytokines contribute to insulin resistance and inflammation
(Eizirik et al., 2009), it is possible that mTOR-deficient f cells
might produce such secretory factors, which would affect insu-
lin sensitivity in peripheral tissues. Identification of the kinds of
secretory factors that are directly involved in insulin resistance
in B cell-specific mTOR-deficient mice would be of interest, as
it would likely identify the link between f cell dysfunction and
insulin resistance in peripheral tissues.

Although it has been reported that RIP-Cre is expressed
in the hypothalamic region (Kubota et al., 2004), we could not
detect mTOR depletion in the hypothalamus. Notably, isolated
PmTORKO islets exhibited increased expression of apoptotic
proteins and a reduction in glucose-stimulated insulin secretion
ex vivo, suggesting that the phenotype of fmTORKO mice is
likely to be the consequence of mTOR deficiency specifically
in B cells. Although the roles of S6K1, Akt, 4EBPs, raptor, and
rictor in various cells and tissues, including f cells, have been
investigated extensively (Bernal-Mizrachi et al., 2004; Le Bac-
quer et al., 2007; Bentzinger et al., 2008; Gu et al., 2011; Um et
al., 2015), the function of mTOR in f cells remains to be deter-
mined. In this context, our analysis further revealed that mTOR
deficiency resulted in decreased mitochondrial membrane po-
tential and an increased ADP/ATP ratio, ultimately leading to
reduced insulin secretion. Consistent with this, rapamycin in-
hibits glucose-stimulated insulin secretion in pancreatic islets
by reducing mitochondrial ATP production through suppressing
carbohydrate metabolism in the Krebs cycle (Shimodahira et
al., 2010). Conversely, the ablation of TSC2 in f cells enhances
insulin secretion by increasing the number of mitochondria via
activation of mTORC1 (Koyanagi et al., 2011). However, it is
unclear whether mitochondrial ATP synthetic capacity in p cells
is also regulated by mTORC2 (Gu et al., 2011). Previous studies
with rapamycin treatment suggest that multiple targets such as
raptor, 4EBPs, and S6Ks are involved in  cell death and de-
creased insulin secretion, whereas our data using f} cell-specific
mTOR knockout mice indicate that mTOR acts as a critical reg-
ulator to protect f3 cell survival and function.

Considering that the prevalence of diabetes has been rising
in recent decades (Kharroubi and Darwish, 2015), elucidation of
the mechanisms by which nutrient-sensitive signaling regulates
B cell survival and function is critical for developing novel ther-
apeutic strategies for diabetes treatment. Here, we found that in
the STZ-induced diabetic condition, f cell-specific mTOR-defi-
cient mice exhibited severe glucose intolerance, impaired insu-
lin secretion, markedly reduced islet size, and enhanced p cell
death, suggesting a novel role of p cell-specific mTOR in the
maintenance of glucose homeostasis in diabetes. Conversely,
earlier studies have shown that mice expressing constitutively
active Aktl in P cells exhibit resistance to STZ-induced diabe-
tes, although its effect on p cell survival and its molecular tar-
get have not been directly determined (Bernal-Mizrachi et al.,
2001). Under diabetic conditions, high levels of oxidative stress
directly inhibit mitochondrial ATP production and suppress in-
sulin release in f cells (Yano et al., 2011). Oxidative stress is
regulated by TXNIP, an endogenous inhibitor of thioredoxin
(Lerner et al., 2012; Oslowski et al., 2012; Jung et al., 2013;
Shalev, 2014). mTOR-deficient mice exhibited an increase in
TXNIP expression and a reduction of Trx-1 expression, along
with an increase in p cell apoptosis upon STZ treatment. On
the other hand, overexpression of mTOR conversed the expres-
sion patterns of apoptotic-related proteins observed in mTOR-
depleted cells, suggesting the role of mTOR in the regulation

of the TXNIP-Trx-1 axis. Considering that TXNIP can also
be considered as a suppressor of glucose uptake, which is in-
dependent of its function as a regulator of oxidative stress via
interacting with Trx (Patwari et al., 2009), it is critical to dissect
the involvement of TXNIP as a suppressor of glucose uptake
in the regulation of f cell function in the future using TXNIP
C247S mutant construct, which leads to the loss of interaction
of TXNIP with Trx and does not affect to the inhibitory function
of TXNIP on glucose uptake (Patwari et al., 2009).

To date, the molecular mechanism that leads to increased
TXNIP expression in diabetes is not fully defined. In this con-
text, we found that mTOR acts as an inhibitory signaling com-
ponent to control ChREBP-regulated TXNIP transcription in
p cells. Considering that elevated TXNIP levels induce f cell
oxidative stress and apoptosis (Lerner et al., 2012; Oslowski et
al., 2012), whereas deficiency of TXNIP protects against type
1 diabetes by inducing f cell survival (Chen et al., 2008), the
capacity of mTOR to suppress ChREBP-mediated TXNIP ex-
pression may play a crucial role in protecting f cells from death
in diabetes. In line with this, Kaadige et al. (2015) have recently
reported that mTOR negatively regulates TXNIP expression in
HEK 293T cells. Their study described the relationship between
TXNIP-mTOR and Mondo A (Kaadige et al., 2015), which is
known to be primarily expressed in muscle and heart but lacks
two essential cAMP-dependent protein kinase phosphorylation
sites important for glucose responsiveness (Li et al., 2006). Our
analysis showed that in f cells, mMTOR binds to the ChREBP-
Mlix complex, which is critical to glucose responsiveness.
Mechanistically, we found that mTOR inhibits translocation
of this complex into the nucleus, suppressing ChREBP tran-
scriptional activity required for TXNIP expression in 3 cells.
Although ChREBP is not Mondo A, and we used primary pan-
creatic f cells, whereas Kaadige et al. (2015) used HEK293T
and BxPC-3 cell lines, our study further expends their findings
to the levels of B cell physiology in vivo and pathological human
relevance in the regard of mTOR-mediated TXNIP expression
(Kaadige et al., 2015). Consistent with the study by Kaadige
et al. (2015), our analysis further indicated that raptor, rather
than rictor, was mainly involved in mTOR-regulated TXNIP
expression. However, our data do not completely rule out the
possibility that mMTORC2 may regulate TXNIP expression or its
association with MIx. It will be important to determine whether
the roles of mTOR on f cell survival and function are medi-
ated through mTORC1 or mTORC?2 in vivo. This might be ad-
dressed by analysis of p cell-specific raptor-deficient mice or
B cell-specific rictor-deficient mice under diabetic conditions.
Considering the elevated expression of TXNIP and ChREBP in
mTOR-deficient mice, whether the involvement of TXNIP and
ChREBP expression is correlated with observed phenotypes
should be directly tested in TXNIP- or ChREBP-deficient mice
or knockdown cells in the future.

The clinical significance of our findings was illustrated
by the results showing that expression levels of TXNIP and
ChREBP were elevated in human diabetic islets, which was
consistent with the loss of glycemic control. Considering that
rapamycin, an immunosuppressant, causes a large population of
transplanted islets to undergo apoptosis accompanied by a dete-
rioration of glucose homeostasis (Barlow et al., 2013), rapamy-
cin-mediated inhibition of mMTORCI activity may render islet f3
cells more susceptible to oxidative stress and f cell dysfunction
during transplantation. Indeed, a high incidence of hyperglyce-
mia and development of new-onset diabetes has been reported
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in 13-50% of patients in clinical trials using mTOR inhibitors as
anticancer therapies (Verges and Cariou, 2015). Thus, our find-
ings suggest that controlling the nutrient-sensitive mTOR-regu-
lated transcriptional network may provide a means to preserve 3
cell survival and function in diabetes or islet grafts.

Materials and methods

Mice

mTOR/"fox and Rip-Cre mice were purchased from The Jackson Lab-
oratory. All mice were backcrossed 10 times onto the C57BL/6J back-
ground maintained on a 12-h light/dark cycle and fed ad libitum. All
animal experiments were approved by the Institutional Animal Care
and Use Committee of Sungkyunkwan University School of Medicine.
Sungkyunkwan University School of Medicine is an Association for
Assessment and Accreditation of Laboratory Animal Care Interna-
tional-accredited facility and abides by the Institute of Laboratory
Animal Resources guide.

Human pancreas sections

Human pancreas sections were obtained from pancreata of nondi-
abetic and diabetic subjects under approval of the Health Research
Ethics Board of Seoul National University Hospital and after obtain-
ing informed consent (26-2016-109). Human pancreas sections were
obtained from 10 nondiabetic adult subjects (mean age, 53.17 + 3 yr
[range, 38—79 yr]; body mass index, 22.04 + 0.65 (range, 17.8-29.4 kg/
m?), and from 7 diabetic subjects: mean age, 53.17 + 3 yr (range, 38-79
yr); body mass index, 22.04 + 0.65 (range, 17.8-29.4 kg/m?); HbAlc in
diabetic subjects, 7.14 + 1.02%. Pancreas sections were costained with
ChREBP and insulin, or with TXNIP and insulin antibodies. Subject
details are presented in Table S1.

Cell culture and transfection

Rat insulinoma (INS-1) cells were provided by C. Newgard (Duke Uni-
versity, Durham, NC) and grown as previously described (Oslowski
et al., 2012). INS-1 cells were transfected with 10 nM siRNA using
DharmaFECT1 transfection reagent (GE Healthcare). The sense and
antisense sequences of siRNAs were as follows: nonsilencing, 5'-UUC
UCCGAACGUGUCACGUUU-3" and 5-ACGUGACACGUUCGG
AGAAUU-3"; mTOR, 5'-GGCCUAUGGUCGAGAUUUAUU-3" and
5’-UAAAUCUCGACCAUAGGCCUU-3"; ChREBP #1, 5'-AAGAGG
CGUUUCAAUAUUAUU-3’ and 5'-UAAUAUUGAAACGCCUCU
UUU-3'; and ChREBP #2, 5'-GCAACUGAGGGAUGAAAUAUU-3'
and 5'-UAUUUCAUCCCUCAGUUGCUU-3'. siRNAs against rap-
tor or rictor were purchased from Santa Cruz Biotechnology, Inc. For
overexpressing of mTOR, INS-1 cells were transfected with indicated
pRKS5-based expression vectors: myc-mTOR (Addgene) and myc-
mTOR kinase dead (myc-mTOR KD; Addgene). The total amount of
plasmid DNA in each transfection was normalized with empty pRKS.

Immunoblotting and immunoprecipitation

Cells were lysed in a radioimmunoprecipitation assay buffer contain-
ing 150 mM NaCl, 50 mM Tris-Cl, pH 7.4, 1 mM EDTA, 1% NP-40,
0.25% sodium-deoxycholate, 0.1 M NaF, 2 mM Na;VO,, and protease
inhibitors (Roche). The process of immunoblotting and immunopre-
cipitation was performed as previously described (Kim et al., 2012).
Antibodies against mTOR (rabbit), raptor (rabbit), rictor (rabbit),
PARP (rabbit), p-S6 S235/236 (rabbit), p-S6 S240/244 (rabbit), p-Akt
S473 (rabbit), and p-S6K T389 (rabbit) were purchased from Cell
Signaling Technology. Antibodies against TXNIP (mouse), ChREBP
(goat), Mlx (goat), Bax (mouse), Bcl-2 (mouse), a-tubulin (mouse),
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and f actin (goat) were purchased from Santa Cruz Biotechnology, Inc.
Anti-Trx-1 antibody (mouse) was obtained from BD. All immuno-
blotting and immunoprecipitation experiments were performed inde-
pendently at least three times.

Glucose tolerance test, insulin tolerance test, and measurement of
serum insulin levels

For the glucose tolerance test, mice were fasted for 16 h and then in-
jected i.p. with p-glucose (2 g/kg body weight) in sterile PBS. For
the insulin tolerance test, mice were fasted for 4 h and then injected
i.p. with insulin (0.75 U/kg body weight). Blood glucose levels were
measured at 0, 15, 30, 60, 90, and 120 min using an AccuChek II glu-
cometer (Roche) after challenge with glucose or insulin. To measure
serum insulin levels, blood was collected from the tail vein before
and 15 and 30 min after intraperitoneal injection with glucose (2 g/
kg body weight). Blood samples were centrifuged, and serum was col-
lected for the measurement of insulin concentrations with an ELISA
Mouse Insulin kit (ALPCO).

Islet isolation

Islets were isolated from 8-wk-old male mice as described previously
(Um et al., 2015). In brief, mouse pancreata were injected with 0.8
mg/ml collagenase P (Roche) in HBSS solution. The entire pancreas
was incubated at 37°C for 15 min with regular shaking. The digested
suspension was passed through a mesh (Sigma-Aldrich), and islets
were isolated by density gradient centrifugation on a Ficoll gradient
(Biochrom AG). After centrifugation without braking, islets were col-
lected from the interface and hand-picked into a Petri dish under a
dissecting microscope. Isolated islets were cultured at 37°C in RPMI
1640 with 10% FBS and 1% penicillin/streptomycin overnight under
humidified conditions of 95% air and 5% CO, before performing the
experimental procedures.

Immunohistochemistry

Pancreata obtained from 12-wk-old mice were used for morphomet-
ric analysis and immunohistochemistry. Immunostaining for insulin
(guinea pig; Dako; or rabbit; Santa Cruz Biotechnology, Inc.), glu-
cagon (mouse; Sigma-Aldrich), and Ki67 (mouse; Santa Cruz Bio-
technology, Inc.), TXNIP (mouse; MBL), ChREBP (goat; Santa Cruz
Biotechnology, Inc.), p-S6 S235/236 (rabbit; Cell Signaling Technol-
ogy), p-mTOR S2448 (rabbit; Cell Signaling Technology) was per-
formed as previously described (Um et al., 2015). Immunostaining
was performed in slides with pancreas, presenting 1/6 of the organ.
Slides incubated with primary antibodies were visualized with Alexa
Fluor 568- or 488—conjugated IgG (Invitrogen) by fluorescence mi-
croscopy (Axiovert-200; ZEISS). Mean islet volume and f cell den-
sity were measured in insulin- and glucagon-stained pancreas sections
using Imagel] software (National Institutes of Health). p Cell mass was
determined using the following equation: p cell mass = pancreas weight
(milligrams) x relative insulin surface (total area of insulin-positive
cells [square micrometers]/total pancreas area [square micrometers])
x 100 (Um et al., 2015).

Assay of insulin secretion from isolated islets and INS-1 cells

To assay insulin release in islets, groups of 10 islets in triplicate were
preincubated and then stimulated with either 2.8 mM or 16.7 mM glu-
cose in Krebs-Ringer buffer (135 mM NaCl, 3.6 mM KCI, 0.5 mM
NaH,PO,, 0.5 mM MgSO,,1.5 mM CaCl,, 5 mM NaHCO;, 10 mM
Hepes, and 0.1% BSA, pH 7.4). For insulin content measurement, is-
lets were incubated overnight in acidic ethanol solution (75% ethanol
and 25% CH;COOH) and then sonicated on ice (Sonic Dismembra-
tor 500; Thermo Fisher Scientific). After centrifugation, supernatants
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were collected for measurement of insulin content using ELISA kit
(ALPCO). To assay insulin secretion in INS-1 cells, 3 d after transfec-
tion, cells were preincubated for 1 h in Krebs-Ringer buffer containing
3 mM glucose at 37°C. Thereafter, cells were incubated with Krebs-
Ringer buffer containing 3 mM or 25 mM glucose for another 1 h at
37°C. The supernatants were collected for measurement of insulin se-
cretion using an ELISA kit (ALPCO).

Chromatin immunoprecipitation assay

INS-1 cells were seeded onto 10-cm dishes in RPMI-1640 medium 1 d
before the treatment. The cells were incubated in RPMI-1640 contain-
ing 5 mM or 25 mM glucose for 6 h. Cells were cross-linked with 1%
formaldehyde for 10 min. Glycine was added at a final concentration
of 0.125 M to terminate the cross-linking reaction. Cells were washed
with PBS, suspended in SDS lysis buffer, and then subjected to son-
ication with a Sonic Dismembrator 500 (Thermo Fisher Scientific).
DNA-protein complexes were immunoprecipitated for 16 h at 4°C
with anti-ChREBP. Protein and/or DNA complexes were captured for
1 h at 4°C using protein A or G agarose (GE Healthcare)/salmon sperm
DNA slurry and extensively washed. The cross-links were reversed by
heating to 65°C for 4 h in Tris-HCI, pH 6.5, 5 M NaCl, and 0.5 M
EDTA. DNA was extracted by phenol/CHC]l; and precipitated with eth-
anol. Precipitated DNA was quantified by quantitative PCR with the
following primers: rat TXNIP, 5'-CGCACCCGAACAACAACCAT-3’
(forward), 3'-AAGCGGGAGCCGGAAACGG-5' (reverse); rat GAP
DH, 5'-ACCATGCTTCACTGACATTCTGA-3" (forward), 3'-GGT
CTGCCTCCCTGCTAACC-5’ (reverse).

[Ca?+]; measurement

Ca? measurement was performed as previously described with mod-
ifications (Phuong et al., 2013). Pancreatic islets were incubated in
culture medium containing 4 uM fura 2-AM for 30 min at room tem-
perature. Islets were washed twice with Tyrode solution (in millimoles
per liter, 145 NaCl, 5 KCl, 1.5 CaCl,, 3 glucose, and 10 Hepes, pH
7.4, with NaOH) and placed in the dark for 30 min. Islets were placed
into a recording chamber and alternatively excited (340 and 380 nm) at
5 Hz frequency, and the emitted fluorescence at 510 nm was collected
via a photomultiplier tube (PTI). A mechanical diaphragm situated at
an image plane in the emission path limited the measurement to a sin-
gle islet. The measurement was performed at 36°C, and the islets were
alternatively superfused (~3 ml/min) with Tyrode solution containing
3 mM or 16.7 mM glucose or 60 mM KCI. The fluorescence ratios
(F340/Fsg0) were recorded using Felix32 (PTI). The data were analyzed
using Origin 6.1 software.

Cell cycle analysis

3 d after transfection with either control siRNA (si-NS) or mTOR
siRNA (si-mTOR), INS-1 cells were treated with 1| mM STZ for
24 h. The cells were trypsinized, washed twice with PBS, and fixed
with 70% ice-cold ethanol. Cells were washed with cold PBS and in-
cubated with 0.2 mg/ml RNase A (Sigma-Aldrich) at 37°C for 30 min.
Finally, cells were labeled with propidium iodide at final concentration
20 pg/ml (Sigma-Aldrich) for 30 min in the dark at room temperature
and processed further by flow cytometry using a Canto II cell sorter
(BD). The populations of cells in sub-G2/M, S, G1, and sub-G1 phase
were gated and analyzed using FACS BD Canto II software.

Measurement of intracellular ROS production and mitochondrial
membrane potential

For measurement of intracellular ROS levels, cells were washed twice
with PBS and incubated in PBS containing 10 uM fluorescence probe
2',7'-dichlorofluorescein diacetate (Invitrogen) for 30 min in the dark at

37°C. Mitochondrial membrane potential was assessed by staining cells
with 10 nM tetramethylrhodamine, ethyl ester (Invitrogen) for 30 min in
the dark at 37°C. Intracellular ROS levels and mitochondrial membrane
potentials were quantified by flow cytometry using a Canto II cell sorter.

Measurement of mitochondrial respiration

The oxygen consumption rate of isolated islets was measured using a
Seahorse XF24 extracellular flux analyzer according to the manufac-
turer’s instructions. In brief, 20 mM glucose was added to stimulate
cellular oxygen consumption. 5 uM oligomycin, 1 uM FCCP, or 5 uM
rotenone was added at indicated times.

Statistical analysis

Data are presented as mean + SEM. All experiments were repeated at
least three times, with representative data shown. The main and inter-
active effects were analyzed by ANOVA factorial or repeated measure-
ments or by one-way ANOVA. Differences between individual group
means were analyzed by post hoc Bonferroni test or two-tailed 7 test.
Analyses were performed using GraphPad Prism software. Differences
were considered to be statistically significant at P < 0.05.

Online supplemental material

Fig. S1 shows the genotyping and body weight of mice used in this
study. Fig. S2 shows that the depletion of mTOR or inhibition of mTOR
activity results in increased TXNIP and ChREBP expression. Table S1
shows information regarding human islets.
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