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The pancreatic beta cell functions as a key regulator of blood glucose levels
by integrating a variety of signals in response to changing metabolic demands.
Variations in beta cell identity that translate into functionally different subpopulations
represent an interesting mechanism to allow beta cells to efficiently respond to diverse
physiological and pathophysiological conditions. Recently, there is emerging evidence
that morphological and functional differences between beta cells exist. Furthermore, the
ability of novel single cell technologies to characterize the molecular identity of individual
beta cells has created a new era in the beta cell field. These studies are providing
important novel information about the origin of beta cell heterogeneity, the type and
proportions of the different beta cell subpopulations, as well as their intrinsic properties.
Furthermore, characterization of different beta cell subpopulations that could variably
offer protection from or drive progression of diabetes has important clinical implications
in diabetes prevention, beta cell regeneration and stem cell treatments. In this review, we
will assess the evidence that supports the existence of heterogeneous populations of
beta cells and the factors that could influence their formation. We will also address novel
studies using islet single cell analysis that have provided important information toward
understanding beta cell heterogeneity and discuss the caveats that may be associated
with these new technologies.
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INTRODUCTION

The pancreatic beta cell is an essential endocrine cell type whose identity has been traditionally
defined by its function: producing, storing and secreting insulin. However, this definition over-
simplifies a more complex identity that is finely tuned to efficiently regulate blood glucose levels,
while maintaining the ability to adapt to a wide range of stimuli and physiological challenges.
Recent studies have spurred an intense debate about whether beta cells represent a single
homogeneous population or consist of subpopulations with functional and molecular variations
to facilitate specialized tasks and responses to changes in the physiological environment. If beta
cell heterogeneity exists, it will be important to determine whether it is a means by which beta
cells functionally adapt during normal and pathological conditions and, in particular to the
development and progression of diabetes. This could have profound implications for our ability
to understand and treat the disease.

In this review, we will discuss the evidence supporting the existence of beta cell heterogeneity,
the mechanisms influencing its development, and its functional relevance. We will discuss recent
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studies that shed light on the molecular aspects of beta cell
heterogeneity and exciting areas of research that have yet to be
applied to the beta cell field.

EXAMPLES OF CELL HETEROGENEITY

To understand heterogeneity, we need to first consider where
it originates, and the advantage of its existence. It is well
established that most organisms constantly evolve to successfully
adapt to their environment; leaving only the fittest populations
with the ability to survive (Darwin, 1859). In order to adapt,
cell populations have to find the best strategy with regard to
the division of essential functions. Theoretical research on the
concept of division of labor within biological systems suggests
that populations can be composed of either generalists or
specialists; generalists perform all tasks and specialists perform
particular ones. Interestingly, it is the populations that balance
and divide their tasks into specialized subgroups that seem to be
the fittest (Wahl, 2002).

Evidence to support the concept of specialization is present at
all levels of nature, with populations dividing into functionally
different groups in order to have a survival advantage, to respond
timely and efficiently to challenges in the environment, and to
ultimately accomplish the purpose of the population as a whole.
For example, heterogeneity in the division of labor is exemplified
in the partitioning of incompatible yet complementing functions
of cyanobacteria (Flores and Herrero, 2010). Adaptation to
environmental challenges can also be observed in the ability
of bacterial populations to acquire resistance to antibiotics, in
the capability of yeast populations to adapt to highly toxic
environments, and in the differential rate of infection in cells after
viral exposure (Balaban et al., 2004; Bishop et al., 2007; Snijder
et al., 2009). Effective and prompt response to challenges can
also be observed in the development of subgroups of immune
or neural cells destined to respond to insults such as injury or
hypoxia (Miklos and Kovacs, 2003; Llorens-Bobadilla et al., 2015;
Silvestre-Roig et al., 2016). Heterogeneity has therefore evolved to
provide cells with the most efficient way to perform its functions.
For this reason, it is essential to consider the ultimate duties
a cell has to perform, how these functions are most efficiently
carried out and what information the architectural composition
and molecular signatures can provide.

BETA CELL HETEROGENEITY

Beta cell heterogeneity has recently received increasing attention,
and studies are emerging that challenge our understanding of
beta cell identity. As we learn more about the potential for
variation in the beta cell population, it is important to consider
the developmental origin of beta cells, their highly interactive
nature, and the variety of input signals they receive. These, among
other factors can lead to the development of different types of
heterogeneity.

Cell to cell variations exist in several different dimensions
ranging from observable physical features to biochemical and

molecular fluctuations. While these differences are becoming
easier to identify, it is important to determine whether
biologically relevant functions are associated with the observed
changes in identity. In this regard, the amount of evidence that
supports the existence of significant and relevant variation in beta
cells has grown stronger in the last decade. Furthermore, several
studies have provided clues as to the origin of cellular variations,
which are possibly established from the beginning of pancreas
and/or endocrine cell differentiation.

BETA CELL HETEROGENEITY DURING
DEVELOPMENT

In rodents and humans, regional differences in the pancreas
exist during the earliest stages of fetal development, with the
pancreas arising from two epithelial buds that form from
non-contiguous regions of the distal foregut endoderm in
response to distinct signaling events (Jennings et al., 2015). As
pancreas development progresses, the pancreatic buds fuse to
form one organ; however, the ratio of pancreatic endocrine
populations display clear regional differences depending on their
development origin: the dorsal pancreas gives rise to islets with
a higher proportion of somatostatin and glucagon expressing
cells, while the ventral pancreas contains islets rich in pancreatic
polypeptide cells (Trimble and Renold, 1981; Trimble et al., 1982;
Brereton et al., 2015; Jansson et al., 2016). It remains to be
determined whether the regional origin of the beta cells from
the dorsal versus ventral pancreas also translates into differences
of identity in the adult beta cell population. In addition, during
human pancreagenesis, at least two distinct populations of
endocrine cells are evident: freely dispersed cells and cells that
group together to form the islets of Langerhans. To date, the
differences or purpose of the freely localized beta cells remains
unknown, likely because these cells are lost during standard
islet isolation procedures. Nevertheless, both populations contain
individual cells that express multiple combinations of the
endocrine hormones (polyhormonal) in the early stages; but
as development progresses, the beta cells acquire their insulin-
expressing monohormonal identity and become functionally
mature. As the polyhormonal cells resolve into single insulin-
producing cells, it is unknown whether all or subpopulations
of beta cells preferentially arise from a particular polyhormonal
population. It remains possible that beta cells originate from
different polyhormonal combinations, which could result in
molecularly and/or functionally distinct beta cell subpopulations.
Interestingly, heterogeneity also exists during the maturation
event with beta cells located within the core of the islet maturing
first, followed by the maturation of cells within the outer part of
the islet (Bocian-Sobkowska et al., 1999).

Although fewer polyhormonal cells are present in the
developing rodent pancreas, genetic disruption of transcription
factor function provides additional evidence for the existence of
beta cell heterogeneity during gestation. For example, depletion
of Nkx6.1 in endocrine precursor cells results in decreased
numbers of insulin+ cells (∼16% compared to 55% in the
control mice) and an allocation of the endocrine precursor
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population into other endocrine identities (Schaffer et al., 2013).
Similarly, global deletion of Mafb or Mnx1 renders a partial
reduction in beta cell numbers; 50% in the case of Mafb and
approximately 65% in the case of Mnx1 (Harrison et al., 1999;
Li et al., 1999; Artner et al., 2007). If we assume that all beta
cells have a homogeneous origin that is specified by the same
transcriptional pathways, we would expect that disruption of
these regulatory pathways would result in ablation of the entire
beta cell population. Instead, we observe differential beta cell
responses to alterations in certain transcriptional pathways that
could indicate the formation of subpopulations of beta cells from
the earliest developmental stages.

MORPHOLOGICAL HETEROGENEITY

Indications of heterogeneity in adult beta cells were initially based
on morphological features, which included noticeable differences
in nuclear size (Hellerstrom et al., 1960). Subsequently, with
the application of improved electron microscopy techniques,
differences in organelle size and secretory granule content were
documented (Stefan et al., 1987; Kiekens et al., 1992; Ling
et al., 2006; Katsuta et al., 2012). Furthermore, it appeared that
glucose stimulation resulted in functional changes that were
initiated in the islet core: Beta cells within the core of the
islet de-granulated rapidly and presented with enlarged rough
endoplasmic reticulum and Golgi apparatus, while peripheral
beta cells only began to de-granulate after sustained glucose
stimulation (Stefan et al., 1987). Furthermore, differences in
insulin granularity did not only pertain to their location within
the islet but also to the identity of their neighboring cells, as
beta cells coupled to delta cells showed increased insulin granule
content (Pipeleers, 1987).

Evidence of morphological heterogeneity extended beyond
the internal features of the beta cell, and into the molecular
mechanisms responsible for interacting with other islet cells. Gap
junctions, which are important for beta cell coupling, were also
found to have heterogeneous expression patterns. Meda et al.
(1980) observed twice as many gap junctions in the periphery
of the islet under basal conditions; nucleotide transfer and
dye coupling experiments later confirmed the heterogeneous
nature of coupling mechanisms between beta cells (Meda et al.,
1981, 1983). Collectively, differences in morphological features
have provided strong evidence for the existence of beta cell
heterogeneity at the molecular and functional level.

FUNCTIONAL HETEROGENEITY

The existence of functional variations within the beta cell
population would offer advantages for their ability to respond
robustly to different physiological conditions, especially given
the consequences of having insufficient or excess insulin in the
body. It is likely that precise regulation of insulin secretion would
be difficult to accomplish if all beta cells were homogenous
in their glucose sensing and secretion capabilities as they
would all respond simultaneously with similar force to a given

stimulus, without an inherent ability to quickly adapt to changing
conditions. Alternatively, the existence of subpopulations of beta
cells with different thresholds for glucose would modulate the
response, and insulin secretion would be more tightly regulated.

Differences in the thresholds at which beta cells elicit an
insulin secretory response to glucose have been characterized by
several investigators. Giordano et al. (1991) observed that beta
cells have distinct insulin secretory patterns; with cells clustering
into two populations: responsive and unresponsive. Responsive
beta cells that secreted insulin during the first glucose challenge
also secreted insulin during subsequent stimulation assays.
Similarly, unresponsive beta cells remained non-responsive in
subsequent assays. Interestingly, in both responding and non-
responding populations, approximately 75% of the beta cells
displayed fixed responses; while 25% of beta cells fluctuated
between an unresponsive and responsive state (Giordano et al.,
1991). Several additional studies have also confirmed the
existence of beta cell populations that differed in their sensitivity
or capacity to respond to glucose (Soria et al., 1991; Kiekens et al.,
1992; Van Schravendijk et al., 1992; Ling et al., 1998).

Differential expression or activities of the factors and pathways
contributing to the insulin secretory response have also been
detected. Jetton and Magnuson (1992) found variation between
beta cells in the overall expression levels of glucokinase, a
rate-limiting enzyme that regulates one of earliest steps in
the glucose response. Furthermore, it has been demonstrated
that highly glucose responsive beta cells had a ∼60% increase
in glucokinase activity (Heimberg et al., 1993); suggesting
that glucose phosphorylation may be a determining factor
in influencing beta cell heterogeneity. Pioneering studies by
Dean and Matthews (1968) also showed that cells located near
the surface of the islet had larger membrane potentials and
there is early evidence showing that some but not all beta
cells are electrically coupled or synchronized (Meda et al.,
1984, 1991). However, assessment of specific electrophysiological
characteristics has not identified the relevant effectors of these
differences; the individual electrical membranes appear similar
despite their ability or inability to respond to glucose (Soria
et al., 1991). These data suggest that downstream effectors in the
glucose-stimulated insulin secretory process may be important
for the development of functional variations. One candidate
pathway could be related to the beta cells’ calcium responses,
which precede the last steps before insulin granule exocytosis,
and have been shown to vary between beta cells (Herchuelz et al.,
1991; Jonkers and Henquin, 2001; Benninger and Piston, 2014).
These functional studies demonstrate that there is heterogeneity
at several levels of the glucose response process; however, it is
not known how these differences are ultimately organized and or
associated with specific beta cell subpopulations.

A new model describing functional integration of beta cell
heterogeneity was recently described Johnston et al. (2016).
Through a novel set of experiments, insulin secretion responses
were found to be orchestrated by two populations of cells:
hub cells that function as pacemakers to dictate the insulin
secretion dynamics and follower cells that respond to hub cell
signaling cues. Interestingly, hub cells had increased glucokinase
levels and the influence of glucokinase was greatly decreased
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after gap junction inhibition, consistent with previous studies
showing differential expression of both glucokinase and gap
junction coupling in islet beta cells (Meda et al., 1980, 1981, 1983;
Jetton and Magnuson, 1992; Heimberg et al., 1993; Benninger
and Piston, 2014). Interestingly, hub cells were more sensitive
to diabetic-like insults; likely due to their high metabolic rate
and immature phenotype. The driving forces behind these
populations remain to be analyzed. Furthermore, it will be
important to determine if other functional beta cell groups
exist and how they interact with each other and contribute to
development and progression of disease.

Equally important to having mechanisms that allow a graded
response to different glucose stimuli, would be the ability
to impart subpopulations with specialized functions, such as
proliferative capacity or responsiveness to non-glucose stimuli,
such that the beta cell population would more efficiently respond
to the many environmental challenges it routinely encounters.
Several lines of evidence have recently emerged to suggest the
existence beta cells with specialized capacities. Soria et al. (1991)
demonstrated that beta cells that were otherwise unresponsive
to glucose could in fact secrete insulin when presented with
an appropriate stimulus, such as tolbutamide. Similarly, glucose
non-responsive beta cells were shown to exert an insulin secretion
response when stimulated with glucagon (Giordano et al.,
1991) or glucagon-like peptide 1 (Holz et al., 1993; Gromada
et al., 1995). More recently, Flattop (Fltp) was identified as a
molecular marker whose expression differentiates populations
of beta cells based on their mature or proliferative capacity
(Bader et al., 2016). Collectively, these findings suggest there are
different layers of functional complexity that exist within the
beta cell population that could endow beta cells with differential
capabilities to respond to a diverse set of stimuli and challenges.

MOLECULAR HETEROGENEITY

Presently, novel technological advances are creating a new era in
the beta cell field, allowing us to identify the molecular fingerprint
of individual cells. To begin to lay the foundation for studying
beta cells at the molecular level, two approaches have been
undertaken: an unbiased analysis of gene expression through
single cell RNA sequencing, and the separation of beta cells into
groups that differ in their protein expression. Although there are
caveats associated with single cell RNA sequencing approaches
(Xin et al., 2016a), several studies have provided important new
insights into beta cell biology (Bader et al., 2016; Baron et al.,
2016; Dorrell et al., 2016; Li et al., 2016; Muraro et al., 2016;
Segerstolpe et al., 2016; Wang et al., 2016; Xin et al., 2016b).
The separation of cells based on protein expression has also
resulted in the discovery of several molecular markers ranging
from cell-surface proteins to intracellular molecules involved
in metabolism that are differentially expressed in a beta cell
subpopulation or denote a particular metabolic state (Figure 1)
(Pipeleers, 1987; Jetton and Magnuson, 1992; Kiekens et al., 1992;
Giordano et al., 1993; Heimberg et al., 1993; Jorns et al., 1999;
Guz et al., 2001; Johnson et al., 2006; Bosco et al., 2007; Hermann
et al., 2007; Saisho et al., 2008; Wang et al., 2008, 2016; Karaca

et al., 2009; Szabat et al., 2009; Smukler et al., 2011; Katsuta et al.,
2012; Bader et al., 2016; Beamish et al., 2016; Dorrell et al., 2016).

While the identification of specific molecular markers offers
a feasible method to characterize distinct beta cell populations,
gene expression analyses of single human beta cells have reported
contrasting results. Three research groups have described
heterogeneity in the beta cell population with particular gene
signatures driving such differences (Baron et al., 2016; Muraro
et al., 2016; Segerstolpe et al., 2016). However, Xin et al.
(2016b) were not able to detect such diverse cell types. Several
reasons could account for these discrepancies. In particular, the
source and condition of the islets could impact their phenotypes
(Figure 2). Furthermore, there are clear limitations associated
with existing technologies, especially with regards to sensitivity
of detection of low abundance transcripts, and the fact that the
manipulations required for analysis can easily influence beta cell
states. In addition, most of the studies to date have been restricted
by the limited access to sufficient numbers of human samples.
Ultimately, characterization of larger sample sizes from well
controlled populations will allow us to more precisely define the
number of discrete beta cell populations based on gene expression
and the degree to which the different populations overlap.

Studies of human islets based on the expression of the
cell surface antigenic markers CD9 and ST8SA1 have also
successfully identified at least four distinct populations of beta
cells (Dorrell et al., 2016). However, a study that categorized
beta cells based on their expression of factors involved in
proliferation, signaling pathways, maturation, and previously
identified heterogeneity factors, suggested there were three
different beta cell subpopulations (Wang et al., 2016). Again,
these differences could be due to the source and/or experimental
conditions of the islet cells analyzed (Figure 2), in addition to
the selection criteria, which may enrich for abundant and rare
populations differently. Notably, however, these studies were able
to correlate potential functional distinctions between the different
beta cell populations, including variations in the expression
of SLC2A2, an important glucose transporter, and restricted
expression of several proliferative factors (PDGFRA, pERK1/2,
pSTAT3 and pSTAT5) (Dorrell et al., 2016; Wang et al., 2016).
It is interesting that these studies identified many genes without
prior association with beta cell biology, several of which appear to
be involved in insulin secretion regulation (Dorrell et al., 2016).

Although all of these studies have revealed significant novel
information about individual beta cells, it has proven challenging
to identify clear cut evidence of the pathways or factors that
regulate the molecular aspects behind the variations in beta
cell identity and functions. Furthermore, despite the numerous
documented gene and protein expression differences, it is
intriguing that many of the factors known to regulate diverse
beta cell functions are robustly and homogeneously expressed
in all beta cells. This would imply that many of the differences
between beta cell populations may also involve other layers
of molecular complexities, including epigenetic modifications,
relative differences in protein levels and/or changes in post-
translational modifications. Therefore, it is likely that to fully
understand the phenomenon of beta cell heterogeneity at the
molecular level, it will be important to characterize the full
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FIGURE 1 | Beta cell heterogeneity markers. Schematic indicating the primary molecules that were used to separate islet beta cell subpopulations. Each factor
is categorized based on its surface localization or function. The distinct beta cell subpopulations are schematized as different colored dots and the main phenotypic
characteristics or functions associated with these beta cell subpopulations are indicated. This schematic summarizes the concepts and respective references that
were discussed in the text.

range of biochemical and molecular differences that make each
population unique.

CONTEXT DEPENDENT FACTORS
INFLUENCE HETEROGENEITY

As the existence of beta cell heterogeneity becomes more
tangible, it is important to consider what the main drivers of
beta cell heterogeneity are. Although heterogeneity could be
an intrinsic “context independent” property of the cell based
on age or disease states, it is also possible that it could stem
from adaption to the environment, including changes in physical
interactions and signals received from neighboring cells and
tissues (Figure 2). Furthermore, alterations in the ratios of
different beta cell populations could arise from mechanisms
regulating the relative size of the individual populations or
interconversion between the different populations. At the organ
level, significant differences in the proportion of endocrine cells
and pro-hormone processing have been found between the
ventral and dorsal pancreas in rodents and humans (Trimble and
Renold, 1981; Stefan et al., 1982; Trimble et al., 1982; Rahier
et al., 1983; Lee et al., 2010; Wang et al., 2013; Jansson et al.,
2016). Proliferation differences have been observed between the

duodenal, gastric and splenic region; with the later presenting
the most proliferation (Ellenbroek et al., 2013). Differences
in insulin degranulation are more evident in splenic regions
compared to the duodenum (Stefan et al., 1987); concomitantly,
higher rates of insulin biosynthesis and secretion follow the
same pattern (Trimble and Renold, 1981; Trimble et al.,
1982).

At the islet level, the location of beta cells could also be
important for their differential responsiveness. Investigators
have shown that not all beta cells are in close contact with
neuronal axons (Rodriguez-Diaz et al., 2011), and differences
exist in the proximity and access to capillaries, which provide
important factors, such as oxygen and nutrients (Bonner-
Weir, 1988; Cabrera et al., 2006). Often, such differences
depend on islet size and location within the islet (Ballian
and Brunicardi, 2007). There are also important influences
exerted by the other pancreatic endocrine hormones that
affect the beta cell insulin secretion response. Contact between
beta and alpha cells increases the insulin secretion output
(Pipeleers et al., 1982; Wojtusciszyn et al., 2008); while
somatostatin negatively influences insulin secretion (Efendic
and Luft, 1975; van der Meulen et al., 2015). Collectively,
it is evident that beta cell heterogeneity is likely to exist,
with differences that extend from the individual cell level
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FIGURE 2 | Potential factors influencing beta cell heterogeneity. The blue squares indicate the different conditions that have the potential to influence the
development of beta cell heterogeneity in mice and human, respectively. This schematic summarizes the concepts that are discussed and referenced in the text. The
green square contains the different contextual conditions that may contribute to heterogeneity. Experimental factors with the capacity to dilute or obscure the
discovery of beta cell heterogeneity are shown in the red square.

to regional differences at the organ level. Determining the
origins and advantages of these variations in beta cell identity,
as well as how they are shaped must become a main
priority.

BETA CELL HETEROGENEITY AND
EFFECTS ON DISEASE PROGRESSION
AND THERAPIES

Recognizing that beta cell heterogeneity exists is interesting;
however, understanding how beta cell heterogeneity can protect
or drive the development of diabetes; as well as how we can
apply such information to design disease therapies is the most
important goal. To reach this objective we need to understand the
consistency and proportion of beta cell subpopulations between
different individuals: Do we all possess the same combination of
beta cell populations and do the ratios of beta cell populations
change with disease or age? Interestingly, the study that identified
distinct beta cell subpopulations based on cell surface marker
expression determined that all four populations were present
in the islets from 17 normal individuals, but the proportions
of the subpopulations were shifted in type 2 diabetes patients
(Dorrell et al., 2016). However, there was considerable variability
between individuals in the ratio of beta cell subpopulations
that were identified by single cell mass cytometry. Furthermore,

there was no correlation of the different populations between
normal and type 2 diabetes donors; however, individual sample
populations did show correlation to body mass index, age and
diabetes (Wang et al., 2016). The different findings of these
two studies are likely not due to the different technologies
utilized, but may reflect the quality, variability and small numbers
of available human islet samples. This also highlights the
importance of additional more highly powered studies using
increased numbers of well characterized islet samples before we
can make conclusions about beta cell heterogeneity in normal and
disease states.

In addition to the concept that changes in beta cell
heterogeneity can be caused by age or disease states, it is
also worth considering the possibility that certain beta cell
populations offer protection or predisposition to diabetes.
Accordingly, the difference in the type and proportion of
each subpopulation could dictate the likelihood to developing
the disease when challenging conditions are encountered.
This could help explain why only certain individuals develop
diabetes regardless of their metabolic state. Furthermore, it
could shed light on the differential responses to treatment
that different patients have. It is possible that due to beta
cell heterogeneity, individuals will have very different disease
etiologies and develop different pathophysiologies. Ultimately,
analysis of larger samples sizes that allow for stratification of
patient islets, as well as further understanding of the intrinsic
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properties of each beta cell identity will provide us with
answers to these questions that merit significant attention. More
importantly, they will give us the necessary tools to develop
treatments that are tailored specifically for individual patients.

The existence of beta cell functional heterogeneity could
have profound implications on the development of beta cell
replacement therapies. Currently, two of the most promising
therapies for diabetes include generating alternative sources of
beta cells from stem cell populations or stimulating endogenous
beta cell proliferation. In the stem cell field, a significant amount
of effort is directed toward identifying the appropriate conditions
to obtain high quality insulin producing beta–like cells (Pagliuca
et al., 2014; Rezania et al., 2014; Yoshihara et al., 2016). However,
if different subpopulations of beta cells exist, it will be important
to identify which populations being generated in vitro, especially
if there are subpopulations of beta cells with increased replicative
and/or functional capacity. Similarly, identifying endogenous
beta cell populations with a higher proliferation propensity could
influence the therapies used to stimulate the expansion of beta
cells. Ultimately, it will be important to assess the proportions of
each subpopulation in different physiological conditions since in
order to understand the relative outcomes caused by challenging
environmental conditions, disease progression and attempted
therapies.

FUTURE PERSPECTIVES

Although the origin and extent of beta cell heterogeneity is
still unresolved, novel technologies have allowed us to gain

important clues regarding the existence of beta cell heterogeneity
and the possible environmental influences. Differences in the
proportion of beta cell subpopulations between normal and
pathological conditions are still up for debate, and whether
these subpopulations are influenced by age or external stimuli,
such as diet or body mass index, remains to be determined.
However, single cell expression studies have begun to uncover
the essential factors and pathways involved in establishing beta
cell heterogeneity and will provide the molecular tools to address
these questions. In the near future, we should be able to
elucidate the connections between molecular, morphological and
functional differences within distinct beta cell populations, in
addition to determining whether the relative beta cell populations
can be altered and by which regulatory mechanisms. Overall, the
identification and characterization of beta cell subpopulations,
and determination of their relative contribution to function and
disease will lead to more effective therapies for the prevention and
treatment of diabetes.

AUTHOR CONTRIBUTIONS

GG wrote the manuscript based on published data. LS and JG
revised the manuscript with GG.

FUNDING

LS was funded by NIH grants R01 DK082590 and UC4
DK108101.

REFERENCES
Artner, I., Blanchi, B., Raum, J. C., Guo, M., Kaneko, T., Cordes, S., et al. (2007).

MafB is required for islet beta cell maturation. Proc. Natl. Acad. Sci. U.S.A. 104,
3853–3858. doi: 10.1073/pnas.0700013104

Bader, E., Migliorini, A., Gegg, M., Moruzzi, N., Gerdes, J., Roscioni, S. S., et al.
(2016). Identification of proliferative and mature beta-cells in the islets of
Langerhans. Nature 535, 430–434. doi: 10.1038/nature18624

Balaban, N. Q., Merrin, J., Chait, R., Kowalik, L., and Leibler, S. (2004). Bacterial
persistence as a phenotypic switch. Science 305, 1622–1625. doi: 10.1126/
science.1099390

Ballian, N., and Brunicardi, F. C. (2007). Islet vasculature as a regulator of
endocrine pancreas function. World J. Surg. 31, 705–714. doi: 10.1007/s00268-
006-0719-8

Baron, M., Veres, A., Wolock, S. L., Faust, A. L., Gaujoux, R., Vetere, A., et al.
(2016). A single-cell transcriptomic map of the human and mouse pancreas
reveals inter- and intra-cell population structure. Cell Syst. 3, 346–360.e4. doi:
10.1016/j.cels.2016.08.011

Beamish, C. A., Strutt, B. J., Arany, E. J., and Hill, D. J. (2016). Insulin-positive,
Glut2-low cells present within mouse pancreas exhibit lineage plasticity and are
enriched within extra-islet endocrine cell clusters. Islets 8, 65–82. doi: 10.1080/
19382014.2016.1162367

Benninger, R. K., and Piston, D. W. (2014). Cellular communication and
heterogeneity in pancreatic islet insulin secretion dynamics. Trends Endocrinol.
Metab. 25, 399–406. doi: 10.1016/j.tem.2014.02.005

Bishop, A. L., Rab, F. A., Sumner, E. R., and Avery, S. V. (2007).
Phenotypic heterogeneity can enhance rare-cell survival in ‘stress-sensitive’
yeast populations. Mol. Microbiol. 63, 507–520. doi: 10.1111/j.1365-2958.2006.
05504.x

Bocian-Sobkowska, J., Zabel, M., Wozniak, W., and Surdyk-Zasada, J. (1999).
Polyhormonal aspect of the endocrine cells of the human fetal pancreas.
Histochem. Cell Biol. 112, 147–153. doi: 10.1007/s004180050401

Bonner-Weir, S. (1988). Morphological evidence for pancreatic polarity of beta-
cell within islets of Langerhans. Diabetes Metab. Res. Rev. 37, 616–621. doi:
10.2337/diabetes.37.5.616

Bosco, D., Rouiller, D. G., and Halban, P. A. (2007). Differential expression
of E-cadherin at the surface of rat beta-cells as a marker of functional
heterogeneity. J. Endocrinol. 194, 21–29. doi: 10.1677/JOE-06-0169

Brereton, M. F., Vergari, E., Zhang, Q., and Clark, A. (2015). Alpha-, delta-
and PP-cells: are they the architectural cornerstones of islet structure
and co-ordination? J. Histochem. Cytochem. 63, 575–591. doi: 10.1369/
0022155415583535

Cabrera, O., Berman, D. M., Kenyon, N. S., Ricordi, C., Berggren, P. O., and
Caicedo, A. (2006). The unique cytoarchitecture of human pancreatic islets has
implications for islet cell function. Proc. Natl. Acad. Sci. U.S.A. 103, 2334–2339.
doi: 10.1073/pnas.0510790103

Darwin, C. (1859). On the Origin of Species by Means of Natural Selection, or the
Preservation of Favoured Races in the Struggle for Life. London: John Murray.

Dean, P. M., and Matthews, E. K. (1968). Electrical activity in pancreatic islet cells.
Nature 219, 389–390. doi: 10.1038/219389a0

Dorrell, C., Schug, J., Canaday, P. S., Russ, H. A., Tarlow, B. D., Grompe, M. T., et al.
(2016). Human islets contain four distinct subtypes of beta cells. Nat. Commun.
7:11756. doi: 10.1038/ncomms11756

Efendic, S., and Luft, R. (1975). Studies on the inhibitory effect of somatostatin
on glucose induced insulin release in the isolated perfused rat pancreas. Acta
Endocrinol. 78, 510–515. doi: 10.1530/acta.0.0780510

Ellenbroek, J. H., Tons, H. A., de Graaf, N., Loomans, C. J., Engelse, M. A.,
Vrolijk, H., et al. (2013). Topologically heterogeneous beta cell adaptation in

Frontiers in Genetics | www.frontiersin.org 7 March 2017 | Volume 8 | Article 22

https://doi.org/10.1073/pnas.0700013104
https://doi.org/10.1038/nature18624
https://doi.org/10.1126/science.1099390
https://doi.org/10.1126/science.1099390
https://doi.org/10.1007/s00268-006-0719-8
https://doi.org/10.1007/s00268-006-0719-8
https://doi.org/10.1016/j.cels.2016.08.011
https://doi.org/10.1016/j.cels.2016.08.011
https://doi.org/10.1080/19382014.2016.1162367
https://doi.org/10.1080/19382014.2016.1162367
https://doi.org/10.1016/j.tem.2014.02.005
https://doi.org/10.1111/j.1365-2958.2006.05504.x
https://doi.org/10.1111/j.1365-2958.2006.05504.x
https://doi.org/10.1007/s004180050401
https://doi.org/10.2337/diabetes.37.5.616
https://doi.org/10.2337/diabetes.37.5.616
https://doi.org/10.1677/JOE-06-0169
https://doi.org/10.1369/0022155415583535
https://doi.org/10.1369/0022155415583535
https://doi.org/10.1073/pnas.0510790103
https://doi.org/10.1038/219389a0
https://doi.org/10.1038/ncomms11756
https://doi.org/10.1530/acta.0.0780510
http://www.frontiersin.org/Genetics/
http://www.frontiersin.org/
http://www.frontiersin.org/Genetics/archive


fgene-08-00022 March 2, 2017 Time: 16:35 # 8

Gutiérrez et al. Beta Cell Heterogeneity

response to high-fat diet in mice. PLoS ONE 8:e56922. doi: 10.1371/journal.
pone.0056922

Flores, E., and Herrero, A. (2010). Compartmentalized function through cell
differentiation in filamentous cyanobacteria. Nat. Rev. Microbiol. 8, 39–50. doi:
10.1038/nrmicro2242

Giordano, E., Bosco, D., Cirulli, V., and Meda, P. (1991). Repeated glucose
stimulation reveals distinct and lasting secretion patterns of individual rat
pancreatic B cells. J. Clin. Invest. 87, 2178–2185. doi: 10.1172/JCI115251

Giordano, E., Cirulli, V., Bosco, D., Rouiller, D., Halban, P., and Meda, P. (1993).
B-cell size influences glucose-stimulated insulin secretion. Am. J. Physiol.
265(2 Pt 1), C358–C364.

Gromada, J., Dissing, S., Bokvist, K., Renstrom, E., Frokjaer-Jensen, J., Wulff, B. S.,
et al. (1995). Glucagon-like peptide I increases cytoplasmic calcium in insulin-
secreting beta TC3-cells by enhancement of intracellular calcium mobilization.
Diabetes Metab. Res. Rev. 44, 767–774. doi: 10.2337/diabetes.44.7.767

Guz, Y., Nasir, I., and Teitelman, G. (2001). Regeneration of pancreatic beta
cells from intra-islet precursor cells in an experimental model of diabetes.
Endocrinology 142, 4956–4968.

Harrison, K. A., Thaler, J., Pfaff, S. L., Gu, H., and Kehrl, J. H. (1999). Pancreas
dorsal lobe agenesis and abnormal islets of Langerhans in Hlxb9-deficient mice.
Nat. Genet. 23, 71–75. doi: 10.1038/12674

Heimberg, H., De Vos, A., Vandercammen, A., Van Schaftingen, E., Pipeleers, D.,
and Schuit, F. (1993). Heterogeneity in glucose sensitivity among pancreatic
beta-cells is correlated to differences in glucose phosphorylation rather than
glucose transport. EMBO J. 12, 2873–2879.

Hellerstrom, C., Petersson, B., and Hellman, B. (1960). Some properties of the B
cells in the islet of Langerhans studied with regard to the position of the cells.
Acta Endocrinol. 34, 449–456. doi: 10.1530/acta.0.xxxiv0449

Herchuelz, A., Pochet, R., Pastiels, C., and Van Praet, A. (1991). Heterogeneous
changes in [Ca2+]i induced by glucose, tolbutamide and K+ in single rat
pancreatic B cells. Cell Calcium 12, 577–586. doi: 10.1016/0143-4160(91)
90076-Q

Hermann, M., Pirkebner, D., Draxl, A., Berger, P., Untergasser, G., Margreiter, R.,
et al. (2007). Dickkopf-3 is expressed in a subset of adult human pancreatic
beta cells. Histochem. Cell Biol. 127, 513–521. doi: 10.1007/s00418-007-
0278-6

Holz, G. G. T., Kuhtreiber, W. M., and Habener, J. F. (1993). Pancreatic beta-cells
are rendered glucose-competent by the insulinotropic hormone glucagon-like
peptide-1(7-37). Nature 361, 362–365. doi: 10.1038/361362a0

Jansson, E. T., Comi, T. J., Rubakhin, S. S., and Sweedler, J. V. (2016). Single
cell peptide heterogeneity of rat islets of Langerhans. ACS Chem. Biol. 11,
2588–2595. doi: 10.1021/acschembio.6b00602

Jennings, R. E., Berry, A. A., Strutt, J. P., Gerrard, D. T., and Hanley, N. A. (2015).
Human pancreas development. Development 142, 3126–3137. doi: 10.1242/dev.
120063

Jetton, T. L., and Magnuson, M. A. (1992). Heterogeneous expression of
glucokinase among pancreatic beta cells. Proc. Natl. Acad. Sci. U.S.A. 89,
2619–2623. doi: 10.1073/pnas.89.7.2619

Johnson, J. D., Bernal-Mizrachi, E., Alejandro, E. U., Han, Z., Kalynyak, T. B.,
Li, H., et al. (2006). Insulin protects islets from apoptosis via Pdx1 and
specific changes in the human islet proteome. Proc. Natl. Acad. Sci. U.S.A. 103,
19575–19580. doi: 10.1073/pnas.0604208103

Johnston, N. R., Mitchell, R. K., Haythorne, E., Pessoa, M. P., Semplici, F., Ferrer, J.,
et al. (2016). Beta cell hubs dictate pancreatic islet responses to glucose. Cell
Metab. 24, 389–401. doi: 10.1016/j.cmet.2016.06.020

Jonkers, F. C., and Henquin, J. C. (2001). Measurements of cytoplasmic
Ca2+ in islet cell clusters show that glucose rapidly recruits beta-cells and
gradually increases the individual cell response. Diabetes Metab. Res. Rev. 50,
540–550. doi: 10.2337/diabetes.50.3.540

Jorns, A., Tiedge, M., and Lenzen, S. (1999). Nutrient-dependent distribution
of insulin and glucokinase immunoreactivities in rat pancreatic beta cells.
Virchows Arch 434, 75–82. doi: 10.1007/s004280050308

Karaca, M., Castel, J., Tourrel-Cuzin, C., Brun, M., Geant, A., Dubois, M.,
et al. (2009). Exploring functional beta-cell heterogeneity in vivo using PSA-
NCAM as a specific marker. PLoS ONE 4:e5555. doi: 10.1371/journal.pone.
0005555

Katsuta, H., Aguayo-Mazzucato, C., Katsuta, R., Akashi, T., Hollister-Lock, J.,
Sharma, A. J., et al. (2012). Subpopulations of GFP-marked mouse pancreatic

beta-cells differ in size, granularity, and insulin secretion. Endocrinology 153,
5180–5187. doi: 10.1210/en.2012-1257

Kiekens, R., In’t Veld, P., Mahler, T., Schuit, F., Van De Winkel, M., and
Pipeleers, D. (1992). Differences in glucose recognition by individual rat
pancreatic B cells are associated with intercellular differences in glucose-
induced biosynthetic activity. J. Clin. Invest. 89, 117–125. doi: 10.1172/
JCI115551

Lee, H. S., Chang, J. H., and Ku, S. K. (2010). An immunohistochemical study of
the pancreatic endocrine cells of the ddN mouse. Folia Histochem. Cytobiol. 48,
387–393. doi: 10.2478/v10042-010-0026-y

Li, H., Arber, S., Jessell, T. M., and Edlund, H. (1999). Selective agenesis of the
dorsal pancreas in mice lacking homeobox gene Hlxb9. Nat. Genet. 23, 67–70.
doi: 10.1038/12669

Li, J., Klughammer, J., Farlik, M., Penz, T., Spittler, A., Barbieux, C., et al. (2016).
Single-cell transcriptomes reveal characteristic features of human pancreatic
islet cell types. EMBO Rep. 17, 178–187. doi: 10.15252/embr.201540946

Ling, Z., Chen, M. C., Smismans, A., Pavlovic, D., Schuit, F., Eizirik, D. L.,
et al. (1998). Intercellular differences in interleukin 1beta-induced suppression
of insulin synthesis and stimulation of noninsulin protein synthesis by rat
pancreatic beta-cells. Endocrinology 139, 1540–1545. doi: 10.1210/endo.139.4.
5894

Ling, Z., Wang, Q., Stange, G., In’t Veld, P., and Pipeleers, D. (2006). Glibenclamide
treatment recruits beta-cell subpopulation into elevated and sustained basal
insulin synthetic activity. Diabetes 55, 78–85. doi: 10.2337/diabetes.55.01.06.
db05-0820

Llorens-Bobadilla, E., Zhao, S., Baser, A., Saiz-Castro, G., Zwadlo, K., and Martin-
Villalba, A. (2015). Single-cell transcriptomics reveals a population of dormant
neural stem cells that become activated upon brain injury. Cell Stem Cell 17,
329–340. doi: 10.1016/j.stem.2015.07.002

Meda, P., Amherdt, M., Perrelet, A., and Orci, L. (1981). Metabolic coupling
between cultured pancreatic b-cells. Exp. Cell Res. 133, 421–430. doi: 10.1016/
0014-4827(81)90335-9

Meda, P., Atwater, I., Goncalves, A., Bangham, A., Orci, L., and Rojas, E. (1984).
The topography of electrical synchrony among beta-cells in the mouse islet
of Langerhans. Q. J. Exp. Physiol. 69, 719–735. doi: 10.1113/expphysiol.1984.
sp002864

Meda, P., Chanson, M., Pepper, M., Giordano, E., Bosco, D., Traub, O., et al. (1991).
In vivo modulation of connexin 43 gene expression and junctional coupling
of pancreatic B-cells. Exp. Cell Res. 192, 469–480. doi: 10.1016/0014-4827(91)
90066-4

Meda, P., Denef, J. F., Perrelet, A., and Orci, L. (1980). Nonrandom distribution of
gap junctions between pancreatic beta-cells. Am. J. Physiol. 238, C114–C119.

Meda, P., Michaels, R. L., Halban, P. A., Orci, L., and Sheridan, J. D. (1983). In
vivo modulation of gap junctions and dye coupling between B-cells of the intact
pancreatic islet. Diabetes 32, 858–868. doi: 10.2337/diab.32.9.858

Miklos, I. H., and Kovacs, K. J. (2003). Functional heterogeneity of the responses
of histaminergic neuron subpopulations to various stress challenges. Eur. J.
Neurosci. 18, 3069–3079. doi: 10.1111/j.1460-9568.2003.03033.x

Muraro, M. J., Dharmadhikari, G., Grun, D., Groen, N., Dielen, T., Jansen, E., et al.
(2016). A single-cell transcriptome atlas of the human pancreas. Cell Syst. 3,
385-394.e3. doi: 10.1016/j.cels.2016.09.002

Pagliuca, F. W., Millman, J. R., Gurtler, M., Segel, M., Van Dervort, A., Ryu, J. H.,
et al. (2014). Generation of functional human pancreatic beta cells in vitro. Cell
159, 428–439. doi: 10.1016/j.cell.2014.09.040

Pipeleers, D. (1987). The biosociology of pancreatic B cells. Diabetologia 30,
277–291. doi: 10.1007/BF00299019

Pipeleers, D., in’t Veld, P. I., Maes, E., and Van De Winkel, M. (1982). Glucose-
induced insulin release depends on functional cooperation between islet cells.
Proc. Natl. Acad. Sci. U.S.A. 79, 7322–7325. doi: 10.1073/pnas.79.23.7322

Rahier, J., Wallon, J., Loozen, S., Lefevre, A., Gepts, W., and Haot, J. (1983). The
pancreatic polypeptide cells in the human pancreas: the effects of age and
diabetes. J. Clin. Endocrinol. Metab. 56, 441–444. doi: 10.1210/jcem-56-3-441

Rezania, A., Bruin, J. E., Arora, P., Rubin, A., Batushansky, I., Asadi, A., et al.
(2014). Reversal of diabetes with insulin-producing cells derived in vitro from
human pluripotent stem cells. Nat. Biotechnol. 32, 1121–1133. doi: 10.1038/nbt.
3033

Rodriguez-Diaz, R., Abdulreda, M. H., Formoso, A. L., Gans, I., Ricordi, C.,
Berggren, P. O., et al. (2011). Innervation patterns of autonomic axons in the

Frontiers in Genetics | www.frontiersin.org 8 March 2017 | Volume 8 | Article 22

https://doi.org/10.1371/journal.pone.0056922
https://doi.org/10.1371/journal.pone.0056922
https://doi.org/10.1038/nrmicro2242
https://doi.org/10.1038/nrmicro2242
https://doi.org/10.1172/JCI115251
https://doi.org/10.2337/diabetes.44.7.767
https://doi.org/10.1038/12674
https://doi.org/10.1530/acta.0.xxxiv0449
https://doi.org/10.1016/0143-4160(91)90076-Q
https://doi.org/10.1016/0143-4160(91)90076-Q
https://doi.org/10.1007/s00418-007-0278-6
https://doi.org/10.1007/s00418-007-0278-6
https://doi.org/10.1038/361362a0
https://doi.org/10.1021/acschembio.6b00602
https://doi.org/10.1242/dev.120063
https://doi.org/10.1242/dev.120063
https://doi.org/10.1073/pnas.89.7.2619
https://doi.org/10.1073/pnas.0604208103
https://doi.org/10.1016/j.cmet.2016.06.020
https://doi.org/10.2337/diabetes.50.3.540
https://doi.org/10.1007/s004280050308
https://doi.org/10.1371/journal.pone.0005555
https://doi.org/10.1371/journal.pone.0005555
https://doi.org/10.1210/en.2012-1257
https://doi.org/10.1172/JCI115551
https://doi.org/10.1172/JCI115551
https://doi.org/10.2478/v10042-010-0026-y
https://doi.org/10.1038/12669
https://doi.org/10.15252/embr.201540946
https://doi.org/10.1210/endo.139.4.5894
https://doi.org/10.1210/endo.139.4.5894
https://doi.org/10.2337/diabetes.55.01.06.db05-0820
https://doi.org/10.2337/diabetes.55.01.06.db05-0820
https://doi.org/10.1016/j.stem.2015.07.002
https://doi.org/10.1016/0014-4827(81)90335-9
https://doi.org/10.1016/0014-4827(81)90335-9
https://doi.org/10.1113/expphysiol.1984.sp002864
https://doi.org/10.1113/expphysiol.1984.sp002864
https://doi.org/10.1016/0014-4827(91)90066-4
https://doi.org/10.1016/0014-4827(91)90066-4
https://doi.org/10.2337/diab.32.9.858
https://doi.org/10.1111/j.1460-9568.2003.03033.x
https://doi.org/10.1016/j.cels.2016.09.002
https://doi.org/10.1016/j.cell.2014.09.040
https://doi.org/10.1007/BF00299019
https://doi.org/10.1073/pnas.79.23.7322
https://doi.org/10.1210/jcem-56-3-441
https://doi.org/10.1038/nbt.3033
https://doi.org/10.1038/nbt.3033
http://www.frontiersin.org/Genetics/
http://www.frontiersin.org/
http://www.frontiersin.org/Genetics/archive


fgene-08-00022 March 2, 2017 Time: 16:35 # 9

Gutiérrez et al. Beta Cell Heterogeneity

human endocrine pancreas. Cell Metab. 14, 45–54. doi: 10.1016/j.cmet.2011.
05.008

Saisho, Y., Harris, P. E., Butler, A. E., Galasso, R., Gurlo, T., Rizza, R. A.,
et al. (2008). Relationship between pancreatic vesicular monoamine transporter
2 (VMAT2) and insulin expression in human pancreas. J. Mol. Histol. 39,
543–551. doi: 10.1007/s10735-008-9195-9

Schaffer, A. E., Taylor, B. L., Benthuysen, J. R., Liu, J., Thorel, F., Yuan, W., et al.
(2013). Nkx6.1 controls a gene regulatory network required for establishing
and maintaining pancreatic Beta cell identity. PLoS Genet. 9:e1003274. doi:
10.1371/journal.pgen.1003274

Segerstolpe, A., Palasantza, A., Eliasson, P., Andersson, E. M., Andreasson, A. C.,
Sun, X., et al. (2016). Single-cell transcriptome profiling of human pancreatic
islets in health and type 2 diabetes. Cell Metab. 24, 593–607. doi: 10.1016/j.cmet.
2016.08.020

Silvestre-Roig, C., Hidalgo, A., and Soehnlein, O. (2016). Neutrophil heterogeneity:
implications for homeostasis and pathogenesis. Blood 127, 2173–2181. doi:
10.1182/blood-2016-01-688887

Smukler, S. R., Arntfield, M. E., Razavi, R., Bikopoulos, G., Karpowicz, P.,
Seaberg, R., et al. (2011). The adult mouse and human pancreas contain rare
multipotent stem cells that express insulin. Cell Stem Cell 8, 281–293. doi:
10.1016/j.stem.2011.01.015

Snijder, B., Sacher, R., Ramo, P., Damm, E. M., Liberali, P., and Pelkmans, L. (2009).
Population context determines cell-to-cell variability in endocytosis and virus
infection. Nature 461, 520–523. doi: 10.1038/nature08282

Soria, B., Chanson, M., Giordano, E., Bosco, D., and Meda, P. (1991). Ion channels
of glucose-responsive and -unresponsive beta-cells. Diabetes Metab. Res. Rev.
40, 1069–1078. doi: 10.2337/diabetes.40.8.1069

Stefan, Y., Meda, P., Neufeld, M., and Orci, L. (1987). Stimulation of insulin
secretion reveals heterogeneity of pancreatic B cells in vivo. J. Clin. Invest. 80,
175–183. doi: 10.1172/JCI113045

Stefan, Y., Orci, L., Malaisse-Lagae, F., Perrelet, A., Patel, Y., and Unger, R. H.
(1982). Quantitation of endocrine cell content in the pancreas of nondiabetic
and diabetic humans. Diabetes Metab. Res. Rev. 31(8 Pt 1), 694–700. doi: 10.
2337/diab.31.8.694

Szabat, M., Luciani, D. S., Piret, J. M., and Johnson, J. D. (2009). Maturation of adult
beta-cells revealed using a Pdx1/insulin dual-reporter lentivirus. Endocrinology
150, 1627–1635. doi: 10.1210/en.2008-1224

Trimble, E. R., Halban, P. A., Wollheim, C. B., and Renold, A. E. (1982). Functional
differences between rat islets of ventral and dorsal pancreatic origin. J. Clin.
Invest. 69, 405–413. doi: 10.1172/JCI110464

Trimble, E. R., and Renold, A. E. (1981). Ventral and dorsal areas of
rat pancreas: islet hormone content and secretion. Am. J. Physiol. 240,
E422–E427.

van der Meulen, T., Donaldson, C. J., Caceres, E., Hunter, A. E., Cowing-Zitron, C.,
Pound, L. D., et al. (2015). Urocortin3 mediates somatostatin-dependent
negative feedback control of insulin secretion. Nat. Med. 21, 769–776. doi:
10.1038/nm.3872

Van Schravendijk, C. F., Kiekens, R., and Pipeleers, D. G. (1992). Pancreatic beta
cell heterogeneity in glucose-induced insulin secretion. J. Biol. Chem. 267,
21344–21348.

Wahl, L. M. (2002). Evolving the division of labour: generalists, specialists and task
allocation. J. Theor. Biol. 219, 371–388. doi: 10.1006/jtbi.2002.3133

Wang, X., Zielinski, M. C., Misawa, R., Wen, P., Wang, T. Y., Wang, C. Z., et al.
(2013). Quantitative analysis of pancreatic polypeptide cell distribution in the
human pancreas. PLoS ONE 8:e55501. doi: 10.1371/journal.pone.0055501

Wang, Y. J., Golson, M. L., Schug, J., Traum, D., Liu, C., Vivek, K., et al. (2016).
Single-cell mass cytometry analysis of the human endocrine pancreas. Cell
Metab. 24, 616–626. doi: 10.1016/j.cmet.2016.09.007

Wang, Z. V., Mu, J., Schraw, T. D., Gautron, L., Elmquist, J. K., Zhang, B. B., et al.
(2008). PANIC-ATTAC: a mouse model for inducible and reversible beta-cell
ablation. Diabetes Metab. Res. Rev. 57, 2137–2148. doi: 10.2337/db07-1631

Wojtusciszyn, A., Armanet, M., Morel, P., Berney, T., and Bosco, D. (2008). Insulin
secretion from human beta cells is heterogeneous and dependent on cell-to-cell
contacts. Diabetologia 51, 1843–1852. doi: 10.1007/s00125-008-1103-z

Xin, Y., Kim, J., Ni, M., Wei, Y., Okamoto, H., Lee, J., et al. (2016a). Use of the
Fluidigm C1 platform for RNA sequencing of single mouse pancreatic islet cells.
Proc. Natl. Acad. Sci. U.S.A. 113, 3293–3298. doi: 10.1073/pnas.1602306113

Xin, Y., Okamoto, H., Kim, J., Ni, M., Adler, C., Cavino, K., et al. (2016b). Single-
cell RNAseq reveals that pancreatic beta-cells from very old male mice have
a young gene signature. Endocrinology 157, 3431–3438. doi: 10.1210/en.2016-
1235

Yoshihara, E., Wei, Z., Lin, C. S., Fang, S., Ahmadian, M., Kida, Y., et al.
(2016). ERRgamma is required for the metabolic maturation of therapeutically
functional glucose-responsive beta cells. Cell Metab. 23, 622–634. doi: 10.1016/
j.cmet.2016.03.005

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Gutierrez, Gromada and Sussel. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org 9 March 2017 | Volume 8 | Article 22

https://doi.org/10.1016/j.cmet.2011.05.008
https://doi.org/10.1016/j.cmet.2011.05.008
https://doi.org/10.1007/s10735-008-9195-9
https://doi.org/10.1371/journal.pgen.1003274
https://doi.org/10.1371/journal.pgen.1003274
https://doi.org/10.1016/j.cmet.2016.08.020
https://doi.org/10.1016/j.cmet.2016.08.020
https://doi.org/10.1182/blood-2016-01-688887
https://doi.org/10.1182/blood-2016-01-688887
https://doi.org/10.1016/j.stem.2011.01.015
https://doi.org/10.1016/j.stem.2011.01.015
https://doi.org/10.1038/nature08282
https://doi.org/10.2337/diabetes.40.8.1069
https://doi.org/10.1172/JCI113045
https://doi.org/10.2337/diab.31.8.694
https://doi.org/10.2337/diab.31.8.694
https://doi.org/10.1210/en.2008-1224
https://doi.org/10.1172/JCI110464
https://doi.org/10.1038/nm.3872
https://doi.org/10.1038/nm.3872
https://doi.org/10.1006/jtbi.2002.3133
https://doi.org/10.1371/journal.pone.0055501
https://doi.org/10.1016/j.cmet.2016.09.007
https://doi.org/10.2337/db07-1631
https://doi.org/10.1007/s00125-008-1103-z
https://doi.org/10.1073/pnas.1602306113
https://doi.org/10.1210/en.2016-1235
https://doi.org/10.1210/en.2016-1235
https://doi.org/10.1016/j.cmet.2016.03.005
https://doi.org/10.1016/j.cmet.2016.03.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Genetics/
http://www.frontiersin.org/
http://www.frontiersin.org/Genetics/archive

	Heterogeneity of the Pancreatic Beta Cell
	Introduction
	Examples Of Cell Heterogeneity
	Beta Cell Heterogeneity
	Beta Cell Heterogeneity During Development
	Morphological Heterogeneity
	Functional Heterogeneity
	Molecular Heterogeneity
	Context Dependent Factors Influence Heterogeneity
	Beta Cell Heterogeneity And Effects On Disease Progression And Therapies
	Future Perspectives
	Author Contributions
	Funding
	References


