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ABSTRACT

f3-cells of the pancreatic islets are highly specialized and high-throughput units for the production of insulin, the key hormone for maintenance of
glucose homeostasis. Elevation of extracellular glucose and/or GLP-1 levels triggers a rapid upregulation of insulin biosynthesis through the
activation of post-transcriptional mechanisms. RNA-binding proteins are emerging as key factors in the regulation of these mechanisms as well as in
other aspects of p-cell function and glucose homeostasis at large, and thus may be implicated in the pathogenesis of diabetes. Here we review
current research in the field, with a major emphasis on RNA-binding proteins that control biosynthesis of insulin and other components of the insulin

secretory granules by modulating the stability and translation of their mRNAs.
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1. INTRODUCTION

The hallmark of the pancreatic islet p-cell is its ability to synthesize and
secrete large quantities of insulin, which maintains metabolic home-
ostasis by lowering glycemia. Insulin is synthesized as a single-chain
precursor termed preproinsulin, composed of an N-terminal signal
sequence, the B chain, the connecting C-peptide, and finally the A
chain, which is covalently linked to the B chain via disulfide bridges.
Preproinsulin is converted into proinsulin upon removal of the signal
peptide in the endoplasmic reticulum (ER). Proinsulin is sorted at the
trans-Golgi network into immature secretory granules (SGs); subsequent
removal of the intervening C-peptide by protein convertases during the
maturation of SGs leads to the generation of insulin [1]. Each p-cell
contains on average ~5 x 10% SGs [2], of which however only 1-2%
undergo regulated exocytosis in response to elevation of glycemia [3].
Other stimuli, such as incretins, further potentiate the release of insulin
induced by hyperglycemia. Each SG is an independent functional unit
composed of > 50 different cargo proteins, including insulin and
C-peptide, other peptide hormones, convertases for peptide processing,
packaging proteins such as the granins, pumps and channels, as well as
ions, neurotransmitters and nucleotides [4]. Glucose-triggered SG
exocytosis is coupled to a concomitant rapid increase in the biosynthesis
of insulin and other components necessary for SG assembly [5]. This is
especially relevant in view of the evidence that newly-synthesized SGs
undergo preferential exocytosis [6-8]. Hence, proper secretory function
of p-cells strictly depends on their glucose-regulated SG biogenesis [5].
Rapid induction of insulin biosynthesis by glucose involves regulation at the
franscriptional, translational, and post-translational levels [9—11]. Through

elevation of intracellular cAMP, GLP-1 also induces insulin expression via
transcriptional and post-transcriptional mechanisms similar to those elicited
by glucose [12]. Several landmark papers have shown that in the short term,
glucose-induced enhancement of insulin synthesis does not require de novo
transcription of preproinsulin mRNA, but is obtained by specifically increasing
the efficiency of translation as well as the number of mRNA molecules
available for protein synthesis [13—16]. Hence, detailed knowledge of the
molecular machinery responsible for preproinsulin mRNA stability and
translation is of paramount importance for understanding the physiology of
p-cells and their inability to meet insulin demands in type 2 diabetes.

2. REGULATORY ELEMENTS IN THE PREPROINSULIN mRNA

There is now ample evidence that sequence elements within the 5'- and
3’-untranslated regions (UTRs) of the preproinsulin mRNA control its
translation and stability in response to stimuli such as hyperglycemia. In
2001 Rhodes and colleagues first reported that the 5’- and the 3’-UTRs
of the preproinsulin mRNA act cooperatively to increase glucose-induced
preproinsulin biosynthesis in rat pancreatic islets [17]. Specifically, their
study identified a UUGAA motif located between the polyadenylation
signal and the polyadenylation site within the 3’-UTR of rat preproinsulin
2 mRNA which is critical for its stability (Figure 1) [17]. Notably, this
motif is found in all rat, human and mouse preproinsulin mRNAs. In a
later study, a pyrimidine-rich sequence located just downstream of the
preproinsulin 1 coding region was reported to have a similar role in the
control of mRNA turnover (Figure 1) [18]. The authors further identified
polypyrimidine tract-binding protein 1 (PTBP1) as a factor binding to this

*This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial-No Derivative Works License, which permits non-commercial use,
distribution, and reproduction in any medium, provided the original author and source are credited.

Molecular Diabetology, Paul Langerhans Institute Dresden, TU Dresden and “German Center for Diabetes Research (DZD e.V.), Fetscherstrasse 74, 01307 Dresden, Germany “Max Planck Institute of Molecular

Cell Biology and Genetics, Pfotenhauerstrasse 108, 01307 Dresden, Germany

“Corresponding author at: Molecular Diabetology, Paul Langerhans Institute Dresden, TU Dresden and German Center for Diabetes Research (DZD e.V.), Fetscherstrasse 74, 01307 Dresden, Germany.
Tel.. +49 351 796 36612; fax: +49 351 796 36698. Email: maria-grazia.magro@mailbox.tu-dresden.de (M.G. Magro), michele.solimena@tu-dresden.de (M. Solimena).

Received August 30, 2013 « Revision received September 15, 2013 « Accepted September 16, 2013 « Available online 25 September 2013

http://dx.doi.org/10.1016/.molmet.2013.09.003

348

MOLECULAR METABOLISM 2 (2013) 348-355 © 2013 The Authors. Published by Elsevier GmbH. All rights reserved

www.molecularmetabolism.com


dx.doi.org/10.1016/j.molmet.2013.09.003
dx.doi.org/10.1016/j.molmet.2013.09.003
dx.doi.org/10.1016/j.molmet.2013.09.003
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.molmet.2013.09.003&domain=pdf
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.molmet.2013.09.003&domain=pdf
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.molmet.2013.09.003&domain=pdf
mailto:maria-grazia.magro@mailbox.tu-dresden.de
mailto:michele.solimena@tu-dresden.de

I

MOLECULAR
METABOLISM

5-UTR
S g L

Rat1 UGACCAGCUA TCA AGAC A CA
Rat2 UGACCAGCUA TCG AAAC A CA
Mouse 1 UGACCAGCUA  TCA AGAC A CA
Mouse 2 UGAUCCGCUA  TCA AGAC A CA
Human GGACAGGCUG TCA AAAC G CA

AAG CAGGUCAUU
AAG CAGGUCAUU
AAG CAGGUUAUU
AAG CAGAUCACU

tot ot t ot ttt
3-UTR
CDS olypyrimidine tract olyA signal UUGAA AAAAA...
Rat 1 UCCACCACUCCCCG CCCACCCCUCUG
Rat 2 CCACCACUACCCUG UCCACCCCUCUG

CCACCUCGACCCGC CCCACCCCUCUG
CCACCACUACCCAG CCUACCCCUCUG
CCCCCCACC cGecGecuccuG

Tttt et 1

Mouse 1
Mouse 2
Human

Figure 1: Regulatory elements in the preproinsulin mRNA UTRs. The green hoxes indicate a 29 bp-sequence element, identified in the 5-UTR of the rat preproinsulin gene 1. This element
partially overlaps with the 9 bp-sequence identified in the rat proinsulin 2 mRNA as the preproinsulin glucose element (pplGE, in yellow). The 3-UTR of the preproinsulin transcript contains elements
that control mRNA stability, including a pyrimidine-rich tract (in blue) downstream of the coding sequence (CDS), and a UUGAA motif (in orange). The UUGAA element is identical in human, rat and
mouse, while other regulatory elements within preproinsulin mRNAs, though highly conserved in their location, display various degrees of sequence homology. The cross-species sequence
homology of these elements among rat, mouse and human preproinsulin transcripts is shown. Red arrows point to non-conserved nucleotides. The shaded sequences are those identified as PTBP1

binding sites. A polypyrimidine tract is also found in the 5-UTR of the human preproinsulin mRNA (not shown).

sequence element, and thereby regulating mRNA stability (Table 1).
Interestingly, the interaction between PTBP1 and the preproinsulin
mRNA was promoted by increased glucose availability and hypoxia
[18,19]. Such a pyrimidine-rich tract is also present in a similar location
in the other rat, human, and mouse preproinsulin transcripts.

While the 3’-UTR of the preproinsulin mRNA contains elements
critical for its stability, the 5'-UTR regulates preproinsulin translation
rate. Indeed, a 2007 study reported the presence of a conserved
element in the 5’-UTR of the rat preproinsulin 2 mRNA, termed
the preproinsulin glucose element (pplGE), which is required for
glucose-induced preproinsulin translation (Figure 1) [20]. Luciferase
reporter assays indicated that mutation or removal of this cis-
element abolished glucose-induced translational activation [20]. A
29 bp-sequence element was also described in the 5’-UTR of the rat
preproinsulin gene 1 by an independent study [21]. This element
partially overlaps with the pplGE. However, while the regulatory
function of pplGE lies in its primary sequence, a stem-loop
secondary structure has been postulated to be critical for transla-
tional activation by this 29-bp element (Figure 1) [20,21]. On the
other hand, both studies on the pplGE and the 29-bp element
proposed that induction of insulin translation occurs through
glucose-dependent binding of yet unknown factors to the 5'-UTR
of insulin mRNA. Intriguingly, ppIGE core sequences were also found
in the mRNA 5’-UTRs of other glucose-regulated proteins of the
insulin SGs, namely prohormone convertases PC1/3 and PC2, pro-
islet amyloid polypeptide (prolAPP), and chromogranin A (CGA) [22].
Cis-acting sequence elements in the UTRs of mRNAs act in concert with
a group of frans-acting factors to specifically and rapidly change the
translational pattern of the p-cell in response to external stimuli, and
thus maintain glucose homeostasis. Such trans-acting factors include
microRNAs (miRNAs) and RNA-binding proteins (RBPs) [23]. RBPs
compose a vast group of structurally and functionally diverse proteins
which regulate virtually all aspects of RNA metabolism [24,25].
Supporting their role in mediating the adaptive response of the p-cell,
mRNA-binding proteins have been identified as a major class of
molecules whose expression pattern rapidly changes in response to
stimulation of insulinoma cells [26]. In the following sections we review
current knowledge of RBPs that specifically regulate insulin abundance
and the assembly of SGs by modulating mRNA turnover and translation.
Furthermore, we will briefly discuss RBPs with proposed roles in other
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aspects of p-cell physiology and more generally implicated in glucose
homeostasis and type 2 diabetes.

3. STABILITY OF mRNAs ENCODING COMPONENTS OF THE
INSULIN SGs

Insulin mRNA stability varies according to nutrient availability. In animal
studies, significantly lower insulin mRNA levels were measured in fasted
rats compared to control animals [27]. In vitro studies have further
shown that the half-life of insulin mRNA is markedly increased under
high glucose conditions, while it decreases sharply in the absence of
glucose [16,28]. Interestingly, the latter effect is reversed by elevation of
intracellular cAMP levels [28].

The most thoroughly-characterized regulator of preproinsulin mRNA stability,
and thereby discussed here in greater length, is the ubiquitous RNA-binding
protein PTBP1 (also known as PTB or hnRNP | — heterogeneous nuclear
ribonucleoprotein 1), which is essential for mammalian development already
at early stages of gastrulation [29,30]. Heterogeneous nuclear ribonucleo-
proteins (hnRNPs) represent a structurally composite family of mRNA-
binding proteins. Their RNA-binding specificity resides in their inclusion of
different RNA-binding domains, namely the RNA recognition motif (RRM),
the K-homology (KH) domain, and the Arg—Gly—Gly (RGG) box. HnRNPs are
multifunctional, as they participate in pre-mRNA processing (i.e. splicing),
but are also important determinants of mMRNA export, localization,
translation, and stability [31]. In particular PTBP1, which contains 4 RRMs,
was originally identified for its role in splicing, but is now known to function
in a number of diverse cellular processes including polyadenylation, mRNA
stability and translation initiation [32]. Specificity of PTBP1 function is
achieved by a combination of changes in its cellular localization, and its
interaction with additional proteins. As mentioned in Section 2, PTBP1 has
been identified as an RBP which increases mRNA stability and protein levels
of insulin through its binding to the 3'-UTR of the rat preproinsulin mRNA
(Figure 2) [18]. In line with these findings, it was subsequently shown that
PTBP1 knockdown by RNAi specifically decreases both intracellular and
secreted insulin in rat insulinoma INS-1 cells [33]. RNA decay assays
demonstrated that upon glucose stimulation cytosolic PTBP1 also binds and
stabilizes the mRNA 3’-UTR of islet cell autoantigen 512 (ICA512, also
known as IA-2), an integral membrane protein of the insulin SGs.
Additionally, high glucose increased the stability of PC 1/3 and PC2
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Insulin/SG biosynthesis

RBP RNA- Target  Cis-element  Regulation of target Model Ref.
binding mRNA system
domain
HuD RRM Insulin 5-UTR Translation | Mouse, BTC6 61,62
INS-1E
PDI/PABP RRM Insulin 5-UTR Translation Rat, BTC6 60]
PTBP1 RRM Insufin 3-UTR Stability Rat, INS-1 18,19
ICA512 33,34
PC1/3
PC2
Insulin 5-UTR Translation Human, INS-1 g8laZ
PC2
ICA512 3-UTR Translation INS-1 28,33
PC2
CGA n.d. Expression INS-1 28,33
SCG2
SYB2
Other functions in B-cells and glucose homeostasis
RBP RNA- Target Function Model Ref.
binding system
domain
AUF1 RRM Bcl2 p-cell death MING 67]
Mcl1
Haf 7f-C2H2 n.d Glucose metabolism Mouse [72]
Insulin sensitivity
IGF2BP2 RRM, KH IGF2 IGF2 expression RD 73]
Mushashi 1 RRM Hes1 Insulin expression MING [65]
B-cell proliferation
B-cell death
Mushashi 2 RRM n.d Insulin expression MING [65]
PTBP1 RRM IR IR expression 1 Hela [68]
RBM4 RRM Isl1 Insulin expression Mouse [63]
Pax4 AR42J
IR Insulin signaling AR42J 63]
SRSF3 RRM Hnflow Glucose metabolism {4 Mouse 69]

Insulin sensitivity |-

Table 1: RNA-binding proteins with roles in B-cell function and type 2 diabetes. n.d.=not
determined.

mRNAs, which also harbor consensus sites for PTBP1 binding in their 3'-
UTRs [33]. A similar role for PTBP1 in the stabilization of preproinsulin,
ICA512 and PC1/3 mRNAs was proposed in the islets of rats with insulin
resistance, and thus hyperinsulinemia, secondary to pharmacologically-
induced acute liver failure [34]. Hence, modulation of mRNA stability by
PTBP1 represents a unifying mechanism, which is crucial for upregulation
of insulin SG biosynthesis.

PTBP1 is thought to bind to the preproinsulin mRNA as part of a larger
protein complex. Other candidate RBPs reported to bind in vitro to the
3’-UTR of preproinsulin mRNA include TiaR (also known as TiaL1 — Tial
cytotoxic granule-associated RNA binding protein-like 1), hnRNP C,
hnRNP E (also known as PCBP — poly(C)-binding protein), and hnRNP K
[35]. Notably, binding of hnRNP E to the preproinsulin mRNA was
observed using human [35], but not rat [18], islet cytosolic extracts.
Unpublished work from our group indicates that hnRNP K is also
implicated in controlling the stability of mRNAs encoding components of
the insulin SGs (Figure 2). Specifically, decay assays showed that hnRNP
K destabilizes the 3’-UTRs of preproinsulin and ICA512 mRNAs, thereby
counteracting the effect of PTBP1 in insulinoma cells.

4. TRANSLATIONAL CONTROL OF INSULIN AND SG PROTEIN
EXPRESSION

There is considerable evidence for the involvement of translational control in
insulin biosynthesis. Indeed, in response to increased circulating glucose,
insulin production is acutely regulated primarily through changes in mRNA
translation [10,36]. This regulation is specific, as several independent
studies have reported that high glucose induces an 8-fold or greater
increase in preproinsulin translation, while overall protein synthesis only
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rises 2- to 3-fold compared to low glucose conditions [10,14,20,37]. The
mechanisms governing glucose-induced insulin synthesis include stimula-
tion of translation initiation and elongation, and signal recognition particle
(SRP)-mediated translocation of the nascent preproinsulin into the lumen of
the ER [10,36]. Indeed, through interaction with its N-terminal signal
peptide, the SRP facilitates preproinsulin translocation across the ER
membrane into the lumen [38]. The SRP can also block the elongation of
the nascent chain and induce the “stacking” of ribosomes on the
preproinsulin mRNA [39]. This brake on mRNA scanning is relieved upon
interaction with the SRP receptor on the ER membrane, thus allowing active
translation. In line with these findings, Herbert and colleagues showed that
in mouse islets and insulinoma MING cells glucose selectively stimulates the
transport of the ribosome-associated preproinsulin mRNA to the ER and the
recruitment of additional ribosomes for protein synthesis [40]. Unsurpris-
ingly, the rapid translational effect exerted by glucose on insulin expression
extends to the biosynthesis of other insulin SG constituents [41]. Among
these are PC1/3 and PC2 [40,42—-44], CGA [37], and ICA512 [45,46].
Notably, the mRNAs of human, rat and mouse CGA also contain consensus
motifs for PTBP1 binding in their 5’- and 3’-UTRs.

PTBP1 not only stabilizes mRNAs encoding SG constituents, but is also a
well-characterized regulator of their expression. For instance, experi-
ments using luciferase reporter constructs have indicated that it
regulates the translation of ICA512 and PC2 in INS-1 cells [28,33]. A
substantial enhancement of luciferase activity was indeed observed
upon the separate inclusion in the reporter constructs of the mRNA 3'-
UTRs of ICA512 or PC2, or the mRNA 5-UTR of PC2. Conversely,
increments of luciferase activity were abolished upon mutation of the
PTBP1-binding sites in the UTRs of PC2 mRNA [28,33].

Elucidating the mechanism by which PTBP1 enhances the translation of
insulin and other SG cargoes is a major focus of current research in the
field. PTBP1 is a known internal ribosomal entry site (IRES)-trans-acting
factor (ITAF) which binds to elements in the 5-UTRs of capless viral
mRNAs, thereby enabling the recruitment of ribosomes and IRES-
mediated translation of these transcripts [47-49]. Moreover, PTBP1 is
required for function of most known cellular IRES [50,51]. Hence, it is
plausible that PTBP1 may stimulate translation of insulin SG proteins by
a cap-independent mechanism. Indeed, according to a recent report by
the Welsh group insulin translation occurs at a low rate by cap-
independent translation, which is mediated by binding of PTBP1 to the
5-UTR of the human preproinsulin mRNA [52]. While this cap-
independent translation mechanism was enhanced in conditions of
cellular stress (i.e. nitrosative stress), it was seemingly unaffected by
glucose stimulation. The authors therefore concluded that in human
islets, glucose-stimulated insulin mRNA translation occurs exclusively
via increasing cap-dependent translation. It should be noted, however,
that hippuristanol, which was used in this study to abolish cap-
dependent translation, by blocking the RNA helicase elF4A, also inhibits
some forms of IRES-mediated cap-independent translation [53].

Given its effect on mRNA stability and translation, PTBP1 function in p-
cells is key for insulin SG biogenesis. Accordingly, knockdown of PTBP1
depletes SG stores and decreases the expression of SG components
containing PTBP1 binding sites in their mRNA 3’-UTRs, such as ICA512,
PC2, PC1/3, CGA, secretogranin Il (SCG2/CHGC), and synaptobrevin 2
(SYB2/VAMP-2) [33]. The importance of PTBP1 in mediating the glucose
response of the p-cell is also supported by observations that PTBP1
mRNA levels are significantly increased in mouse insulinoma cells
following exposure to hyperglycemia for 24 h [54,55]. Short-term
hyperglycemia, in contrast, does not alter PTBP1 expression [18]. On
the other hand, the activity of PTBP1 is acutely regulated mainly through
post-translational modifications and changes in its intracellular
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Figure 2: Mode! of RBP function in insulin expression and SG biosynthesis. Coordinated regulation by RBPs maintains insulin SG stores adequate to metabolic needs. Cytosolic RBPs with positive
(PTBP1, PABP/PDI) and negative (HUD and hnRNP K) roles on insulin translation, and thereby SG biosynthesis, are outlined in black and red, respectively. Stimulation of B-cells induces cytoplasmic
accumulation of PTBP1 through two distinct pathways. GLP-1 elevates intracellular cAMP levels, thereby activating PKA, which phosphorylates PTBP1 and thus prompts its redistribution into the
cytoplasm. Glucose also triggers the cytosolic accumulation of PTBP1 through a phosphorylation-independent mechanism. In the cytoplasm PTBP1 binds to consensus sequences in the 5™~ and 3™
UTRs of mRNAs encoding insulin and other proteins of the SGs. Glucose promotes the PABP-mediated binding of PDI to preproinsulin mRNA, whereas it inhibits that of HuD.

localization. In particular, cytoplasmic accumulation of PTBP1 is critical
for its function in modulating the expression of SG proteins. Albeit
predominantly nuclear, PTBP1 accumulates in the cytoplasm of p-cells
upon stimulation [28,33]. This relocalization, as in the neurosecretory
PC12 cell line [56,57], is triggered by PKA-dependent phosphorylation of
a conserved serine residue. Accordingly, stimulation of insulinoma cells
with the CAMP-elevating agent IBMX, and in part with GLP-1, induces a
nucleocytoplasmic redistribution of PTBP1 and consequently upregulates
the expression of insulin and other SG components containing PTBP1
binding sites in their mRNA 3’-UTRs [28]. Glucose also induces a
cytosolic enrichment of PTBP1 by a still unknown mechanism that does
not involve phosphorylation [28,33]. However, it is still unclear whether
stimulation of p-cells leads to the cytosolic accumulation of PTBP1 by
promoting its nucleocytoplasmic translocation or rather by inhibiting its
nuclear import. Notably, it has been shown that prolonged culture of rat
islets, which leads to reduced insulin stores and secretion, correlates
with the reduced intracellular redistribution of PTBP1 [33]. Accordingly,
in islets from subjects with type 2 diabetes the reduced upregulation of
insulin levels in response to glucose stimulation correlates with
increased nuclear retention of PTBP1 [58]. The recent report that a
single nucleotide polymorphism in the PTBPT gene is associated with
reduced insulin secretion further suggests a role for PTBP1 in the
pathogenesis of type 2 diabetes [59]. In this context, further study of
PTBP1 function in the biogenesis of SGs in vivo using ad hoc transgenic
mouse models will be of particular interest.

Though PTBP1 is the most extensively studied, other RBPs have been
proposed to participate in regulation of insulin translation. Recently, polyA-
binding protein (PABP) and protein-disulfide isomerase (PDI) have been
reported as additional frans-acting factors that bind to the 5-UTR of
preproinsulin mRNA in pancreatic islets and mediate its glucose-stimulated
translation (Figure 2) [60]. Specifically, PABP was proposed to mediate
mRNA-binding of PDI, which was identified as the functional factor regulating
translation. Glucose-dependent activation of insulin translation was abrogated

MOLECULAR METABOLISM 2 (2013) 348-355 © 2013 The Authors. Published by Elsevier GmbH. All rights reserved.

by PDI immunodepletion, while it was restored upon transient PDI
overexpression [60]. As PDI is known to reside in the lumen of the ER,
its identification as a trans-acting factor in islet cytosolic extracts is however
especially surprising, and requires independent validation.

Other RBPs are known to act as repressors of insulin translation. Among
these is human antigen D (HuD, also known as ELAVL4 — embryonic
lethal abnormal vision-like 4) (Figure 2). An elegant study by Gorospe
and colleagues showed that HuD binds a 22-nucleotide segment in the
5-UTR of the mouse preproinsulin 2 mRNA, thereby repressing its
translation and decreasing insulin production [61]. However, the HuD—
mRNA complex rapidly dissociated after acute exposure to glucose. In
keeping with HuD suppressing translation, insulin levels were higher in
the p-cells of knockout mice, whereas HuD-overexpressing mice
displayed lower insulin expression, decreased plasma insulin, and
impaired glucose tolerance [61]. A recent report specifically implicates
HuD in the inhibition of insulin production and secretion in response to
melatonin and ER stress [62]. Interestingly, unpublished evidence from
our group suggests that hnRNP K may also exert a function similar to
HuD. Indeed, hnRNP K binds to the mRNA 5’-UTR of rat preproinsulin
1 and other proteins of the SGs and negatively regulates their expression
as well as insulin secretion. However, its direct role in repressing mRNA
translation has not been tested. Similarly, it should be noted that 13
additional mRNA-binding proteins are rapidly regulated, in their expres-
sion or phosphorylation, in INS-1 cells after stimulation with glucose and
IBMX [26]. Conceivably these RBPs may also have important roles in the
post-transcriptional regulation of insulin SG biogenesis. However, their
specific functions and mechanisms of action remain to be elucidated.

5. RBPs WITH OTHER KNOWN FUNCTIONS IN p-CELLS
Other RBPs have been shown to affect insulin expression and p-cell

function, albeit not by directly interacting with the preproinsulin mRNA.
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For instance, a role in promoting insulin expression has been reported
recently for the RNA-binding motif protein 4 (RBM4) [63]. RBM4-
deficient mice exhibited hyperglycemia and reduced levels of serum
insulin, and did not efficiently respond to a glucose challenge. RBM4
was found to promote the expression of insulin primarily at the
transcriptional level, by regulating alternative splicing of transcripts
encoding factors required for pancreas cell differentiation and endocrine
function [63]. Interestingly, RBM4 is also known to repress the
expression of PTBP1 via alternative splicing-coupled nonsense-mediated
decay during muscle cell differentiation [64]. However, it has not been
investigated whether it may also regulate PTBP1 expression in p-cells in
response to varying glucose levels.

A transcriptional effect on insulin gene expression has also been
reported for the RNA-binding proteins Mushashi-1 (MSI1) and Mushashi-
2 (MSI2) [65]. Specifically, overexpression and knockdown studies
demonstrated that both Mushashi isoforms downregulate insulin
expression in insulinoma cells. Accordingly, conditions associated with
type 2 diabetes, such as ER siress and lipotoxicity, increased the
expression of the Mushashi genes. In the same study MSI1 was also
found to promote the proliferation of MIN6 cells and strongly reduce
apoptosis [65]. Conversely, an opposite role in regulating p-cell death
has been shown for ARE/poly(U)-binding factor 1 (AUF1, also known as
hnRNP D), a well-characterized RBP which binds to AU- or U-rich
sequence elements located in the 3’-UTR of target mRNAs, and thereby
controls their stability [66]. Recently Regazzi and colleagues have shown
that exposure of insulinoma cells to inflammatory cytokines leads to the
activation of AUF1 and its translocation from the nucleus to the
cytoplasm [67]. Although altered AUF1 levels did not influence insulin
synthesis and secretion, its overproduction significantly increased the
apoptotic rate of MING cells. Conversely, blockade of AUF1 production by
RNAi protected MIN6 and human primary f-cells from cytotokine-
induced apoptosis. The authors further clarified that AUF1 contributes to
the death of insulin-producing cells by reducing the expression of anti-
apoptotic proteins B cell leukaemia/lymphoma 2 (BCL2) and myeloid cell
leukaemia sequence 1 (MCL1). Particularly for BCL2 this effect was
directly related to changes in mRNA stability [67].

6. RBPs WITH PROPOSED ROLES IN TYPE 2 DIABETES

Several other RBPs have been implicated in glycemic control, and thus
type 2 diabetes. As these proteins do not exert their function specifically
in p-cells and affect components of glucose homeostasis other than
insulin biosynthesis and secretion, we will only briefly review them here.
Among these RBPs is RBM4, which was previously mentioned (Section
5) for its role in insulin expression and pancreas cell differentiation.
RBM4, in addition, influences glucose-induced insulin receptor (IR)
signaling by promoting a splicing switch of IR pre-mRNA towards an
isoform that exhibits a high affinity for insulin [63]. Incidentally, PTBP1, a
target of RBM4 splicing regulation, in turn regulates IR expression via
IRES-mediated translation [68]. A recent study reported that serine/
arginine-rich splicing factor 3 (SRSF3, previously known as SRp20) also
affects glucose homeostasis. Indeed, mice carrying a liver-specific
deletion of Srsf3 showed fasting hypoglycemia and increased insulin
sensitivity [69]. Notably, SRSF3 regulates the splicing and expression of
Hnf1a, which is responsible for maturity onset diabetes of the young
type 3 [70] and is one of the type 2 diabetes susceptibility genes [71].
An impact on glucose homeostasis has also been shown for the mRNA-
binding protein hematopoietic zinc finger (Hzf). In a study aimed mainly
at dissecting its role in the translational control of adipogenesis, it was
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observed that Hzfnull mice show impaired glucose tolerance and
increased insulin resistance [72]. Interestingly, the authors note that the
human HZF gene resides in a genomic locus involved in susceptibility to
type 2 diabetes. Finally, insulin-like growth factor 2 (IGF2) mRNA-
binding protein 2 (IGF2BP2, also known as IMP2) has also been
implicated in type 2 diabetes. This mRNA-binding protein is known to
regulate the IRES-mediated translation of IGF2 by binding to its mRNA
5-UTR [73]. A link between /GF2BP2 genetic variations and type
2 diabetes was found in a series of genome-wide association studies
and verified in subsequent replication studies in different populations
and meta-analyses [74]. Although these studies have indicated that
IGF2BP2 variants are more likely associated with reduced p-cell function
(i.e. insulin secretion) than with reduced insulin sensitivity or fasting
glucose, the specific role of IGF2BP2 in islet function and type 2 diabetes
has not yet been defined.

7. OUTLOOK ON RBPs AND DIABETES

The importance of RBPs in controlling p-cell function and glycemia is
now broadly appreciated, and these proteins and their regulatory
mechanisms are under extensive investigation. Indeed, a better under-
standing of the molecular mechanisms of RBPs and the upsiream
factors regulating their expression could provide opportunities for the
design of additional anti-diabetic strategies.

A growing body of evidence supports a key role of RBPs particularly in
the post-transcriptional control of glucose homeostasis. To further
understand the role of RBPs in post-transcriptional and translational
control and RNA metabolism in general, it is crucial to identify their
target transcripts. Since RBPs typically regulate a large number of mRNA
targets in a functionally coordinated fashion, genome-wide methods are
emerging as powerful tools for these studies. In combination with
microarrays and RNA sequencing, immunoprecipitation-based methods
such as CLIP (UV crosslinking and immunoprecipitation) and its variants
(reviewed in [75]) allow for the isolation of RBP—-mRNA complexes and
identification of the specific sequences to which RBPs bind. Techniques
that provide unbiased insights into the effect of RBPs on translational
control are also available. For instance, polysome profiling and other
refined methods to assess the association of RBPs with the ribosomal
machinery, such as ribosome profiling, have the potential to map the
precise position of ribosomes within the transcriptome [76—78]. More-
over, polysome profiling of specific cell types in vivo is now facilitated by
two recently developed methods which use genetically modified mice
expressing epitope-tagged versions of ribosome protein subunits
[79,80].

Despite the high number of RBP-mediated regulatory mechanisms
unveiled in the recent years, a large proportion of potentially relevant
RBPs remain to be characterized regarding their impact on p-cell
function and glucose homeostasis. This observation, together with the
many tools available to investigate RBPs and their function both in vitro
and in genetically modified organisms, identifies this as a rapidly
expanding and exciting research topic in the field of diabetes and
metabolism.
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