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This is the third in a series of Perspectives on intracel-
lular signaling pathways coupled to proliferation in pan-
creatic b-cells. We contrast the large knowledge base in
rodent b-cells with the more limited human database.
With the increasing incidence of type 1 diabetes and
the recognition that type 2 diabetes is also due in part
to a deficiency of functioning b-cells, there is great ur-
gency to identify therapeutic approaches to expand hu-
man b-cell numbers. Therapeutic approaches might
include stem cell differentiation, transdifferentiation, or
expansion of cadaver islets or residual endogenous
b-cells. In these Perspectives, we focus on b-cell
proliferation. Past Perspectives reviewed fundamental
cell cycle regulation and its upstream regulation by
insulin/IGF signaling via phosphatidylinositol-3 kinase/
mammalian target of rapamycin signaling, glucose, gly-
cogen synthase kinase-3 and liver kinase B1, protein
kinase Cz, calcium-calcineurin–nuclear factor of acti-
vated T cells, epidermal growth factor/platelet-derived
growth factor family members, Wnt/b-catenin, leptin,
and estrogen and progesterone. Here, we emphasize
Janus kinase/signal transducers and activators of tran-
scription, Ras/Raf/extracellular signal–related kinase,
cadherins and integrins, G-protein–coupled receptors,
and transforming growth factor b signaling. We hope
these three Perspectives will serve to introduce these
pathways to new researchers and will encourage addi-
tional investigators to focus on understanding how to
harness key intracellular signaling pathways for thera-
peutic human b-cell regeneration for diabetes.

This is the third in a series of Perspectives in Diabetes
reviewing and emphasizing the importance of intracellular

signaling pathways in rodent and human b-cells, with
a specific focus on the links between b-cell proliferation
and intracellular signaling pathways (1,2). We highlight
what is known in rodent b-cells and compare and contrast
that to the current knowledge base in human b-cells. In-
variably, the human b-cell section is very brief compared
with the rodent counterpart, reflecting the still primitive
state of our understanding of mitogenic signaling in hu-
man b-cells. To emphasize this difference, each figure is
divided into two panels, one summarizing rodent b-cell
signaling and one for human b-cells. Our intended audi-
ence includes trainees in b-cell regeneration as well as
experts in a given pathway who wish to refresh their
knowledge regarding other pathways related to b-cell pro-
liferation. We believe that knowledge of b-cell signaling
lags significantly behind other areas in b-cell biology, that
understanding why adult human b-cells are so recalcitrant
to induction of proliferation is critically important, and
that deepening knowledge in this area will reveal novel
approaches and targets for the therapeutic induction of
human b-cell expansion.

Readers are urged to refer to the prior two Perspectives for
additional background and cross-correlation (1,2). These have
covered the fundamentals of cell cycle control in the b-cell,
and several key mitogenic b-cell signaling pathways: insulin/
IGF/insulin receptor substrate (IRS)/phosphatidylinositol-3
kinase (PI3K)/Akt/glycogen synthase kinase-3b (GSK3b)/
mammalian target of rapamycin (mTOR) signaling, protein
kinase Cz (PKCz) signaling, glucose and nutrient signaling
via AMPK/liver kinase B, carbohydrate response element–
binding protein (ChREB) and cMyc, calcium-calcineurin–
nuclear factor of activated T cells signaling, epidermal
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growth factor (EGF) and platelet-derived growth factor
(PDGF) signaling, Wnt/b-catenin signaling and leptin sig-
naling, estrogen and progesterone signaling, and, a brief
introduction to lactogenic signaling. Here, we focus in
greater detail on cytokine/Janus kinase/signal trans-
ducers and activators of transcription (JAK-STAT) signal-
ing, Ras/Raf/mitogen-activated protein kinase (MAPK)
signaling, cell-cell signaling via cadherins and integrins,
G-protein–coupled receptor (GPCR) signaling, and trans-
forming growth factor b (TGFb) superfamily signaling.

CYTOKINE AND HORMONE SIGNALING THROUGH
JAK-STAT PATHWAYS

Canonical JAK-STAT Signaling
b-Cells are exposed to some 60 cytokines (e.g., interleukin
[IL]-1, IL-2, and IL-6) and hormones (e.g., growth hormone
[GH], prolactin [PRL], placental lactogens [PLs], leptin and
erythropoietin [EPO]) that signal through JAK-STAT path-
ways. Connecting the dimeric or multimeric cell surface
receptors for these molecules to downstream events is a fam-
ily of intracellular signaling molecules that exert positive and
negative feedback signals to activate signaling and then ter-
minate it (reviewed in detail in references [3–9]).

In a relevant example of JAK-STAT signaling (Fig. 1A)
(3–7,10), under basal conditions, the PRL receptor (PRLR)
or GH receptor (GHR) homodimers or heterodimers on the
cell surface are coupled to two JAK2 molecules; cytoplasmic
STAT5 homodimers are loosely bound to the receptor from
a reservoir in the cytoplasm. GH binding to GHR or PRL to
PRLR rearranges intracellular receptor alignment, activating
the JAK2 pair that then cross-phosphorylate one another as
well as the GHR or PRLR, which then strongly recruits
STAT5 dimers to the GHR or PRLR. JAK2 then phosphor-
ylates STAT5 homodimers, which causes their disassociation
from the GHR or PRLR, permitting STAT5 translocation to
the nucleus. Here, phospho-STAT5 homodimers bind
to gamma-interferon–activated sequences (the canonical
STAT response elements) in many promoters, thus initi-
ating transcriptional activation of STAT5 target genes,
exemplified by IGF-1 for GH signaling or cell cycle mole-
cules for PRL signaling.

Terminating JAK-STAT Signaling
Activated STATs also trigger suppressors of cytokine
signaling (SOCS), cytokine-inducible SH2 domain-containing
proteins (CISH), and protein inhibitors of activated STAT
(PIAS) transcription (Fig. 1A), which act in a classical neg-
ative feedback manner to terminate upstream signals
(8,9). SOCS and CISH accomplish this by competing
with JAK-STAT interactions, by blocking the kinase activ-
ity of JAK proteins, and by serving as E3 ligase complexes
that target JAKs and their receptors for ubiquitination
and proteosomal degradation. PIAS1 SUMOylates certain
STATs, thereby inhibiting their actions.

Noncanonical JAK-STAT Signaling
Canonical JAK-STAT members also commonly act in
noncanonical fashions. For example, JAKs and STATs

can activate not only “their own pathway,” but also
can cross talk with members of the Ras/Raf/MAPK and
PI3K-Akt/protein kinase B (PKB)-mTOR pathways (Fig.
1A). This happens via adapter molecules such as Grb2,
Shp2, SHC, SH2B1, IRS2, c-Src, SOS, and others (10–
15). Thus, a response initiated by a cytokine or hormone
receptor in the GHR/PRLR family may be driven or en-
hanced by a non–JAK-STAT signaling pathway. Further,
unphosphorylated STATs can also access the nucleus and
bind to promoters, in some cases in a competitive manner
by inhibiting phospho-STAT DNA binding (3–5). For
unphosphorylated STAT5, tetramers can form and recruit
Ezh2 (3–5), a component of the polycomb repressive com-
plex that regulates, for example, cell cycle inhibitors such
as p16INK4. In yet another variation, some STATs can be
methylated by lysine/histone methylases, such as SET9,
and thereby serve to recruit other transcription complex
members to select promoters (3–5). And in still another
example, JAK2 has been reported to link the GHR to the
IGF-1 receptor and thereby synergizes to enhance the
effects of GH signaling (16).

Rodent b-Cells
As reviewed previously (1), PRL/PL have been reported to
drive b-cell proliferation in pregnancy via a canonical
JAK2-STAT5 pathway. This requires the PRLR, as the
b-cell PRLR knockout (KO) mouse develops b-cell hypo-
plasia and gestational diabetes mellitus (17–19). JAK2 is
present, and STATs 5a and 5b have been shown to be
phosphorylated and to translocate to the nucleus in asso-
ciation with cell cycle activation via cyclin D2, forkhead
box protein M1 (FoxM1), and other G1/S control mole-
cules (20,21). In mice, conditional loss of both STAT5a/b
using a pancreatic and duodenal homeobox 1 (Pdx1)-Cre
(22) or transgenic dominant-negative STAT5 expression
(23) results in mild reductions in b-cell proliferation
and function. As also described previously (1), in two
parallel cascades, PRLR-JAK2-STAT5 transcriptionally
drives a Bcl6/menin–p18INK4/p27CIP pathway (24), as
well as serotoninergic pathway via induction of trypto-
phan hydroxylases 1 and 2 (Tph1/2), with induction of
proliferation via the serotonin receptor, 5HTR2b (25,26).
As a footnote, rodent b-cells contain STAT3, but its con-
ditional loss has no effect on b-cells (27).

Noncanonical JAK-STAT events occur in b-cells as well.
For example, the cytosolic carboxy-terminal fragment of
islet cell antigen 512 (ICA-512-CCF) is released from the
b-cell membrane by insulin secretion and transits to the
nucleus, where it enhances STAT5-mediated insulin secre-
tion and D-cyclin transcription (28). As another nonca-
nonical example, the adaptor protein SH2B1, which is
known to interact with JAK2, enhances insulin, IGF1,
and IRS1/2 signaling in b-cells (29).

EPO also has been shown to activate rodent b-cell pro-
liferation and expansion, acting via the EPO receptor via
JAK2-STAT5 signaling (30). Leptin, another member of
the cytokine family of JAK-STAT ligands, as reviewed
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Figure 1—Cytokine and hormone signaling through JAK-STAT pathways. In the canonical JAK-STAT signaling cascade, there are four JAKs, 1–3
and TYK2, seven STATs, 1, 2, 3, 4, 5a, 5b, and 6, as well as multiple inhibitors or SOCS1–7, CISH, as well as PIAS. In this complex multimember
pathway, cell-type specificity is dictated by which family members are present, and which ones are preferred to others. A: Rodent b-cells. For
example, as illustrated for prolactin in rodent b-cells on the left side of the figure showing canonical JAK-STAT signaling, prolactin or placental
lactogens bind the dimeric PRLR. PRLR preferentially couples to JAK2, which phosphorylates/activates STAT5a/b. Phosphorylated STAT5a/b
dimers then transit to the nucleus and bind to promoters of relevant genes such as cyclin D2 to drive proliferation. Rodent b-cells also contain the
dimeric GHR and EPO receptor, which presumably acts via a similar mechanism(s). On the right half of the figure, examples of noncanonical
signaling via the PRLR or GHR are illustrated. The major point here is that in addition to activating canonical pathways, cytokines and hormones
can also engage MAPK and PI3K signaling pathways discussed in more detail in other figures. B: Human b-cells. Much less is known regarding
human b-cell PRL and EPO signaling. PRL and PL fail to activate adult human b-cell proliferation, for reasons that remain unclear. JAK2 and
STATs 5a and b are present, as is menin. Several SOCS members, CISH, and PIAS1 are present in human b-cells. Other components of the
system present in rodent b-cells, including inhibitors of JAK-STAT signaling, such as SOCS, CISH, and PIAS1, have not been studied. Gray lines
are molecules and pathways that are known to exist in rodents but are unknown in human b-cells.
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previously (2), also acts on b-cells but has not been asso-
ciated with proliferation.

With respect to inhibitors of JAK-STAT signaling, in
mouse islets SOCS2 and CISH are markedly induced
during pregnancy, presumably in response to lactogenic
JAK2-STAT5 signals, but other SOCS family members are
unchanged (31). However, individual knockout of CISH
(31) or SOCS2 (32) has no effect on b-cell mass or pro-
liferation. Transgenic overexpression of SOCS3 reduces
b-cell mass (33). Banks et al. (34) reported that global
knockout of SOCS7, a large SOCS family member not
traditionally associated with JAK-STAT signaling, results
in multiple phenotypes including increased b-cell mass,
but whether this is a direct effect or a result of SOCS7
deficiency in nonislet tissues remains unclear.

Human b-Cells
In contrast to rodents, little or no b-cell proliferation occurs
in humans in pregnancy (35), and PRL is unable to drive
adult human b-cells to replicate (36). JAK2, STAT5, and
menin are present in human b-cells, as are relevant cell cycle
molecules such as cyclins, cyclin-dependent kinases (cdks),
menin, FoxM1, and others (Fig. 1B). Thus, the reasons for
failure of lactogens to drive cell cycle activation are unclear.
Menin loss or inactivation is associated with b-cell expan-
sion in insulinoma (37), but whether the Bcl6, p18, p27,
Tph1/2, serotonin, or 5HTR2b pathways are relevant to
human b-cell proliferation is unknown. EPO has not been
shown to drive human b-cell replication, and JAK2-STAT5
cross talk with other signaling pathways is unexplored in
human b-cells.

In human islets, SOCS1, -2, and -3 are present at low
levels. SOCS3 is induced by leptin signaling (38), and
SOCS1, -2, and -3 are induced by cytokines (39). Little other
information exists regarding SOCS/CISH/PIAS functions in
human b-cells.

RAS/RAF/ERK SIGNALING

ERKs, also known as classical MAPKs, are widely expressed
intracellular signaling molecules involved in the regulation of
cell proliferation among other cellular functions (reviewed in
40,41). These are serine/threonine/tyrosine–specific protein
kinases belonging to the CMGC (CDK/MAPK/GSK3/CLK)
kinase group, with ERK1 (MAPK3) and its close relative
ERK2 (MAPK1) being the members most studied in the
pancreatic b-cell. Whether other members, such as classical
ERK5 and atypical ERK3 and ERK4, have any effect in b-cell
growth and function is unknown. Typically, binding of a li-
gand to the relevant tyrosine kinase or GPCR activates the
small GTPase, Ras, leading to the formation of Ras-GTP
(40,41) (Fig. 2A). Activated Ras then phosphorylates c-Raf,
followed by activation of MAPK kinase (MKK/MEK) that
then phosphorylates ERK1/2.

In rodent b-cells, multiple growth factors and hormones
require the activation of ERK1/2 to induce proliferation
(12,42–48). For example, activation of PDGF receptor-a in
mouse b-cells stimulates ERK1/2 phosphorylation, leading to

upregulation of the polycomb group protein Ezh2,
p16INK4a repression, and expansion of adult b-cells (48).
It has also been reported that other growth factors,
nutrients, and hormones (such as IGF-1, incretins, glucose,
triiodothyronine, prolactin, insulin, or serum) require acti-
vation of ERK1/2 and the PI3K/Akt/mTOR signaling path-
ways to fully induce rodent b-cell replication (12,42–47).
However, the ERK1/2 pathway is not involved in rodent
b-cell proliferation induced by other b-cell mitogens such
as hepatocyte growth factor and parathyroid hormone–
related protein (PTHrP) (49). In addition, TGFa and EGF
have been reported to transiently activate ERK1/2, but this
transient activation is not sufficient to induce b-cell prolif-
eration (42). This is in contrast to the prolonged ERK1/2
activation and b-cell proliferation induced by IGF-1, suggest-
ing that sustained activation of this pathway is required for
b-cell replication (42). Thus, although ERK1/2 signaling
seems to be induced by most b-cell mitogens, its role in
the induction of b-cell replication seems to vary depending
on the mitogen, the duration of its activation, and poten-
tially the cross talk with other signaling targets induced by
these mitogens. Activated ERKs are known to trigger down-
stream transcription factors, such as ELK1, that drive the
expression of proproliferative genes in the nucleus (50). On
the other hand, transcription factors, such as HNF-4a, have
been shown to indirectly modulate ERK signaling, in part by
the downregulation of a tumor suppressor called suppres-
sion of tumorigenicity 5 (ST5) in b-cells (51). In this study,
activation of ERK1/2 during pregnancy was significantly re-
duced in HNF-4a–deficient islets, indicating that activation
of ERK1/2 is required for HNF-4a to induce b-cell prolifer-
ation during pregnancy.

Guanine nucleotide–releasing factors (GRFs) and
GTPase-activating proteins control Ras cycling between
an inactive GDP-bound conformation and an active
GTP-bound conformation, respectively. GRF1 is present
in b-cells and its deletion causes decreased b-cell prolif-
eration and neogenesis (52). GRF1-deficient b-cells do not
activate PI3K/Akt or ERK signaling pathways, suggesting
that normal cycling of Ras proteins is a requirement for
induction of b-cell proliferation.

There are three Ras proteins, namely K-Ras, N-Ras, and
H-Ras. Oncogenic mutations in these create constitutively
active Ras proteins that result in uncontrolled proliferation
of tumor cells (40,41). The importance of K-Ras expression
during development is illustrated by the embryonic lethal-
ity of K-Ras KO mice, while H-Ras or N-Ras KO mice are
viable without apparent phenotypes (53). Interestingly,
K-Ras regulates signaling networks with opposing func-
tions (54), suggesting that K-Ras may have cell context–
dependent functions. Indeed, constitutively active K-RasG12D
stimulates tumor formation in pancreatic ducts and acini but
not in the pancreatic endocrine cells.

In an elegant study published recently, Chamberlain
et al. (55) reported on the regulation of the Ras/Raf/ERK
and Ras/Rassf1a (an antiproliferative effector of activated
K-Ras signaling) in b-cells, arriving at several interesting
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Figure 2—Signaling by Ras/Raf/ERK in the regulation of b-cell proliferation. A: Rodent b-cells. Activation of tyrosine kinase receptors (RTKs)
(IGF-1 and paracrine effects of insulin) induces b-cell proliferation by activation of the PI3K/Akt (Akt-protein kinase B)/mTOR and PKCz and
ERK1/2 (also called MAPK) signaling pathways. Recent studies have shown that K-Ras is a major regulator of b-cell proliferation. K-Ras
activation regulates b-cell proliferation by modulating two major cascades, B-Raf/MEK/ERK and Rassf1a. Activation of K-Ras signaling
activates both the ERK1/2 and the Rassf1a pathways, resulting in suppression of b-cell proliferation when menin is present. This indicates
that menin ultimately determines the K-Ras effects on b-cell proliferation downstream of MAPK/ERK signaling. In the case of PDGF, PDGF
receptor-a induces ERK1/2 phosphorylation, leading to upregulation of the polycomb group protein Ezh2 and repression of p16INK4a resulting
in b-cell expansion. ERK activation also can regulate gene expression by induction of downstream transcription factors, such as ELK1 and
Egr1, which in turn regulate expression of proproliferative genes in the nucleus. Other transcription factors, such as HNF-4a, indirectly regulate
ERK signaling by downregulation of ST5 under some conditions. Ligand activation of the Gas subunit of the GLP-1R stimulates adenyl cyclase
(AC), which leads to an increase in cAMP and activation of PKA and MEK1/2. B: Human b-cells. Most of the components of the rodent b-cell
system are also present in the human b-cell, as illustrated. Exceptions are that PDGF receptor-a is apparently absent in adult human b-cells,
and PRLR has not been demonstrated in human b-cells. Gray lines are molecules and pathways that are known to exist in rodents but are
unknown in human b-cells.
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and surprising conclusions. First, mice heterozygous for
a null mutation in K-Ras had increased pancreatic b-cell
mass, reflecting both increased neurogenin-3–expressing
endocrine progenitors during embryogenesis as well as
accelerated b-cell proliferation perinatally, suggesting
K-Ras is a negative regulator of b-cell expansion. Indeed,
expression of constitutively active K-RasG12D activated
both the ERK1/2 and the Rassf1a pathways, and this
resulted in suppressed b-cell proliferation. This dominance
of the antiproliferative K-Ras effect in b-cells was dimin-
ished following menin silencing. This indicates that menin
normally prevents the ERK1/2 pathway from driving b-cell
proliferation, while leaving inhibitory effector pathways,
such as Rassf1a, intact. Collectively, this generates a scenario
in which K-Ras activates both the proproliferative ERK1/2
and the antiproliferative Rassf1a pathways, with the net
result of reduced proliferation. However, in tissues sus-
ceptible to MEN1 gene inactivation, such as pancreatic
endocrine cells, proliferation can result following MEN1
inactivation due to removal of the block in ERK-driven
proliferation downstream of K-Ras. On the other hand,
loss of K-Ras signaling increases b-cell proliferation by
decreasing unopposed Rassf1a activity. These data pro-
vide some light on the absence of activating KRAS muta-
tions and the high frequency of MEN1 and RASSF1A
inactivation in pancreatic endocrine tumors (56,57).

In human b-cells, ERK1/2 are expressed, and PDGF
enhances juvenile human b-cell proliferation via this
pathway (Fig. 2B) (48). In addition, most of the knowl-
edge on the role of ERK1/2 in human b-cell proliferation
emerges from data obtained from studies in neuroendo-
crine tumors. Human pancreatic endocrine tumors have
not been reported to carry activating KRAS mutations but
more commonly harbor inactivating mutations in tumor-
suppressor genes such as MEN1 or RASSF1A (56,57). Of
high translational importance, inhibitors of K-Ras and
menin signaling enhanced human b-cell proliferation in
vitro (55). These studies clearly point to a need for de-
tailed studies on this signaling pathway in human b-cells,
as it has an important potential for significantly impact-
ing human b-cell proproliferative therapies for diabetes.

CADHERIN AND INTEGRIN SIGNALING

Cadherins are cell surface molecules that form clusters at
sites of cell-cell contact. They are the principal cell
membrane proteins responsible for cell adhesion between
cells. In addition to providing structural stability, integ-
rity, and cell-cell communication, members of the cadherin
superfamily initiate signaling pathways to regulate diverse
biological processes (Fig. 3A). The intracellular domain of
classical cadherins forms a complex with b-catenin,
g-catenin, and p120-catenin, with several sites in the
cytoplasmic tail, including the juxtamembrane region.
b-Catenin and g-catenin bind directly to a-catenin, which
links the classical cadherin/b-catenin/a-catenin (CCC)
complex to the actin cytoskeleton. Additional interacting
partner molecules link the cadherins to the microtubule

network and signaling molecules, such as STAT3. In the
context of the endocrine pancreas, specific cadherins are
expressed at different stages of development and contrib-
ute to the architecture and structure of the islet as well as
to insulin secretion and b-cell survival. Conditional dele-
tion of E-cadherin in mice negatively regulates b-cell pro-
liferation by reducing expression of ccnd1 and ccnd2, and
this was associated with a decrease in nuclear expression
of b-catenin and cMyc (58).

Integrins are heterodimeric cell surface glycoproteins
that mediate interactions between the cell and extracel-
lular matrix linking the extracellular environment to the
actin cytoskeleton. These membrane-spanning proteins
consist of two families of subunits, a and b, each with
multiple isoforms. This provides a multitude of possible
combinations with the potential to control a broad range
of biological processes by binding to extracellular sub-
strates. Several studies have demonstrated the role of
b1-integrin in b-cell proliferation in rodent and human
b-cells. The effects of integrins are mediated by activation
of intracellular signaling pathways associated with focal
adhesion kinase (FAK) (Fig. 3A). Conditional deletion of
b1-integrin in mice demonstrated that this integrin is
required for b-cell mass and proliferation via ERK and
Akt signaling, pathways known to regulate b-cell expan-
sion (1,2,59). In addition, b-cells lacking b1-integrin
exhibited downregulation of Ccnd1, Ccnd2, Ccne1, E2f1,
and E2f2 and increased expression of the inhibitor Cdkn1a
(p21) among others. Similarly, disruption of b1-integrin
in collagen-I–producing pancreatic cells resulted in re-
duced b-cell proliferation, mass, and function in vivo
(60). This abnormality was associated with a reduction
in b1-integrin/FAK/ERK signaling and Ccnd1 levels.

In human b-cells (Fig. 3B), perturbing b1-integrin
function in fetal islet–epithelial cell cultures using b1-
integrin–blocking antibody and b1-integrin siRNA and
FAK expression vectors resulted in a decrease in FAK/
ERK signaling activity and consequent alterations in differ-
entiation and survival of fetal pancreatic islet cells (61).
The E-, N-, and P-isoforms of cadherin are expressed in
human islets and have been reported to modulate b-cell
survival (62) and insulin secretion from single human
b-cells (63). While E-cadherin disengagement has been sug-
gested to be linked to tumor progression, the potential
role(s) of cadherins and integrins in the maintenance of
mature human b-cell proliferation has not been directly ex-
plored. Furthermore, to date, there are no reports of an as-
sociation of polymorphisms in genes that code for cadherins
or integrins with b-cell dysfunction and/or diabetes.

GPCR SIGNALING IN THE b-CELL

More than 500 GPCRs (also called GPRs) are encoded in
the mammalian genome, and many of them are expressed
on the surface of the b-cell (64,65). GPCRs signal through
1) heterotrimeric GTPases (also called heterotrimeric
guanyl nucleotide binding proteins, or G-proteins) and 2)
b-arrestins (66,67). The G-protein heterotrimers each
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Figure 3—Cadherin and integrin signaling pathways. A: Rodent b-cells. Activation of b-integrin receptors on b-cells leads to FAK-mediated
phosphorylation of Akt/PKB that in turn blocks GSK3b to release the inhibition on b-catenin. The free b-catenin forms a complex with Lef/
transcription factor 7–like 2 (Tcf7L2) to promote modulation of cell cycle genes and b-cell proliferation. It is uncertain whether integrins also
act via MEK to promote ERK phosphorylation that might in turn activate the b-catenin pathway and/or directly regulate cell cycle genes.
E-cadherins are proteins that have been shown to be present in intercellular complexes in islets. Activation of E-cadherins has been linked
to the b- and a-catenin complex and promotion of proliferation via the b-catenin modulation of cell cycle genes. B: Human b-cells.
Integrins, E-cadherins, and components of the signaling pathways detected in rodents have also been reported to be present in human
b-cells. Integrins and E-cadherins have not been shown to be able to modulate proliferation in human b-cells. Gray lines are pathways that
are known to exist in rodents but are unknown in human b-cells.
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consist of one a-, b-, and g-subunit: the a-subunit
determines which signaling pathway is activated after li-
gand binding to the respective GPCR. GDPa is complexed
with b- and g-subunits and is inactive in the basal state.
Receptor binding catalyzes the exchange of GTP for GDP
associated with the a-subunit, thereby releasing the “active”
GTPa subunit from the b- and g-subunits. The active GTPa
subunit binds and regulates downstream signaling effectors.
The Gai/o family inhibits TMAC (transmembrane-bound
adenylate cyclase) and inhibits cAMP synthesis, while
the Gas family stimulates TMAC and cAMP synthesis.
cAMP predominantly signals via protein kinase A (PKA)
activation. The Gaq/11 family activates phospholipase C,
IP3, and DAG signaling. The Ga12/13 family activates the
Rho family of GTPases (66).

Pertinent to rodent b-cell signaling (Fig. 4A) is that
cAMP signaling activated by Gas-coupled receptors (such
as the GLP-1 receptor [GLP-1R]) signals through both PKA-
dependent (cAMP-PKA branch) and PKA-independent
(exchange protein activated by cAMP [EPAC] branch)
pathways (68). EPAC1 and EPAC2 belong to the large
class of “monomeric” G-proteins (also called Ras
superfamily of GTPases). In b-cells, cAMP binds and acti-
vates EPAC2, which activates Rap1, which, in addition to
mediating insulin vesicle exocytosis (69), is implicated in
EPAC2-mediated b-cell proliferation via interface with the
mTOR complex (70). Surprisingly, in vivo b-cell–selective
upregulation of PKA signaling in mice markedly potenti-
ates glucose-stimulated insulin secretion (GSIS) but does
not stimulate b-cell proliferation (71,72). Further, intra-
cellular A-kinase anchoring proteins (AKAPs) that target
PKA catalytic subunit to distinct intracellular locations
and modulate GLP-1 signaling and effects in b-cells may
also regulate b-cell proliferation. AKAP inhibition in insu-
linoma cells (73) and AKAP150 KO in mice (74) result in
impaired insulin secretion. Whether distinct AKAP(s) reg-
ulate b-cell proliferation is at present unclear.

b-Arrestins uncouple GPCRs from their cytoplasmic
heterotrimeric G-proteins to terminate signaling but
also form scaffolds that enable ligand-bound GPCRs to
cross-signal through transduction pathways of the tyro-
sine kinase, ERK1/2, and JNK pathways (67). Proliferation
and antiapoptotic effects of GLP-1 (see GLP-1 AND GIP FAMILY

GPCR SIGNALING) on b-cells involve GLP-1–induced intracellular
b-arrestin-1/c-Src interaction (75) and GLP-1–induced
b-arrestin-1/ERK1/2/phospho-Bad signaling cascade (76),
respectively. Further, based on genetic mouse models,
there appears to be a role for b-arrestin-2 in modulating
b-cell mass and proliferation (77); however, some studies
allocate a role for b-arrestin-2 in modulating GSIS but not
in b-cell mass expansion in response to diet-induced in-
sulin resistance (78). Thus, both b-arrestin-1 and -2 par-
ticipate in distinct b-cell functions related to G-protein
signaling.

Little is known about the role of b-arrestin–mediated
signaling in b-cells except that b-arrestin KO mice exhibit

b-cell dysfunction and lack b-cell mass expansion in re-
sponse to high fat–diet feeding (77).

GLP-1 and GIP Family GPCR Signaling
In b-cells, among the GPCR ligands, the actions mediated
by the incretin hormones, GLP-1, and glucose-dependent
insulinotropic polypeptide (GIP) are best understood (Fig.
4A). GLP-1(7–36) (and its analogs such as the more stable
exendin-4 and liraglutide) and GIP bind to their respec-
tive GPCRs—GLP-1R and GIPR—to support juvenile ro-
dent b-cell replication (promitotic) as well as prosurvival
(antiapoptotic) mechanisms, resulting in b-cell mass ex-
pansion in in vitro and in vivo model systems (79,80).

In b-cells, GLP-1 directly or indirectly activates multiple
signaling pathways, including cAMP-PKA-CREB, PI3K-Akt
and atypical PKCz, transactivation of EGFR through c-Src
tyrosine kinase, ERK1/2, and Wnt pathways (79,80).
Through a variety of cross-talk mechanisms, PKA-CREB sig-
naling facilitates ERK1/2, Wnt, and PI3K activation. cAMP-
PKA phosphorylates and upregulates CREB-dependent
transcription of key b-cell genes (e.g., Ins1, Ins2, Pdx1,
Irs2). IRS2 in turn supports autocrine/paracrine stimulation
of prosurvival IGF-2/IGF-1R signaling (81,82). Conversely,
mTOR complex 1/S6 kinase 1 (mTORC1/S6K1) activation
by IGF-1R/PI3K-Akt is required for GLP-1–induced b-cell
proliferation (83). A permissive role for CREB in rodent
b-cell proliferation is derived from observations of trans-
genic overexpression of the endogenous CREB transcrip-
tional repressor ICER (inducible cAMP element repressor)
(84). In addition, FoxO1, a molecular brake for b-cell repli-
cation, is inactivated by GLP-1 through two distinct mech-
anisms: Akt-mediated phosphorylation of FoxO1, resulting
in increased Pdx1 expression (79,80,85), and reduced SirT1-
mediated FoxO1 deacetylation (86). Finally, downstream of
these events, GLP-1 induces b-cell proliferation by increas-
ing expression of cell cycle activators, cyclin D1 and cyclin
A2, in rat and mouse b-cells, respectively (45,79,80), and by
degrading the cell cycle inhibitor, p27, via the SCF ubiquitin
ligase complex containing Skp2 (87).

GIP enhances replication in rodent b-cell lines and
primary cells in vitro (Fig. 4A) (70,80). Dominant-
negative GIPR expression in transgenic pigs reduces
b-cell proliferation and mass (88), suggesting a role for
GIP in b-cell proliferation in vivo. As with GLP-1, cAMP-
PKA-CREB, ERK1/2, and PI3K-Akt all contribute to
GIP-induced rodent b-cell proliferation; however, the
downstream targets are unknown. Additional details on
GIP and GLP-1 are contained in excellent reviews (79,80).

In contrast to the large literature on GPCR ligands in
rodent islets, little is known in human islets, aside from
effects mediated by GLP-1 and GIP receptors on b-cell pro-
liferation (Fig. 4B). In one report, liraglutide treatment of
sorted or unsorted human b-cells from adult human islet
donors, cultured on several different matrices, showed no
replication (36), while in another report, liraglutide induced
a fivefold increase over the low basal rate of replication in
unsorted human b-cells on a bovine corneal endothelial cell

diabetes.diabetesjournals.org Stewart and Associates 1879



Figure 4—GPCR (or GPR) signaling in the regulation of b-cell proliferation. A: Rodent b-cells. The incretin hormones, GLP-1 and GIP, bind
to their respective GPCRs, GLP-1R and GIPR, releasing the “active” Gas subunit, which stimulates adenylate cyclase (AC) and cAMP
synthesis. cAMP signals though either PKA or EPAC pathways. PKA phosphorylates CREB, which upregulates transcription of key pro-
liferative b-cell genes (e.g., cyclin D1, cyclin A2, Pdx1, Irs2) and downregulates transcription of the cell cycle inhibitor p27. IRS2 supports
autocrine/paracrine stimulation of IGF/IGF receptor (IGFR)/PI3K-Akt (Akt-PKB) signaling. Akt activation enhances proliferation through
a dual effect: activation of mTORC1 and its target p70 ribosomal S6K1 and phosphorylation and inactivation of FOXO1, which allows FOXA
activation and PDX1 expression. GLP-1 also inactivates FOXO1 by inhibiting SirT1-mediated deacetylation of FOXO1. Through a variety of
cross-talk mechanisms, GLP-1 activates multiple other signaling pathways: PI3K/atypical PKCz, transactivation of EGFR through c-Src
tyrosine kinase activation of its ligand betacellulin (BTC), ERK1/2, and Wnt signaling pathway molecules b-catenin and transcription factor
7–like 2 (TCF7L2). Another GPCR member, PTHR-1, is activated by PTHrP, leading to increased b-cell proliferation through PI3K-atypical
PKCz phosphorylation. Overexpression of PTHrP in b-cells induces cyclin D2 expression and reduces levels of the cell cycle inhibitor p16.
Activation of the cannabinoid receptor, CB1R, by its ligands anandamide (AEA) and D-9-tetrahydrocannabinol (THC), reduces b-cell
proliferation via inhibition of the insulin/IGF-1/IRS2/AKT signaling pathway through the heterotrimeric G-protein, Gai. The potential effect
of CB1R on proliferation by modulating AC is not fully understood. Green arrows indicate activation of pathways and red lines denote
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matrix (89). Exendin-4 treatment of immunodeficient
diabetic mice transplanted with human islets under the
kidney capsule produced a twofold increase in b-cell repli-
cation in islets obtained from young donors (average age 18
years) but not from older donors (average age 47 years)
(90). No information on signaling mechanisms is available
in human islets.

Fatty Acid GPCR Signaling
GPCRs for short-chain (GRP-41 and -43, also called FFA2
and FFA3, respectively) and long-chain fatty acids (GRP-40,
also called FFA1, and GRP-120) and fatty acid metabolites
(GPR-119) have gained increasing attention for their
potential as pharmacologic targets on a-cells (91) to sup-
press glucagon secretion and on b-cells to potentiate GSIS
(92). The mechanisms underlying these events may reflect
direct action on b-cells and/or indirect effects via incretin
hormone (i.e., GLP-1, GIP) release from intestinal epithelial
cells (91–94). Among these receptors, activated GRP-119
stimulates intracellular cAMP synthesis and small molecu-
lar GRP-119 activators potentiate GSIS and also stimulate
rodent b-cell proliferation (93,94). FFA2 and -3 receptors
signal through Gai/o and inhibit GSIS. Islets of rodents
exposed to a diabetogenic high-fat diet produce FFA2
and -3 ligands, which suppress GSIS, and ablation of these
receptors results in increased GSIS and improved glucose
homeostasis (95). Very little is known about the function
of these novel receptors in human b-cells. There is little
evidence for induction of b-cell proliferation by fatty acid
receptor ligands.

PTHrP GPCR Signaling
PTHrP is a broadly expressed precursor protein that
undergoes posttranslational processing to produce multiple
mature peptides, including an amino-terminal peptide,
PTHrP(1–36). This binds to and activates its GPCR, the
parathyroid hormone receptor, called PTH receptor-1
(PTHR-1). PTHrP and PTHR-1 are expressed in rodent islets
and b-cells. PTHrP(1–36) stimulates proliferation of rodent
b-cell lines and primary b-cells in culture (96). Transgenic
expression of full-length PTHrP(1–139) in b-cells (49) or
systemic administration of PTHrP(1–36) in mice (97) stim-
ulates b-cell replication in vivo, with an increase in b-cell
mass. Pharmacological, small interfering RNA, and dominant-
negative approaches have identified atypical PKCz as the
mediator of PTHrP-induced proliferation in rodent b-cells
(49). PTHrP increases cyclin D2 and decreases p16 in
transgenic islets (97) (Fig. 4A).

In humans, PTHrP and PTHR-1 are present in b-cells.
PTHrP is overexpressed in human insulinomas, suggesting

a role in human b-cell replication (96). Adenoviral trans-
duction of full-length PTHrP(1–139) in adult human islets
significantly enhances b-cell proliferation (98). The princi-
pal PTHrP peptide required for human b-cell prolifera-
tion appears to be PTHrP(1–36). This peptide does not
diminish differentiated function; indeed, it appears to
enhance GSIS in human islets, analogous to other GPCR
incretins, the GLP/GIP family. PTHrP increases the cell
cycle activators, cyclin E and cdk2, in human islets (Fig.
4B) (98). The specific pathways through which this
occurs are unknown.

Cannabinoid Receptor Signaling
The cannabinoid receptors, especially CB1, and its endoge-
nous ligands, the endocannabinoids, originally associated
with energy intake, have additionally been recognized to be
involved in multiple additional aspects of energy homeosta-
sis in mammals (99). Both peripheral and central compo-
nents of endocannabinoid regulation of energy balance may
become dysregulated and lead to lipid disorders, obesity, or
type 2 diabetes. While these findings indicate a potential
positive therapeutic role for CB1 receptor antagonists,
emerging data suggest that some cannabinoids also may
have negative effects on b-cells.

Endocannabinoids have been shown to be generated
within b-cells, and CB1 receptors have been reported to
be expressed and to exert functional effects when acti-
vated by ligands in both mouse and human b-cells
(100–102) (Fig. 4A). Studies focused mostly in mouse
islets and b-cells indicate that blockade of CB1 receptors
leads to enhanced signaling via the insulin/IGF-1 signal-
ing pathway via the IRS2/Akt cascade to promote
increased b-cell proliferation and mass. In vivo
antagonism of CB1 receptors improved glycemia and en-
hanced b-cell proliferation in the db/db mouse model of
diabetes (101). While some studies report that CB1 recep-
tors mediate their effects on b-cells indirectly by modu-
lating effects via macrophages (103), other studies
provide direct evidence that CB1 receptors in mouse
b-cells form a complex with insulin receptors and the
heterotrimeric G-protein, Gai (104). Gai inhibited the
kinase activity of the insulin receptor in b-cells by directly
binding to the activation loop in the tyrosine kinase do-
main of the insulin receptor. This leads to attenuated
phosphorylation of the proapoptotic protein, Bad, with
resultant b-cell death (104). However, it is unclear
whether CB1 receptors can influence activation of PKA
by modulating adenylate cyclase. These findings suggest
that CB1 antagonists acting peripherally (i.e., outside the
central nervous system) may have direct beneficial effects

inhibition of pathways. Signaling pathways are denoted by solid lines downstream of GLP-1R, dashed lines downstream of PTHR-1, and
dotted lines downstream of GIPR. B: Human b-cells. The GPCRs, GLP-1R, GIPR, PTHR-1, and CB1R are all present on human b-cells.
Whether GLP-1 enhances human b-cell proliferation is unclear, as one report reveals a modest increase in proliferation (85) and another
indicates no increase in replication with GLP-1 analogs (36). PTHrP induces human b-cell proliferation in vitro and increases expression of
the cell cycle activators cyclin E and cdk2 in human islets. In gray are molecules and pathways that are known to be activated by GPCRs in
rodents but are not known to be downstream of GPCRs in human b-cells.
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on b-cells, with the potential to improve b-cell prolifera-
tion and function.

While the presence of CB1 receptors and the endocan-
nabinoid system have been reported in human islets (Fig.
4B) (100,101), little information is available on cannabinoid
signaling and the regulation of human b-cell proliferation.
Additional work in this area is warranted, as centrally acting
cannabinoid agonists are in development.

TGFb SUPERFAMILY

TGFb family member signals are transduced by cell sur-
face serine/threonine kinase receptors that activate down-
stream signaling effectors called SMAD proteins that
translocate to the nucleus to induce changes in gene ex-
pression (105–108). In addition, TGFb family members
can signal through noncanonical signaling pathways via
activation of ERK, p38, JNK, and Akt (107).

A central theme from the work from several laboratories
is emerging that inhibition of TGFb signaling in adult mu-
rine b-cells can promote b-cell replication (109–113). Mice
lacking Smad2/3 in islets display islet hyperplasia and show
increased replicative response after pancreatectomy. Inter-
estingly, replicating b-cells after pancreatectomy expressed
Smad7, a TGFb inhibitory Smad, supporting the idea that
inhibition of TGFb signaling results in islet expansion.
Mice with b-cell–specific ablation of Smad7 provided
more direct evidence, as b-cell replication was prevented
after pancreatectomy (111). In addition, conditional ex-
pression of Smad7, an inhibitor of TGFb signaling, resulted
in islet hyperplasia, although b-cells had reduced expres-
sion of b-cell–specific transcription factors and impaired
function (110). Recent insightful work showed that
Smad7 was upregulated in b-cells after pancreatic duct
ligation. Furthermore, Xiao et al. (111) show that macro-
phages release TGFb1 to stimulate Smad7 expression in
b-cells to promote islet cell expansion.

While inhibition of TGFb signaling in adult b-cells can be
a useful strategy for b-cell regeneration, there are several
challenges. First, the mechanism by which TGFb inhibition
can lead to increased b-cell replication is not clear. Second,
the effect of TGFb inhibition on the function of b-cells is
not clear. In vivo studies in mice suggest that increased
b-cell replication also results in de-differentiation and im-
paired function (109,110). Other studies that inhibit TGFb
signaling in vitro show enhanced insulin transcription and
protection from de-differentiation of islets from diabetic
mice (112,113). These seemly opposing effects on b-cell–
specific gene regulation, differentiation, and replication
may lie in the fact that TGFb has pleiotropic effects that
depend on the cellular history and context of the responding
cells (108). This context is determined by the repertoire of
factors present in the responding b-cell that cooperate with
the Smad proteins to guide the gene response as well as the
epigenetic landscape of the b-cells that will regulate the re-
sponse of the b-cell to TGFb signaling.

Other TGFb superfamily members include activins,
inhibins, follistatins, and bone morphogenetic proteins.

Space precludes a full discussion of these, but there is
clear evidence that manipulation of these TGFb super-
family members influences downstream SMAD signaling
in b-cells, in most instances appearing to inhibit prolifer-
ation (114–118).

Finally, for human b-cells, it is not known whether
inhibition of TGFb family members can promote replica-
tion. Experiments that inhibit TGFb signaling in human
islets in vitro and in vivo using humanized mice are
needed. Recent data suggest that bone morphogenetic
proteins may inhibit human b-cell proliferation (118).

SUMMARY AND CONCLUSIONS

In these three Perspectives, we review key intracellular
signaling pathways involved in rodent and human b-cell
proliferation and how they impact on downstream cell
cycle machinery, highlighting what is known and what
remains to be studied. We have not covered every signal-
ing pathway: additional ligands and pathways (including
adrenergic, muscarinic, purinergic and adenosine kinase,
ephrin, hypoxia-inducible factor-1a/von Hippel-Lindau,
VGF/TLQP-21, and osteocalcin pathways) have all been
reported to drive rodent b-cell replication. We apologize
to authors whose work in these areas has not been
reviewed because of space limitations.

Two surmountable challenges remain. First, there
currently is no cell surface molecule that is entirely
b-cell specific. This means that drugs delivered systemi-
cally for b-cells may have off-target mitogenic effects.
Thus, b-cell–specific targeting strategies must be devel-
oped. Second is the risk of activating oncogenic pathways.
Here, one must recall that b-cell proliferation is a normal
physiologic event in childhood that leads to physiologic
and safe islet expansion. It is also important to be clear
that essentially every mitogenic pathway, if overactivated
or activated for too long, can be oncogenic. Thus, it is
critical to develop dosing protocols and therapeutic dura-
tions that mimic physiology to drive therapeutic—but not
oncogenic—b-cell proliferation.

Finally, it is important to emphasize that therapeutic
opportunities beyond b-cell proliferation exist. For exam-
ple, many of the pathways that activate proliferation also
activate survival pathways, another important therapeutic
objective. Further, b-cell expansion might be achieved
through other approaches, notably stem cell differentia-
tion and transdifferentiation from a- or d-cells to b-cells.
And of course, creating new b-cells requires effective
addressing of autoimmunity as well. All are critical, fertile,
and active areas of b-cell therapeutic research.
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