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MST1: a promising therapeutic target to restore functional beta
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Amin Ardestani1 & Kathrin Maedler1

Received: 16 November 2015 /Accepted: 23 December 2015 /Published online: 6 April 2016
# Springer-Verlag Berlin Heidelberg 2016

Abstract The loss of insulin-producing beta cells by apopto-
sis is a hallmark of all forms of diabetes mellitus. Strategies to
prevent beta cell apoptosis and dysfunction are urgently need-
ed to restore the insulin-producing cells and to prevent severe
diabetes progression. We recently identified the serine/
threonine kinase known as mammalian sterile 20-like kinase
1 (MST1) as a critical regulator of apoptotic beta cell death
and dysfunction. MST1 activates several apoptotic signalling
pathways, which further stimulate its own cleavage, leading to
a vicious cycle of cell death. This led us to hypothesise that
MST1 signalling is central to the initiation of beta cell death in
diabetes. We found that MST1 is strongly activated in a dia-
betic beta cell and induces not only its death but also directly
impairs insulin secretion through promoting proteasomal deg-
radation of key beta cell transcription factor, pancreatic and
duodenal homeobox 1 (PDX1), which is critical for insulin
production.

Pre-clinical studies in various animal models of diabetes
have reported that MST1 deficiency remarkably restores
normoglycaemia and beta cell function and prevents the devel-
opment of diabetes. Importantly, MST1 deficiency can revert
fully diabetic beta cells to a non-diabetic state.MST1may serve
as a target for the development of novel therapies for diabetes
that trigger the cause of the disease, namely, the destruction of
the beta cells. The major current focus of our investigation is to

identify and test the efficacy of potent inhibitors of this death
signalling pathway to protect beta cells against the effects of
autoimmune attack in type 1 diabetes and to preserve beta cell
mass and function in type 2 diabetes. This review summarises a
presentation given at the ‘Can we make a better beta cell?’
symposium at the 2015 annual meeting of the EASD. It is
accompanied by two other reviews on topics from this sympo-
sium (by Heiko Lickert and colleagues, DOI: 10.1007/s00125-
016-3949-9, and by Harry Heimberg and colleagues, DOI: 10.
1007/s00125-016-3879-6) and a commentary by the Session
Chair, Shanta Persaud (DOI: 10.1007/s00125-016-3870-2).
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Abbreviations
BIM Bcl-2-like protein 11
JNK c-Jun N-terminal kinase
LATS Large tumor suppressor
MST Mammalian sterile 20-like kinase
PDX1 Pancreatic and duodenal homeobox 1
YAP Yes-associated protein

There is ongoing debate regarding whether beta cell death or
impaired beta cell function plays the bigger role in the pathol-
ogy of diabetes.While it is clear that the specific destruction of
the beta cell by the activated immune cells is the cause of type
1 diabetes, loss of function due to beta cell overwork during
compensation states, e.g. in obesity, seems to occur earlier
than the full collapse of the infrastructure of the cell and apo-
ptotic cell death in the context of type 2 diabetes. But even
prior to the development of type 2 diabetes, i.e. in patients
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with impaired glucose tolerance, beta cell loss is apparent and
correlates with elevated fasting glucose levels [1]. Beta cell
death is consistently evident in at-risk individuals prior to the
diagnosis of type 1 diabetes, indicating the importance of beta
cell loss in the process of disease progression [2].

For a therapy to be successful, both loss of function and beta
cell death need to be targeted. If loss of function occurs earlier,
possibly before any beta cell death, diabetes progresses and it is
that ultimately leads to beta cell loss. Thus, targeting the one
(function) or the other (survival), may not help to restore func-
tional beta cells. It became clear that beta cell death is causative
for both types of diabetes [3, 4]. Thus, the elucidation of the
molecular processes associated with beta cell apoptosis and
maintenance of beta cell mass is critical for the development
of new therapeutic strategies aimed at delaying and/or
preventing these pathological events. At present there are no
treatment strategies that preserve the endogenous beta cell
mass. Inhibiting pro-apoptotic, or potentiating anti-apoptotic,
signalling could represent a potential strategy for ensuring beta
cell survival in diabetes. Despite the large amount of evidence
supporting the essential role of beta cell apoptosis in the loss of
functional beta cells and diabetes, to date, the specific pro-
apoptotic signalling pathways have not been comprehensively
studied. Using a hypothesis-based approach, we aimed to iden-
tify a pro-diabetic-driven apoptotic pathway that is specifically
switched on during beta cell failure in isolated human islets
exposed to a complex diabetic milieu, in islets of pancreatic
sections obtained at autopsy from patients with type 2 diabetes
and in islets of diabetic mouse models. In a recent study we
demonstrated that the kinase mammalian sterile 20-like kinase
1 (MST1) is activated by multiple diabetogenic conditions
in vitro and in vivo [5]. MST1 overexpression itself leads to
impaired beta cell survival and function. In the remainder of
this reviewwe will present and discuss the effects ofMST1 and
the pathways it regulates in the beta cell; MST1 impairs beta
cell function and exerts apoptosis-inducing effects through at
least two mechanisms: (1) by specifically activating the intrin-
sic pathway of cell death through the upregulation of the mito-
chondrial pro-apoptotic protein Bcl-2-like protein 11 (BIM),
which leads to beta cell apoptosis, and (2) by directly phosphor-
ylating the critical beta cell transcription factor pancreatic and
duodenal homeobox 1 (PDX1) on Thr-11, resulting in the
ubiquitination and degradation of PDX1, which leads to the
impairment beta cell function.

MST1: core component of the Hippo signalling
pathway

The Hippo pathway has emerged as a complex signalling
network that has significant implications for our understand-
ing of the molecular mechanisms of cancer, development and
stem cell biology [6]. First discovered by genetic screens in

Drosophila, the conservation of this pathway in mammals has
been firmly established [6]. The kinase cascade of MST1/2
and large tumour suppressors 1 and 2 (LATS1/2) represent core
components of the mammalian Hippo pathway. MST1/2, in
complex with the regulatory protein Salvador (Sav1), phos-
phorylate and activate LATS1/2, which also form a complex
with the regulatory protein Mps-one binder 1 (MOB1). The
transcriptional co-activator Yes-associated protein (YAP) is a
major downstream effector of the Hippo pathway. LATS1/2
inhibits YAP by direct phosphorylation at Ser-127, which re-
sults in the binding of YAP to 14-3-3 proteins, leading to its
cytoplasmic sequestration and its ubiquitin-dependent degra-
dation, which thereby prevents YAP transcriptional activity
[7, 8]. YAP acts mainly through the TEA domain (TEAD)
family of transcription factors to promote the expression of
target genes that modulate diverse cellular functions, such as
proliferation and apoptosis. The loss of any component of the
kinase core results in a YAP-dependent increase in prolifera-
tion and resistance to apoptosis in multiple tissues, establish-
ing Hippo as a powerful tool for regulating organ size [7, 8].
As an emerging significant player in many diseases, the Hippo
pathway has attracted increasing attention as a target for new
drugs. While the role of Hippo signalling in tumour develop-
ment gains increasing attention [8, 9], non-cancer related ab-
normalities involving Hippo components have only been stud-
ied to a limited extent [5, 10]. The regulation of the Hippo
pathway by multiple signals is not surprising, given the re-
markable role of this pathway in cell proliferation and apopto-
sis [11]. Interestingly, several diabetes-related pathways have
been reported to crosstalk with Hippo signalling [5, 12, 13].

Full-length MST1 is not only expressed in beta cells, it is
ubiquitously expressed and involved in multiple cellular pro-
cesses, such as morphogenesis, proliferation, the stress re-
sponse and apoptosis [14, 15]. When activated in the cellular
response to cytotoxic stress, MST1 mediates cell death trig-
gered by a variety of apoptotic stimuli, such as oxidative
stress, FasL treatment, TNF-α, growth factor withdrawal
and genotoxic drugs [14, 15]. The effects of MST1 can be
nicely explained by its structure: MST1 contains an N-
terminal kinase catalytic domain, followed by a non-catalytic
tail that contains two caspase cleavage sites [16, 17], two
nuclear export sites (NES) and dimerisation domains at the
C-terminal. Activated MST1 forms dimers via the Salvador/
Rassf/Hippo (SARAH, aa 433–480) domain at the extreme C-
terminal region of MST1, which is autophosphorylated on
specific threonine residues in the activation loop [16, 17].

MST1 potentiates beta cell apoptosis
through a caspase-mediated activation loop

MST1 plays a central role in the initiation of cell death [14–17,
20]. Caspase-mediated cleavage of MST1 results in the
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removal of the C-terminal inhibitory domain and subsequent
translocation of the constitutively active catalytic fragment to
the nucleus [16, 17]. This cleaved fragment comprising the N-
terminal kinase domain is nearly ten times more active than
the full-length enzyme [14, 16, 17]. Translocation of the ki-
nase domain from the cytosol to the nucleus presumably offers
a different selection of substrates to phosphorylate [18]. The
mutation of these caspase cleavage sites attenuates the kinase
activity of MST1, its nuclear translocation and its ability to
induce apoptosis [16, 17]. Under resting conditions, MST1 is
exclusively located in the cytoplasm.

We have reported that pro-diabetic stimuli lead to MST1
auto-phosphorylation and activation of caspases in pancreatic
beta cells (initiation phase of apoptosis) [5]. Auto-
phosphorylated MST1 is active and phosphorylates multiple
substrates that amplify the apoptotic signal, further increasing
caspase activation. In this scenario, MST1-triggered mito-
chondrial pro-apoptotic BIM. BIM activation integrates sig-
nals from pro-apoptotic diabetogenic stimuli to the caspase
machinery. In addition, active caspases (namely, caspase-3)
cleave off the C-terminal inhibitory domain of MST1 and
liberate the N-terminal fragment. The fact that the fragment
has much higher activity than the full-length MST1 explains
how the cleavage of such a tiny proportion of total cell MST1
has a big effect on its activation. This positive feedback in the
pathway to amplifies caspase-3 activation and boosts trans-
mission of the apoptotic signal (amplification phase of apo-
ptosis). It is possible that such an internal activation loop be-
tweenMST1 and the caspase machinery mediates apoptosis in
the beta cell under conditions of chronic stress (see Fig. 1). For
example, in response to short exposure to glucose, beta cells
neither undergo apoptosis nor show any signs of MST1 acti-
vation. This situation only switches under conditions of chron-
ic glucotoxicity, where MST1 activation occurs together with
caspase cleavage as a measure for apoptosis [5].

MST1 alone sufficiently induces caspase-3 activation (ap-
optosis initialisation) as well as apoptosis amplification
through a caspase-mediated positive feedback loop under di-
abetogenic conditions, These findings suggest the involve-
ment of MST1 in pre- and post-caspase activation events in
beta cells.

MST1-regulated signalling pathways in beta cells

Protein kinase activities are altered during apoptosis in a va-
riety of cell types, indicating that protein phosphorylation is
involved in apoptotic regulation [19]. Among these, MST1
serves as the key component in regulating apoptotic entry in
several cell types under specific conditions through the
phosphorylation-dependent regulation of multiple substrates
[15]. The broad nature of the diabetic stimuli and multiple cell
systems used in our study in which we found activation of

MST1 suggests that this enzyme may be a common compo-
nent of the diverse signalling pathways leading to beta cell
apoptosis. From a therapeutic perspective, it is important to
determinewhether increasedMST1 activity is a general mech-
anism in various diabetic conditions, since next-generation
drugs for type 1 and type 2 diabetes need to aim to preserve
functional beta cell mass, and thus must target more than a
single apoptotic pathway. Using a complex diabetic milieu
that includes proinflammatory cytokines, gluco- and
lipotoxicity and oxidative stress in vitro, we demonstrated that
MST1 is activated in beta cells in response to a broad range of
stimuli. While we have already identified direct upstream reg-
ulators of MST1 which modulate the effect of diabetogenic
conditions on MST1 activation and subsequent apoptosis (A.
Ardestani, K. Maedler; unpublished results), the multiple
downstream targets of MST1 are well established, e.g. the
LATS1/2, histone H2B, FOXO members family, as well as
induction of stress kinase c-Jun-N-terminal kinase (JNK)
and caspase-3 activation [15]. Most of them occur in the
stressed beta cell, and we have recently shown that LATS2
is a potent inducer of beta cell apoptosis [21]. This is consis-
tent with the multi-factorial nature of beta cell failure in dia-
betes on one hand and the multiple regulatory features and cell
type-specific mechanisms of MST1 on the other hand, which
may be required to integrate inputs from diverse signalling
pathways to an apoptotic end.

JNK phosphorylation is a strong signal for beta cell de-
struction and its inhibition has been discussed as a potent
strategy to rescue the beta cell, as well as to promote insulin
sensitivity under proinflammatory conditions [22, 23]. The
phosphatidylinositol 3-kinase (PI3K)–AKT pathway is a po-
tent suppressor of JNK in islets, and serves as an anti-
apoptotic tool [24]. AKT is a main downstream effector of
PI3K, whose pleiotropic functions lead to the inhibition of
apoptosis [25, 26]. The actions of AKT are also mediated
through the inhibition of MST1, preventing its apoptosis-
promoting effects [27, 28]. AKT phosphorylates MST1 at
Thr-120 and Thr-387, leading to inhibition of its kinase activ-
ity, nuclear translocation, autophosphorylation and ability to
induce apoptosis. The observation that MST1 and AKT1 are
localised to identical subcellular compartments in human
prostate tumours suggests that MST1 may be an important
branch pathway of PI3K–AKT. MST1 was identified as a
component of an AKT1 multi-protein complex isolated from
lipid raft-enriched fractions of human prostate cancer cells
[20]. Both MST1 and its active cleaved forms physically in-
teract with AKT1 and function as direct inhibitors of AKT1.
Depletion of MST1 or MST2 with siRNA increases AKT
activity, and depletion of both proteins further enhances
AKT activity [20]. We have confirmed that MST1-induced
apoptosis is regulated by AKT1 in islets [5]. Activation of
the PI3K–AKT pathway through the addition of exogenous
mitogens or a constitutively active form of AKT1 abrogates

Diabetologia (2016) 59:1843–1849 1845



pro-diabetic-inducedMST1 activation and beta cell apoptosis,
whereas suppression of PI3K–AKT signalling enhances
MST1 activity and beta cell apoptosis. This suggests the po-
tential existence of bi-directional crosstalk betweenMST1 and
AKT such that they functionally antagonise each other. This
antagonism between MST1 and AKT implies that the out-
come of simultaneous stimulation of both pathways is deter-
mined by the extent and duration of the respective apoptotic
stimulus. In this context, MST1 may shift the balance towards
the predominance of stress-triggered JNK activation, resulting
in the BIM-dependent mitochondrial apoptotic pathway,
whereas AKT-mediated survival signals are suppressed.

MST1–PDX1: a deleterious interaction
compromising beta cell function and survival

In addition to initiating and potentiating beta cell apoptosis,
MST1 specifically targets beta cell function by phosphorylat-
ing PDX1, thereby promoting its degradation. PDX1 is not
only a key factor in pancreas development and function, its
activity is a main control system of probably all vital functions
of the beta cell, including susceptibility to apoptosis in gener-
al. Indeed, homozygous mutations in PDX1 have been report-
ed to be responsible for the pancreatic agenesis associated

with neonatal diabetes [29, 30]. Importantly, heterozygosity
for the null mutation, and hence reduced PDX1 expression
levels, affect insulin expression and secretion and predispose
islets to apoptosis [29, 31, 32]. Mutations in the PDX1 gene
can predispose individuals to the development of maturity-
onset diabetes of the young (MODY4) [33]. Heterozygous
knockout mice (Pdx1+/-) are glucose intolerant, with increased
islet apoptosis, decreased islet mass and abnormal islet archi-
tecture, indicating that the appropriate gene dosage of Pdx1 is
crucial for normal glucose homeostasis [32, 34]. PDX1 con-
trols the expression of several genes that are vital for beta cell
function (see Fig. 1). It directly binds to their promoters and
enhances the expression of various beta cell genes, such as
those encoding insulin, GLUT2 and glucokinase [29, 35].
PDX1 plays an essential role in the regulation of beta cell
survival and, perhaps, susceptibility to apoptosis [32, 36,
37]. PDX1 deficiency contributes to diabetes progression
through impaired proliferation and enhanced apoptosis via
transcriptional mechanisms in different models of type 2 dia-
betes, such as Psammomys obesus and the db/db mouse [38].
In turn, overexpression of PDX1 restores beta cell mass and
function, thereby preventing the onset of diabetes in Irs2
knockout mice, confirming the critical role of PDX1 in beta
cell survival [37]. Beta cell PDX1 expression is reduced in
cellular models of glucose toxicity and accompanies the
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Fig. 1 Diabetic stimuli lead to activation of MST1, apoptosis and loss of
function. Diabetogenic conditions switch on the MST1 pro-apoptotic
machinery in beta cells, either directly or through activation pathways
that are currently under investigation. Active MST1 triggers the caspase
machinery, which induces caspase-dependent cleavage of MST1
(clMST1) to its constitutively active fragment, which leads to a potenti-
ation of MST1 activation and increased kinase activity by a positive
feedback mechanism, ending in an acceleration of beta cell death.

Cleaved MST1 translocates to the nucleus and directly phosphorylates
PDX1 on Thr-11 (P-T11; we do not exclude the possibility that MST1
also targets PDX1 in the cytoplasm). PDX1 then shuttles to the cytosol,
where it is marked for ubiquitination and subsequent degradation by
proteasome machinery, and beta cell function is impaired. PDX1 degra-
dation itself, as well as loss of insulin, are further stimuli for apoptosis
(adapted with permission from [5])
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development of diabetes in complex genetic and environmen-
tal animal models of the disease, where low PDX1 levels
correlate with beta cell failure [39].

PDX1 regulation is controlled by complicated signalling
networks. At least three different post-translational modifica-
tions, including phosphorylation, sumoylation and glycosyla-
tion, have been suggested to explain nuclear–cytoplasmic
shuttling and/or other functions of PDX1 [40–46].
Phosphorylation is a common post-translational modification
implicated in the regulation of numerous transcription factors,
but the precise role of PDX1 phosphorylation in the regulation
of its subcellular localisation and activity remains unknown
[40, 41, 47]. Short-term elevations in glucose levels promote
the phosphorylation and subsequent nuclear translocation of
PDX1 through one or a combination of several pathways,
including the stress-activated protein kinase (SAPK), extracel-
lular signal-regulated kinase (ERK) 1/2 and PI3K–AKT path-
ways [40, 41, 48]. In contrast, the phosphorylation of specific
residues within PDX1 negatively regulates its function. For
example, phosphorylation of Ser-61 and Ser-66 of PDX1 via
glycogen synthase kinase 3 (GSK3) appears to mark PDX1
for proteasomal degradation under conditions of oxidative
stress [42].

All these studies indicate that intracellular PDX1 levels are
critically involved in the regulation of cellular homeostasis,
and that regulation is achieved by controlling the beta cell
transcriptional program required for beta cell survival and
function, especially when the cell is under stress. Therefore,
the mechanism of PDX1 regulation and the functional conse-
quences of altered PDX1 levels in the beta cell is critical and
needs to be investigated in depth in the context of the progres-
sion of beta cell failure. While we found that PDX1 mRNA
levels were not affected by MST1 overexpression, PDX1 pro-
tein levels were heavily downregulated in beta cells, suggest-
ing post-transcriptional regulation of PDX1 [5]. Conversely,
MST1 silencing abolishes diabetic milieu-induced PDX1
downregulation, indicating the MST1-dependent PDX1 regu-
lation in beta cells. Indeed, our further experiments uncovered
that MST1 de-stabilises PDX1.

When PDX1 was introduced as a novel beta cell-specific
substrate for MST1 we observed that the ubiquitination and
subsequent degradation of PDX1 resulting from inhibitory
Thr-11 phosphorylation is crucial for beta cell dysfunction in
the setting of MST1 hyper-activation on top of the pro-
apoptotic function of MST1. Thr-11-phosphorylation of
PDX1 by MST1 marks PDX1 for degradation by the protea-
some machinery, which would prohibit its function as a tran-
scription factor in the nucleus. In this regard, overexpression of
MST1 reduces the expression of PDX1 target genes and beta
cell functional impairment, assessed by insulin secretion stud-
ies. Mutation of the Thr-11 site to alanine allowed PDX1 to be
more stable, with less ubiquitination, and PDX1 transcriptional
activity was maintained and beta cell function improved.

These observations establish the Thr-11 site of PDX1 as
another potent target for beta cell rescue. Consistent with our
observation, beta cell failure followingDNA damagemight be
explained by the Thr-11 phosphorylation of PDX1 by DNA-
dependent protein kinases [43], the same site that is phosphor-
ylated by MST1 (Fig. 1). Therefore, MST1 is a PDX1 kinase,
and phosphorylation of PDX1 plays a very important role in
regulating its function. MST1 deletion in beta cells is able to
restore PDX1 levels even under diabetogenic conditions.
Thus, while MST1 reduces beta cell survival, this effect is
paralleled with a specific loss of function.

Translation to diabetes therapy: outlook

Taken together, our work provides evidence thatMST1 acts as
an essential apoptotic molecule that modulates diverse signal-
ling pathways leading to beta cell apoptosis, as well as im-
paired beta cell insulin production and function. Inhibition of
the MST1 pathway could thus represent an important strategy
to rescue beta cell function and survival. To date, this strategy
is working out well: potent inhibitors of MST1 have been
identified (M. Tremblay [Calibr, La Jolla, CA, USA],
A. Ardestani, K. Maedler; unpublished results) that have
shown efficacy in preventing apoptosis in human islets and
restoring glycaemia and beta cell mass in an animal model of
diabetes, confirming previous results with Mst1 knockout
mice. The inhibitors are currently being tested in several ani-
mal models of diabetes, and we hope to move forward, always
mindful of our ultimate goal: to make a better beta cell.
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