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mTORC in B cells: more Than Only Recognizing

Comestibles
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The pathways regulating pancreatic  cell survival in
diabetes are poorly understood. Here, Chau et al.
(2017. J. Cell Biol. https://doi.org/10.1083/jcb
.201701085) demonstrate that mTOR regulates the
apoptotic machinery through binding to the ChREBP-
MIx complex to suppress TXNIP, thereby protecting
pancreatic B cells in the diabetic setting by inhibiting
oxidative stress and mitochondrial dysfunction.

Pancreatic f cell failure, characterized by a loss of function and
mass of the insulin-producing f cells, is a hallmark of both type
1 and type 2 diabetes. 3 cell function continues to decline during
current therapies, which highlights the need for improved ther-
apeutic approaches as well as for a better understanding of the
molecular changes underlying f cell loss in diabetes. Apoptosis
as well as impaired regeneration of p cells are major contributing
factors to the reduced f cell mass in diabetes (Ardestani et al.,
2014). Pancreatic p cells are highly vulnerable to apoptotic stim-
uli because of their relatively low expression of antiapoptotic en-
zymes and the presence of several pattern recognition receptors,
which primes them for cell death under chronic metabolic and
proinflammatory conditions. Furthermore, human f cells have
a limited proliferative capacity. Therefore, the identification of
cellular signaling pathways that regulate survival, proliferation,
and regeneration of pancreatic f cells, together with an in-depth
knowledge of their mechanisms of action is a prerequisite for the
discovery of new drugs for  cell-directed therapies in diabetes.
Because of the complexity of this metabolic disease and that
multiple counter-regulating cellular pathways are in place during
metabolic deterioration and adaptation, it has been difficult to
control diabetes and to maintain {3 cell survival and function. One
adaptive mechanism, which is very active in pancreatic f§ cells,
is the mTOR signaling pathway. mTOR is an evolutionarily con-
served serine/threonine kinase and nutrient-responsive regulator
of cell growth, which forms two functionally and structurally
distinct complexes, mTOR complex-1 (mTORC1) and mTOR
complex-2 (mTORC2). mTOR is the core of a growth factor—
and nutrient-sensing network. Diverse nutrients, but also mito-
gens, growth factors, stress, oxygen, and energy supply, stimulate
the activation of mTOR complexes to regulate cell development,
growth, proliferation, viability, and metabolism via controlling
multiple downstream intracellular processes (Saxton and Saba-
tini, 2017). Consistent with the role of mTOR in coordinating cel-
lular metabolism, in vivo physiological studies have revealed that
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the mTOR pathway is critical for proper glucose homeostasis and
metabolic regulation at the cellular and organismal level (Sax-
ton and Sabatini, 2017). Extracellular glucose levels and signals
from nutrients need to be sensed to fine-tune insulin secretion
by P cells in response to the current metabolic demand. Within
cells, glucose and nutrient metabolism activate mTORC1, while
secreted insulin as well as other growth factors act via the insulin
signaling pathway in the 3 cell to activate mTORC?2 (Fig. 1).
mTOR has been reported to regulate f cell survival and
proliferation under physiological conditions both in vitro and
in vivo. mTOR is one of the major signaling complexes respon-
sible for f cell growth, plasticity, and adaptation in response to
both cell-autonomous and systemic growth signals in the context
of nutrients and endocrine factors (Barlow et al., 2013). In this
issue a well-designed study by Chau et al. provides the underly-
ing mechanisms for the connection of mTOR deficiency to f cell
death and the progression of diabetes. Chau et al. (2017) initially
show that genetic disruption of mTOR selectively in pancreatic
f cells leads to defective glucose-induced insulin secretion and
glucose intolerance as a result of impaired p cell survival and
reduced f cell mass. Further analysis of islets isolated from 3
cell-specific mTOR knockout (B-mTORKO) mice as well as an
mTOR-deficient f cell line revealed that mitochondrial mem-
brane potential and respiration is compromised, which leads to
impaired ATP production, lower intracellular Ca?*, and elevated
ROS production. These findings link loss of mTOR signaling
to impaired mitochondrial activity, § cell apoptosis, and insulin
production. As a lack of mTOR promotes f cell apoptosis, Chau
etal. (2017) hypothesized that mTOR deficiency may regulate 3
cell survival, function, and glucose homeostasis under diabetic
conditions. Injection of the P cell toxin streptozotocin (STZ)
induced progressive hyperglycemia and impaired glucose tol-
erance in WT control mice, whereas in the f-mTORKO mice
blood glucose levels were further increased and glucose toler-
ance and glucose-induced insulin secretion were severely im-
paired. Further reduced  cell survival and loss of compensatory
hyperplasia led to pancreatic {3 cell mass reduction (Chau et al.,
2017). These data suggest that § cell-specific ablation of mMTOR
exacerbated progressive hyperglycemia and further potentiated
glucose intolerance and impaired insulin secretion in the STZ
mouse model of B cell destruction and diabetes. These defects
are p cell specific; Chau et al. (2017) reproduced earlier findings
from pharmacologic mTOR inhibition by rapamycin (Barlow
et al., 2013) in B cell-specific mMTOR-deficient mice. Islets are
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Figure 1. mTOR is the essential signaling pathway for nutrient sensing and apoptosis protection in the f cell. Nutrients such as amino acids and glucose
activate both mTOR complexes in the B cell via interconnected pathways. mTORC1 is activated directly, whereas secreted insulin (induced by glucose
metabolism and the raise in intracellular Ca?*) acts indirectly through mTORC2. mTORC1 is activated through Rag GTPase and inhibited by TSC1/2
and AMPK (elevated ATP/AMP derived from the Krebs cycle and mitochondrial respiration suppress AMPK). mTORC2 is activated by growth factors and
insulin through the insulin receptor IRS1/2-PI3K-PIP; pathway and is required for full activation of prosurvival kinase AKT. Under physiological conditions,
mTOR binds to the ChREBP-MIx complex and keeps it in the cytosol. mTOR can also dissociate the ChREBP-MIx complex or prevent their interaction. In
both scenarios, mTOR prevents the ChREBP-MIx shuttling to the nucleus and binding to the TXNIP promoter. Subsequently, TXNIP transcription and § cell
apoptosis are suppressed. In the absence of mTOR, the ChREBP-MIx complex binds to the TXNIP promoter, which leads to elevated TXNIP levels, oxida-

tive stress, and apoptosis.

smaller and exhibit reduced f§ cell mass together with defective
glucose-stimulated insulin secretion. This is in line with the loss
of important factors for f cell proliferation, i.e., cyclin D2 and
D3 and Cdk4 upon mTOR inhibition (Balcazar et al., 2009).
Interestingly, Chau et al. (2017) identified that mTOR
functions as an apoptosis-protecting signal in p cells by inter-
fering with the activation of Thioredoxin-interacting protein
(TXNIP), a key regulator of the intracellular redox state. Loss
of mTOR induces TXNIP at both the mRNA and protein level
and amplifies TXNIP up-regulation in stressed p cells chal-
lenged with STZ or increased glucose concentrations. TXNIP
is up-regulated under diabetogenic conditions and linked to
insulin resistance as well as f cell failure through its participa-
tion in the activation of the NLP3 inflammasome under chronic
glucotoxicity in f cells (Zhou et al., 2010). But how could the
regulated glucose/nutrient sensing by mTOR prevent such di-
abetic TXNIP activation? Under physiological conditions, all
mTOR complex partners are present in the f cell, together
with the carbohydrate-responsive element binding protein
(ChREBP), which is responsible for the transcriptional regu-
lation of TXNIP. Pharmacological and genetic disruption of
mTOR signaling up-regulates ChREBP. Furthermore, STZ- and
glucose-induced ChREBP is further increased in the absence of
mTOR in P cells. Reciprocally, mTOR overexpression dimin-
ishes stress-induced TXNIP and ChREBP induction together
with the protection from f cell death, suggesting an mTOR-de-
pendent regulation of the TXNIP-ChREBP signaling axis with
an impact on p cell survival. Mechanistically, Chau et al. (2017)
showed that mTOR can bind to the ChREBP-MIx complex and
keeps it in the cytosol. Consequently, transcriptional activity
and expression of coordinated genes is low. This was shown
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for TXNIP as mTOR depletion enhances ChREBP-MIx bind-
ing to the TXNIP promoter in the nucleus, inducing its expres-
sion, which leads to oxidative stress and {3 cell apoptosis. These
findings suggest that functional mTOR suppresses TXNIP and
balances f cell survival by promoting ChREBP-MIx cytoplas-
mic retention through a direct protein—protein interaction. Also,
coimmunoprecipitation studies indicate that mTOR depletion
increases the ChREBP—MIx interaction, illustrating that mMTOR
might also negatively regulate TXNIP induction by disrupting
the ChREBP-MIx complex. Interestingly, upon diabetogenic
stimuli, ChREBP-MIx translocates into the nucleus, whereas
mTOR remains in the cytosol. In the complete absence of
mTOR, TXNIP is freed from its inhibitory regulatory mecha-
nism imposed by mTOR, which leads to an uncontrolled redox
state, oxidative stress, and massive p cell death (Fig. 1). Impor-
tantly, ChREBP as well as TXNIP are up-regulated in pancre-
atic autopsy sections from patients with type 2 diabetes; this
might be an important mechanism by which hyperactivation
of the ChREBP-TXNIP signaling axis contributes to the f§ cell
pathogenesis of diabetes (Chau et al., 2017). As ChREBP coor-
dinates the transcriptional activity of many other genes, it will
be interesting to see which other genes are regulated through
the mTOR-ChREBP-MIx interaction under physiological and
pathophysiological conditions.

The two different mTOR complexes, mTORC1 and
mTORC2, have specific substrates and thus elicit distinct
downstream signaling events to regulate several key cellular
processes. mMTORC is activated by growth factors (e.g., insulin
and IGF-1), nutrients (amino acids and glucose), and cellular
energy levels (high ATP/AMP ratio). In contrast, mTORC2
is primarily activated by extracellular stimuli such as growth
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factors and insulin. Although the major function of mMTORCT is
to regulate the intracellular metabolic state by shifting catabolic
to growth-promoting anabolic metabolism, promoting the syn-
thesis of proteins, lipids, and nucleotides, mTORC?2 regulates
cell proliferation and survival as well as cytoskeleton dynamics
and organization by phosphorylating a subset of AGC family
kinases such as AKT, SGK1, and PKC (Saxton and Sabatini,
2017). Using siRNA-mediated silencing of raptor or rictor, inte-
gral components of mMTORC1 and mTORC2, respectively, Chau
et al. (2017) showed that loss of raptor but not rictor induces
TXNIP and ChREBP, suggesting mTORC1-dependent regula-
tion (Chau et al., 2017). The remaining question is, which of the
mTOR complexes modulates the ChREBP-MIx interaction and
its nuclear translocation? We still do not know which mTOR
complex regulates mitochondrial activity, oxidative stress, insu-
lin secretion, and P cell apoptosis in this context. The focus of
future studies should be the further investigation of the precise
mechanisms through which mTORC1 and/or mTORC?2 affects
TXNIP-ChREBP signaling and § cell homeostasis.

Diabetes manifests when  cells fail to secrete adequate
insulin levels. Healthy pancreatic islets coordinate nutrient avail-
ability and hormone secretion to maintain glucose homeostasis.
f cells continuously measure glucose levels and respond within
seconds (when blood glucose levels are elevated) with pulsa-
tile bursts of insulin. But the system is not always sustainable;
dysregulation of hormone production in the pancreas leads to
hyperglycemia and vice versa. Insufficient levels of insulin are
produced by the overworked and failing f cells, which then are
unable to maintain a normoglycemic balance and diabetes man-
ifests. This occurs when f cells had to respond to chronically el-
evated glucose levels and other metabolic stimuli (e.g., free fatty
acids and amino acids) over a prolonged time. Cells fail to adap-
tively increase insulin secretion, a phenomenon termed “p cell
decompensation.” Although glucose is needed as an important
energy source for all cells of the human body, too much of it can
cause stress for p cells, which respond initially with activation
of defense pathways, but later undergo apoptosis through oxida-
tive stress, ER stress, and inflammation (Leibowitz et al., 2010).
Although physiological mMTORCT activation is essential for the
maintenance of f cell homeostasis and insulin secretion, as dis-
cussed by Chau et al. (2017), chronic inappropriate hyperactiva-
tion of mMTORCI seems to play a central role in f cell failure by
inducing progressive loss of p cell mass and function. n”TORC1
is highly up-regulated in 3 cells under gluco/lipotoxicity in vitro
and in islets from widely used mouse models of type 2 diabetes
as well as from patients with type 2 diabetes and is paralleled
with impaired f cell survival and function (Shigeyama et al.,
2008; Bachar et al., 2009; Yuan et al., 2017). mTORC1 inhibition
in B cells prevents f cell death and enhances insulin secretion
(Bachar et al., 2009; Yuan et al., 2017). High glucose-induced
mTORCI activation (as demonstrated by phosphorylation of its
downstream proteins including S6K1 and S6) is also confirmed
by the study from Chau et al. (2017). Consistently, although
constitutive activation of mMTORC1 by f cell-specific deletion of
TSC2, a negative regulator of mMTORC1, shows increased f cell
mass in the early phase of their life, mice become hyperglycemic
and severely hypo-insulinemic as a result of a dramatic loss of
f cells at an older age because of chronic mTORCI activation
(Shigeyama et al., 2008). A similar biphasic effect is elicited by
Rapamycin treatment. Whereas acute pharmacological suppres-
sion of the mMTORC1 pathway restores insulin signaling and glu-
cose homeostasis in vitro and in vivo, the opposite is seen during

prolonged exposure and, thus, chronic mMTORC1 and mTORC2
suppression (Barlow et al., 2013). Thus, under physiological
conditions mTOR is of utmost importance for p cell function
and survival. Nevertheless, targeting the mTOR pathway for
therapy of diabetes is critical, as many mTORC1-regulated pro-
cesses, such as impaired insulin signaling (caused by several
negative loops), defective autophagy, and profound unresolvable
ER stress, prevent the p cell from proper adaptation to long-term
over-nutrition and metabolic pressure (Yuan et al., 2017).

The aforementioned studies, including the one by Chau
et al. (2017), make it clear that the metabolic cellular control
by mTORC is more Than Only Recognizing Comestibles; its
stimulation is essential for a physiological control and balance
of B cell metabolism, growth, survival, and insulin secretion.
However, chronic mMTORCT activation might play an important
role in the failure of f cells to adapt to a chronic overnutrition
and metabolic demand, which leads to a progressive loss of
functional {3 cell mass in type 2 diabetes.
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