
COMMENTARY

No REST for healthy beta cells

G. Thiel & F. Schuit

Published online: 21 May 2008
# Springer-Verlag 2008

Keywords Beta cell . Differentiation . Gene silencing .

Exocytosis . Insulin release . Neuronal traits .

RE-1 silencing transcription factor . REST expression .

Transcriptional repressor

Abbreviations
CX36 connexin 36
HP1 heterochromatin protein-1
RE-1 repressor element 1
REST RE-1 silencing transcription factor
SNAP25 synaptosomal-associated protein 25
SYT synaptotagmin

In this issue ofDiabetologia, the paper by Martin et al. [1] has
provided new insights into an interesting area of beta cell
research. The field started about a decade ago [2], with the
discovery of a molecular explanation for the fact that beta
cells and neurons share many phenotypic traits, such as
electrical excitability, production and secretion of amines (e.g.
γ-aminobutyric acid), production of neurotrophin receptors
and neuron-specific transcription factors. Part of the molec-
ular explanation for this phenotypic similarity is based upon
negative regulation, and a key player in this process is the

transcriptional repressor known as transcriptional repressor
element 1 (RE-1) silencing transcription factor (REST). This
repressor is known to prevent the transcription of neuronal
genes in most cell types [3] other than beta cells and neurons,
which are almost completely devoid of the REST protein
[2, 3]. In this commentary we will provide a brief review of
the biological effects of REST, followed by a discussion of
the work of Martin et al. [1].

A large number of studies indicate that REST plays a key
role in the establishment of the neuronal phenotype [4] and
functions as a transcriptional repressor of neuronal genes in
non-neuronal tissues. Genes targetted by REST encode
neuronal receptors, ion channels, neuropeptides, synaptic
vesicle proteins, transcription factors and adhesion mole-
cules, underlining the important role of REST in controlling
the neuronal phenotype. The widespread production of
REST protein in non-neuronal tissues is in good agreement
with the role of REST as a negative regulator of neuron-
specific gene transcription. Thus, a negative regulatory
mechanism, involving strong expression of REST in non-
neuronal cells and marginal expression of REST in neurons,
controls the establishment of the neuronal phenotype [3].
Recently, REST has been shown to regulate both the
transition from pluripotent to neural stem/progenitor cells
and from progenitor cells to mature neurons [5]. In addition,
REST controls the differentiation of human neural stem cells
along the neuronal lineage [6]. However, the current view of
REST function in the nervous system is mainly based on
experiments performed with cultured cells, as currently there
is no mouse model available that constitutively expresses
REST in the nervous system.

On a molecular level, REST recruits histone deacetylases
and methyltransferases to its target genes, indicating that
modulation of the chromatin structure is crucial for neuronal
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gene transcription [7, 8]. The recruitment of histone
deacetylases by REST results in removal of acetyl groups
from the core histones. Consequently, the neuronal genes
are embedded into more tightly packed chromatin that is
inaccessible to the transcriptional machinery. The silencing
activity of REST has also been shown to involve histone
methylation of target genes. REST recruits the histone
dimethylase G9a to neuronal genes, which triggers the
methylation of lysine residue 9 of histone H3 [9].
Methylation of H3K9 provides a high-affinity binding site
for heterochromatin protein-1 (HP1). Oligomerisation of
HP1 following binding causes the formation of a higher
ordered chromatin compaction, known as heterochromatin,
which is in a transcriptionally silent state.

The cellular concentration of REST is important for
neuronal gene transcription. Accordingly, downregulation
of REST production during neurogenesis is necessary for
proper neuronal development. The concentration of REST
protein is extremely low in the nuclei of neurons. Neuronal
gene chromatin has an open configuration in these cells,
allowing transcriptional activators to bind and initiate
transcription. Thus, transcription of neuronal genes is the
result of a relief of repression. Furthermore, REST is not
produced in the normal endocrine pancreas [2, 10].
Accordingly, pancreatic beta cells express neuronal genes
encoding synaptic vesicle proteins, neurotransmitters and
neurotransmitter-synthesising enzymes, suggesting that
downregulation of REST production in beta cells triggers
a de-repression of REST-controlled genes in these cells.
However, the REST concentration is not the only critical
parameter for REST-regulated gene transcription. Chromatin
remodelling, including differentiation-dependent changes in
the histone methylation pattern, occurs during development
and is required for cell type-specific gene transcription.
Thus, both the cellular concentration of REST and the cell
type-specific structure of the chromatin determines whether
REST-target genes are transcribed. In this context, it is
interesting that the REST target genes encoding synapto-
physin, a major synaptic vesicle protein, and connexin 36
(CX36) have an open chromatin structure in βTC3 insuli-
noma cells [10].

To further study the function of the physiologically very
low expression of REST in pancreatic beta cells, Martin et al.
[1] used genetically modified mice (referred to as RIP–REST
throughout the remainder of this commentary) in which
expression of human REST mRNA was selectively induced
in beta cells under control of the rat Ins2 promoter. As
expected, REST protein accumulated in the nuclei of the
transgenic animals. Interestingly, such mice develop im-
paired glucose tolerance as young adults, and this intolerace
was explained by significantly reduced plasma insulin levels.
In their search for an explanation for this phenotype, the
authors initially measured the insulin content of the RIP–

REST adult pancreases, reporting a 50% reduction relative to
that in wild-type animals. Futhermore, beta cell number per
pancreas was around 30% lower. Though interesting in
itself, this type of reduction seemed insufficient to explain
the glucose intolerance. Furthermore, the ultrastructure of
beta cells appeared normal, with healthy numbers of typical
dense core granules present. So another defect in the beta
cell was suspected. The next experiment was to isolate
pancreatic islets and study insulin release in perifusion
experiments. As is elegantly shown in the paper, the basal
rate of insulin release from the RIP–REST islets is normal,
but both the first and second phase of insulin release
induced by 20 mmol/l glucose are significantly decreased
compared with those in wild-type islets, even when cor-
rected for the lower islet insulin content. Interestingly, this
secretory defect was mimicked in an in vitro model of
acute REST expression, which involved adenoviral transfer
of the gene into non-transgenic wild-type islets, suggesting
that REST mainly alters the phenotype of differentiated beta
cells, rather than influencing the decisions on the way
towards beta cell differentiation.

This idea was further examined in the glucose-responsive
cell line INS-1E transfected with the REST-encoding adeno-
virus (Ad-REST). Compared with control cells, both the
triggering and amplifying pathways of glucose-stimulated
insulin secretion were attenuated. Depolarising concentrations
of KCl were also less effective as a secretagogue in Ad-REST-
treated cells, and both insulin content and stimulation-induced
calcium levels were the same in control and Ad-REST cells.
Together, the data suggested that REST has a negative
influence on the exocytotic machinery. The logical next step
was to examine the expression of genes that are relevant to
the exocytotic process. As in other secreting cells, many
different proteins on the secretory vesicle membrane and
plasma membrane are involved in signal-induced granule
fusion and release of insulin into the extracellular space
(reviewed in [11]). Martin et al. [1] used bioinformatic tools,
screening all predicted REST-reponsive genes for those that
act at the level of exocytosis and contain a promoter element
that resembles the known 21 bp human RE-1. This revealed
a handful of target genes likely to account for the transgenic
phenotype, notably the N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) protein known as
synaptosomal-associated protein 25 (SNAP25) and the Ca2+-
sensitive synaptotagmins IV and VII (SYT4 and SYT7).
Using DNA isolated from INS-1E cells, binding of REST to
the promoter of these genes was shown via chromatin
immunoprecipitation with anti-REST antiserum. In line with
this result, INS-1E cells expressing REST were repressed in
terms of the transcription of the same exocytosis-related
genes, as illustrated by northern blots and real-time PCR
experiments. For SNAP25 and SYT4 further evidence for
REST repression was found at the protein level. The main
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conclusion drawn by the authors of the paper [1] is that, in
adult differentiated beta cells, REST expression should be
avoided, because the repressor interferes with full expression
of genes encoding important proteins of the exocytotic
machinery.

The study by Martin et al. [1] is also stimulating further
research, as it leaves us with a number of new questions.
The decreases in pancreatic insulin content and beta cell
number in the transgenic model remain unexplained. REST
is crucial for the differentiation of neuronal [5] and heart
progenitor cells [12]. Moreover, it has been suggested that
Pax4 expression in the developing pancreas may be
regulated by REST [13]. Thus, it seems possible that, in
RIP–REST mice, forced REST expression slows down beta
cell maturation or postnatal beta cell replication. Along this
line, transgenic models other than RIP–REST could be of
interest, for instance by using promoter sequences that induces
REST expression at an earlier endocrine or pancreatic
progenitor stage.

It is also important to dissociate the influence of REST on
Cx36 expression from its effects on the exocytotic machinery.
In another paper, the same authors have reported that the beta
cell-selective gap junction protein Cx36 [14] is important for
normal glucose-induced insulin release [15]. As the Cx36
gene is regulated by REST in beta cells [10, 16], in the
present transgenic model [1] it is not clear to what extent the
downregulation of Cx36 expression accounts for the reduced
insulin release and glucose intolerance.

In addition to the genes encoding SNAP25, SYT4 and
SYT7, the genes for chromogranin B and secretogranin II
are also regulated by REST in insulinoma cells [10]. The
granins are abundant in endocrine and neuroendocrine cells,
and are involved in the formation of secretory vesicles and
in the aggregation-mediated sorting of peptide hormones
into secretory granules (reviewed in [17]). Along this line, a
recent study with PC12 pheochromocytoma cells showed
that REST-regulated gene transcription is crucial for the
maintenance of the neurosecretory process and the proper-
ties of large dense core vesicles [18]. When all these data
are considered together with those of Martin et al. [1], a
picture emerges of how the downregulation of REST
production is essential for many proteins involved in the
exocytotic process.

It would be interesting to compare the epigenetic
signature of REST-regulated genes in neurons and beta
cells. This would include an analysis of the molecular
mechanism responsible for the generation of an open
chromatin configuration of REST-responsive genes, as has
been shown for Cx36 and the synaptophysin genes [10].

A final important question is: what physiological
mechanism keeps REST expression low in maturing beta
cells? Is it the same mechanism as used by neurons? A
repressor used both by neurons and beta cells to prevent

REST transcription could be the explanation. Furthermore,
it would be interesting to analyse the impact of micro-
RNAs, in particular, miR124, on the REST protein content
of beta cells [19]. In addition to REST, expression of the
genes encoding low-Km hexokinases [20], lactate dehydro-
genase [21], and monocarboxylate transporter 1 [22] is also
disallowed in healthy beta cells. An emerging concept is
that avoidance of transcription of disallowed genes may be
as important for the specific beta cell phenotype as
expression of beta cell-specific genes [23]. Violation of
this disallowance of the gene encoding monocarboxylate
transporter 1 (also known as SLC16A1) in humans causes
exercise-induced hyperinsulinism and hypoglycaemia [24].
The work of Martin et al. [1] predicts that beta cell-selective
violation of REST disallowance may predispose to human
diabetes.

Duality of interest The authors declare that there is no duality of
interest associated with this manuscript.
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