UC Davis
UC Davis Previously Published Works

Title
Urocortin3: Local inducer of somatostatin release and bellwether of beta cell maturity

Permalink

bttgs:ggescholarshiQ.orgéucgitem434h6w9rg

Authors
Flisher, Marcus F
Shin, Donghan
Huising, Mark O

Publication Date
2022-05-01

DOI
10.1016/j.peptides.2022.170748

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/34h6w9rc
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Peptides. Author manuscript; available in PMC 2024 February 21.

-, HHS Public Access
«

Published in final edited form as:
Peptides. 2022 May ; 151: 170748. doi:10.1016/j.peptides.2022.170748.

Urocortin3: local inducer of somatostatin release and bellwether
of beta cell maturity

Marcus F. Flisher!, Donghan Shinl, Mark O. Huising®:2
1Department of Neurobiology, Physiology & Behavior, College of Biological Sciences, University
of California, Davis, California

2Department of Physiology and Membrane Biology, School of Medicine, University of California,
Davis, California

Abstract

Urocortin 3 (UCNB3) is a peptide hormone expressed in pancreatic islets of Langerhans of

both human alpha and human beta cells and solely in murine beta cells. UCN3 signaling acts
locally within the islet to activate its cognate receptor, corticotropin releasing hormone receptor 2
(CRHR2), which is expressed by delta cells, to potentiate somatostatin (SST) negative feedback
to reduce islet cell hormone output. The functional importance of UCN3 signaling in the islet is
to modulate the amount of SST tone allowing for finely tuned regulation of insulin and glucagon
secretion. UCN3 signaling is a hallmark of functional beta cell maturation, increasing the beta
cell glucose threshold for insulin secretion. In doing so, UCN3 plays a relevant functional role

in accurately maintaining blood glucose homeostasis. Additionally, UCN3 acts as an indicator
of beta cell maturation and health, as UCN3 is not expressed in immature beta cells and

is downregulated in dedifferentiated and dysfunctional beta cell states. Here, we review the
mechanistic underpinnings of UCN3 signaling, its net effect on islet cell hormone output, as well
as its value as a marker for beta cell maturation and functional status.

Keywords
pancreatic islet; UCN3; CRH; glucagon; insulin; SST; beta cell maturity

Introduction

Pancreatic islets are mini organs that reside in the pancreas that are the source of two of
the most important glucoregulatory hormones our bodies produce. Best-known of course

is insulin, which is produced and secreted solely by pancreatic beta cells, which are the
most abundant islet endocrine cell in both mouse and human pancreas. The other major
endocrine hormone that originates from the pancreas is glucagon, which is processed

from pre-pro-glucagon precursor by pancreatic alpha cells. Fine-tuning and modulating the
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activity of beta and alpha cells are a host of paracrine factors. Some of these are byproducts
of cellular metabolism, such as ATP and Ca?*, which are released by beta cells activated

by nutrient stimulation. And Zn2* ions are co-crystalized with insulin and co-released upon
stimulation of beta cell exocytosis. However, other paracrine factors are dedicated signaling
molecules that serve no other role than to relay a signal from one cell to the next. There are
easily several dozen paracrine signals that contribute to the regulation of beta cell fate and
function, which have been reviewed in detail elsewhere [1, 2]. One of the most abundant

of these signals is the peptide hormone Urocortin 3 (UCN3), which is the specific focus of
this review. We review the basic properties of UCN3, the role of UCN3 as a paracrine signal
within the islet, and the utility of Ucn3 as a beta cell maturation marker as UCN3 1) appears
late during development 2) is downregulated early in diabetes, and 3) is readily detectable.

Urocortin3 is a peptide hormone of to the CRH family of neuropeptides

UCNS3 is the

UCNS3 was discovered simultaneously by two groups. Hsu and Hsueh described their
discovery of UCN3 alongside of the discovery of a second putative peptide hormone

and named these stresscopin and stresscopin-related peptide (now known as UCN3) [3].
Contemporaneously, Wylie Vale’s group discovered these same two peptide hormones and
named them Urocortin2 (UCN2) [4] and UCNS [5] for their sequence similarity to the then
known peptide hormones Urocortin (UCN) and Corticotropin Releasing Hormone (CRH).
The latter is of course known as the principal hypothalamic releasing hormone that activates
the endocrine stress response by stimulating the release of Adrenocorticotropic Hormone
(ACTH), culminating with glucocorticoid release from the adrenal cortex. CRH and the
Urocortins are pre-pro-proteins that share an unmistakable, yet relatively modest amino acid
similarity concentrated towards the N-terminus that encodes the mature peptide hormones
[6]. UCN and CRH both have consensus dibasic cleavage sites that lead to the processing

of 40 and 41 amino acid mature peptides, respectively. In contrast, the 161 amino acid (163
aa in mouse) UCNS3 precursor is also a pre-pro-hormone, but without a consensus dibasic
cleavage site. Instead, UCN3 is most-commonly considered to be cleaved at a single lysine
residue (K119 in human UCN3), resulting in a putative 38 amino acid mature peptide that is
amidated at its N-terminus [5]. Most studies to date that use synthetic UCN3 have used this
38-mer, which is bioactive and has high affinity (low nM) for its receptors [5, 7].

most abundant beta cell hormone after insulin and IAPP

UCNS3 is among the most abundant of all transcripts expressed by beta cells. Among
signaling molecules encoded in our DNA, it is the third-most abundant beta cell signal
encoded in our DNA after insulin and islet amyloid polypeptide (IAPP) [8]. Ucn3 mRNA
levels are approximately 1000-fold lower than those of Ins2 in mouse beta cells based

on bulk RNA-Seq of FACS-purified alpha, beta, and delta cells [9]. Comparison of total
islet peptide content in mouse confirms that UCN3 content is approximately 3 orders of
magnitude below that of insulin [8]. This probably reflects the exceptional abundance of
insulin more than it should lead to the interpretation of UCN3 as a rare signal. Nevertheless,
detecting the release of UCN3 from islet is challenging simply because the levels released
are relatively low compared to insulin. UCNS3 release from clonal MING increased dose-
dependently with glucose stimulation and is robustly stimulated by depolarization with KCI
[10]. UCNS secretion from primary mouse islets also is stimulated by glucose, but this could
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only be detected by accumulating UCNS3 release from a pool of 1000 islets over the course
of 4 hours [8]. This observation provides important context for the physiological role that
UCNS3 plays: at levels of secretion several orders of magnitude below those of insulin, local
concentrations of UCN3 within the islet are high enough to activate its cognate receptors,
but UCN3 would dilute out quickly in the portal and general circulation. Indeed, circulating
UCNS levels are relatively low at a reported 50 pg/g in mouse [11] and slightly higher

in human plasma [12]. While these levels would correspond to low nM concentrations

of UCNS, it is worth noting that plasma UCN3 levels are not measured routinely and
validating such assays is not trivial. It is likely that UCN3 released from beta cells plays

a predominantly paracrine role via the local activation of target cells within the islet and
makes little contribution to any circulating levels of UCNS3.

Species differences in UCN3 and CRH expression within the islet

Within the islet field, there is ample debate about the species differences between the
human pancreas and the rodent models that are so prevalent as model systems of pancreas
physiology and disease. Similarities between the rodent and primate pancreas abound: islets
in each contain a mixed population of beta, alpha, and delta cells that generally speaking
are similar in the expression and regulation of the secretion of the major hormones that
they each release. However, the overlap in islet physiology between species notwithstanding,
there are multiple aspects where the rodent and primate pancreas differ. These differences
are well-documented [13, 14] and emphasized as they represent interesting experiments of
nature that stand to teach us something about islet physiology. One of these notable species
differences is with regards to the expression of UCN3 and CRH within the islet. In the
mouse pancreas, UCN3 is expressed highly selectively in the beta cell and is not detected

at the protein level in either alpha or delta cells [10]. Comprehensive bulk transcriptome
expression patterns of FACS-purified alpha, beta, and delta cells collected from transgenic
reporter lines generated for this purpose reveal specific Ucn3 mRNA expression in mouse
beta cells [9]. Single cell RNA-seq data from dissociated mouse islet cells confirm these
findings [15].

In contrast to rodent islets, UCN3 expression in human and non-human primate islets is
notably not restricted to beta cells. Instead, in pancreases from human donors without
diabetes, Ucn3 mRNA abundance and staining intensity are approximately equally abundant
in beta and alpha cells (Figure 1) [16]. UCN3 expression is also detected in human
pancreatic polypeptide cells (Figure 2) and is absent from delta cells in both species.

This latter observation rules out an autocrine role for UCN3 as delta cells are the major
target for the signal that is UCN3 as will be described in detail below. A related species
difference between rodents and primates is that CRH, the original hypothalamic releasing
factor that triggers the endocrine stress response, is expressed by human alpha cells at levels
comparable to the expression of UCN3 [16]. CRH is known to trigger a Ca2* response

in beta cells [17, 18] and stimulates CAMP, phosphorylates Erk1/2, protects against beta

cell apoptosis and potentiates glucose-stimulated insulin secretion [19]. These actions are
mediated by the CRHR1 receptor, which is a G protein-coupled receptor related to the
incretin receptors with many of the same downstream effects. This places CRH on a

short list with the proglucagon-derived peptides (glucagon and glucagon-like peptide 1)

Peptides. Author manuscript; available in PMC 2024 February 21.
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as alpha cell-derived peptides capable of potentiating glucose-stimulated insulin secretion in
a paracrine manner [20-22]. It is notable that the local actions of alpha cell-derived CRH
are directly insulinotropic and would result in the lowering of plasma glucose, while the
actions of CRH releasing from hypothalamic paraventricular nucleus projecting onto the
median eminence culminate in the release of glucocorticoids which result in an increase in
plasma glucose. Therefore, the hypothalamic and intra-islet CRH systems likely reflect two
functionally independent systems that each happen to use the same ligand-receptor pair but
operate in response to different physiological cues and likely at non-overlapping anatomical
compartments.

UCNS3 expression and function outside of the pancreatic islet

The central nervous system (CNS) is a major hub for CRF-urocortin derived signaling,
where CRF and Urocortins direct the behavioral and physiological stress response and
regulate metabolic homeostasis via CRFR1 and CRFR2 that are reviewed in detail elsewhere
[23-25]. UCN3 is expressed in neurons located in the median preoptic nucleus (MPO), the
perifornical area of the hypothalamus, the medial amygdala, the bed nucleus of the stria
terminalis, and superior para-olivary nucleus [5, 26, 27]. UCN3 immunoreactive fibers are
also located in the ventral premammillary nucleus (PMV) where they are hypothesized to
play a role in conveying sensory information to modulate behavioral and neuroendocrine
responses [28]. Indeed, CRFR2 mutant mice are hypersensitive to stress and display
increased anxiety-like behavior and display increased UCN3 expression in the PVN [29].
Additionally, UCN3 expression was shown in nuclei connected to the accessory olfactory
system using a tau-lacZ reporter gene in replace of the endogenous Ucn3 open reading
frame, where they found evidence in support of a role for UCN3 in establishing social
memories [26].

UCNS is expressed in tissues of the gastrointestinal tract besides pancreatic islet endocrine
cells. UCN3 expression has been reported in the stomach, small intestine, colon, and rectum
[3, 5, 30-32]. Saruta et al., showed via both immunohistochemistry and mRNA in situ
hybridization the presence of UCN3 expression in myenteric and submucosal nervous
plexus, vascular endothelial and smooth muscle cells of blood vessels in subserosa, in
smooth muscle layers of the large intestine, and in enterochromaffin cells [33]. More
recently, a single cell MRNA sequencing study was able to identify rare UCN3 positive cells
in the small intestine [34]. Systemically administered UCN3 delays gastric emptying, which
can be prevented by co-administration of the CRHR2-specific antagonist Astressin2b [35].
However, it is undetermined whether endogenous UCN3 helps control the rate of gastric
emptying under physiological conditions and the mechanism by which UCN3 would inhibit
gastric emptying has not been established [30].

Other peripheral sites of UCN3 expression include the adrenal cortex, gestational tissues,
heart, kidney, skin, and adipose tissue [5, 36—-38]. Fukuda et al., reported UCN3 expression
in the adrenal cortex using immunohistochemistry and mRNA in situ hybridization
techniques and found the peptide colocalized with its cognate receptor CRFR2 in more
than 85% of adrenocortical cells [39]. However, they did not map a physiological function
to the presence of UCN3 ligand and receptor co-expression in adrenocortical cells. UCN3

Peptides. Author manuscript; available in PMC 2024 February 21.
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was also shown to localize in gestational tissues, including the placenta, decidua, and

fetal membranes [36] where they propose UCNS3 to be a regulator of placental vascular
endothelial tone, but did not present evidence for this function. The heart and kidney also
contain UCN3 expressing cells [37], where UCN3 acts as a vasodilator of the cardiovascular
system through CRFR2 [40]. UCN3 expression was also reported in adipose tissue using
RT gPCR and exogenous administration of the ligand was shown to inhibit adipocyte
inflammatory responses [38].

UCNS3 is co-released with insulin

Glucose-stimulated insulin secretion is a well characterized pathway, where glucose is
metabolized via glycolysis, and subsequent oxidation of acetyl CoA in the tricarboxylic
acid cycle leads to efficient production of ATP through oxidative phosphorylation. When
the extracellular glucose concentration is above the glucose threshold for insulin secretion,
the relative rate of ATP production compared to its breakdown into ADP is high enough
to close ATP sensitive potassium channels, which results in a depolarizing effect on

the beta cell membrane potential. Depolarization of the beta cell membrane causes the
opening of L-type voltage gated calcium channels (and P/Q type voltage-gated calcium
channels in human beta cells), which leads to calcium influx and facilitates the exocytosis
of insulin granules [41, 42]. UCN3 and insulin are not only expressed by the beta cell,
super-resolution structured illumination microscopy demonstrates that UCN3 is packaged
alongside insulin into secretory granules [8] (Figure 3). This would imply that UCN3 and
insulin are co-secreted under conditions that stimulate beta cell secretion. Indeed, UCN3
and insulin are released dose-dependently from MING insulinoma cells stimulated with
increasing concentrations of glucose and with depolarizing (30 mM) concentrations of
KCI [43]. Stimulation of primary islets over the course of 4 hours with 16.8 mM glucose
also leads to a detectable rise in UCNS3 [8]. Therefore, without ruling out a scenario of
differential release of UCN3 and insulin via ‘kiss-and-run’ exocytosis [44], the fact that
UCNS3 and insulin are both peptide hormones of approximately similar size suggests that the
simplest model of the regulation of UCN3 release is one where UCN3 is co-released with
insulin under conditions that stimulate beta cells.

The receptor for UCN3 in the pancreas is CRHR2a expressed by delta cells

CRH family peptides exclusively signal through the corticotropin-releasing hormone
receptors 1 and 2. These two G protein-coupled receptors are members of the class B family
of GPCRs that includes the receptors for glucagon, glucose-stimulated insulinotropic peptide
(GIP) and glucagon-like peptides-1 and -2 (GLP-1 and GLP-2). Members of the class B
GPCR family canonically couple to Gas, leading to the activation of adenylate cyclase and
the generation of cyclic AMP (cAMP), and CRHR1 and CRHR2 are no exception [45].
CRH has high affinity for CRHR1 and slightly lower affinity for CRHR2, while UCN is a
high affinity agonist to both CRHRs [6]. In contrast, UCN2 and UCN3 are rather selective
CRHR2 agonists, which effectively means that UCN3 under physiological circumstances
will act exclusively via CRHR2 [6, 45].

CRHR2 can be transcribed as an alpha and a beta isoform that arise from the use of
alternative starting exons from a single Crhr2 gene. In primates, a gamma isoform is
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reported as well. To generate the CRHR2 beta isoform exons 1, 2, are spliced to exon

4-14 and further downstream. In contrast, Cr/ir2a is generated from an alternative starting
exon 3 that is spliced to exons 4 and downstream. Since exons 1-2 (beta) and 3 (alpha)

are preceded by their own proximal promotor and encode largely the signal peptide, both
CRHR2 isoforms share similar pharmacology, but different regulation of their expression
[7]. CRHR2a is the predominant isoform expressed by the CNS, with CRHR2p expressed at
select sites including the choroid plexus. Early reviews on the distribution of the alpha and
beta CRHR2 isoform tend to attribute all peripherally expressed CRHR2 to the beta isoform.
While skeletal and cardiac muscle, each major sites of CRHR2 expression, indeed express
the beta isoform [7], pancreatic delta cells and any islet-derived endocrine cell lines that
express CRHR2 express the alpha isoform [8, 46].

UCNS3 stimulates SST secretion

The evidence of UCN3 stimulating delta cells directly to inhibit insulin secretion is strong.
The alpha isoform of Crhr2 — the only known UCN3 receptor — is expressed by delta

cells. UCNS3 stimulation of islets increases SST secretion. Importantly, the Crhr2-specific
peptide antagonist Astressin2b [35] reduces glucose-stimulated SST secretion in dynamic
perfusion assays, which allows for a rise in glucose-stimulated insulin secretion [8]. These
observations not only demonstrate that delta cells are the direct target of UCN3 but that
endogenous UCN3 acting in a paracrine fashion is responsible for a substantial portion

of the glucose-stimulated insulin secretion. Another line of evidence in support of UCN3
activating delta cells is provided by the observations that Ucn3 null mice [43], have reduced
delta cell numbers, islet SST content and islet Sst mRNA expression [8]. Alpha and beta cell
numbers and glucagon and insulin expression were not affected confirming the specificity of
the delta cell defect in Ucn3 null mice.

Mechanistically, delta cells just like beta cells require a combination of a nutrient-stimulus
to trigger secretion, and cAMP from the activation of a Gas-coupled GPCR to maximize
secretion. Stimulation of SST release by glucose from intact islets can be blocked in

full by either the Katp channel agonist diazoxide, or the L-type voltage-gated calcium
channel antagonist isradipine, demonstrating that both channels are required for the islet

to respond to UCN3. Importantly, this blockade cannot be rescued by exogenous UCN3,
which demonstrates that Katp channels and voltage-gated calcium channels are required

in a delta cell-autonomous fashion to enable the potentiation of SST secretion by UCN3.
Activation of CRHR2a by UCN3 then is similar to the role played by activation of incretin
and glucagon receptors on beta cells: all these receptors are related members of the class B
family of GPCRs that canonically lead to the activation of Gass, including the dissociation of
the Gas subunit and activation of adenylyl cyclase, which converts ATP into CAMP. Indeed,
UCNS3 stimulation of delta cells leads to a robust induction of cAMP levels [Noguchi

et al., submitted]. This rise in CAMP then promotes SST secretion from the delta cell,
presumably the activation of EPAC and PKA-dependent downstream pathways mediate

the potentiation of insulin secretion by incretin signaling in beta cells. The important
contribution of cAMP to glucose-stimulated SST was confirmed by a recent paper that
demonstrates a glucose-dependent source of CAMP [47] that is fully consistent with the role
of UCNS that we described a few years earlier [8]. In addition to the rapid effects of UCN3
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on the secretion of SST, UCN3 stimulation also leads to the activation of a transcriptional
complex that includes the cullin 4B-RING E3 ligase and polycomb repressive complex

2 that reduces the expression of Cavl.2 and adenylate cyclase 6 [48]. This presumably
represents an epigenetic negative feedback mechanism that de-sensitizes delta cells from
continuous UCNS stimulation and prevent sustained SST release.

UCNS3 inhibits -not stimulates - insulin secretion

Despite the unambiguous evidence regarding the role of UCN3 in stimulating delta cells,
there remains quite a bit of confusion and more than a few casual references to outdated
literature that suggests that UCNS3 is an insulinotropic agent. This is not helpful to our

field moving forward, which is why it is worthwhile to dedicate a paragraph on how

views on the role of UCN3 within the islet have shifted, based on current insights and
observations. Shortly after UCN3 was discovered, the original role attributed to UCN3

was that it stimulates insulin secretion [10, 43], implying that beta cells express CRHR2
receptors. Clonal MING beta cells indeed do express low levels of CRHR2a, which are
insufficient to elicit a CAMP response [46]. However, Crfir2a levels can be upregulated by
dexamethasone pre-treatment to render MING cells directly sensitive to UCN3 stimulation
[46]. In vivo a scenario where UCN3 would activate beta cells would effectively constitute
and autocrine positive feedback loop of insulin (and UCN3) secretion. Such feedback loops
are exceptions in physiology and the model of UCN3 acting directly on the beta cell to
stimulate insulin secretion has subsequently been disproven by the discovery that CRHR2a
is selectively expressed by SST-secreting delta cells in the pancreatic islets, as discussed
earlier [8]. Indeed, UCN3 stimulates SST secretion and simultaneously reduces static and
dynamic insulin release from intact islets. This finding established the currently accepted
role for UCN3 signaling to amplify SST secretion thereby inhibiting, rather than activating
insulin secretion [8]. Even though this paper revised the earlier model with the regard to

the islet cell type that expresses CRHR2 that is therefore capable of responding to locally
released UCN3, the primary data in the more recent 2015 paper and the earlier papers that
concluded UCN3 is insulinotropic is at times remarkably similar. For example, both papers
show that the acute administration of UCN3 peptide causes a significant reduction in glucose
tolerance in rats [10] and mice [8]. Conversely, the genetic deletion of UCN3 improves
glucose tolerance [43]. These observations are hard to reconcile with an insulinotropic role
of UCN3 but are perfectly consistent with a model where UCN3 stimulates SST to inhibit
insulin release, thereby aggravating glucose tolerance. Furthermore, co-administration of
SST antagonists with UCN3 prevents the reduction of glucose tolerance that is induced by
UCNS3 alone [8], demonstrating that intact SST signaling is required for UCNS3 to inhibit
insulin release and aggravate glucose tolerance. A possible caveat to these glucose tolerance
experiments is that systemic administration of CRHR2 agonists stimulates gastric emptying,
which could lead to faster glucose uptake to explain the peak in glucose intolerance.
However, the glucose tolerance tests in question were intraperitoneal glucose tolerance tests
on fasted animals; conditions where the rate of gastric emptying does not contribute to
glucose (in)tolerance.

Peptides. Author manuscript; available in PMC 2024 February 21.
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UCNS3 as a beta cell maturation marker

As one of the principal regulators of plasma glucose levels, insulin expression is a hallmark
feature of the B-cell. As such, labeling insulin-positive cells is a reliable way to identify beta
cells among other endocrine cell types in cultured islets and pancreatic tissues. However,
this distinguishing feature alone does not convey the functional maturity status of a p-cell,
since insulin is expressed relatively early in B-cell development prior to the induction of key
genes encoding proteins that confer the necessary traits for glucose responsiveness such as
the Glut2 glucose transporter. Among these maturity markers, UCN3 stands out as perhaps
the most suitable single-marker that can be used to identify functionally mature beta cells as
it 1) appears late in development, 2) disappears early in disease and 3) can be easily detected
by immunofluorescence using antibodies that are highly specific [49-51].

During mouse development, insulin-positive cells are detectable as early as E9.5. By E13.5
insulin-expressing cells are widespread throughout pancreatic islets [52, 53]. In contrast, the
onset of UCN3 expression occurs at E17.5 and the UCN3 peptide is not homogeneously
expressed across most B cells until postnatal day 14 [49]. This late onset places it well after
the expression of other known maturity markers such as neuroD [54] and MAFA [53], or the
downregulation of MAFB, which in mice is initially expressed by immature beta cells before
they down regulate it during maturation [55].

While UCN3 is expressed in both beta cells and alpha cells of human islets, it remains

a reliable marker of mature beta cells in humans. Similar to the observed timeline in
rodents, UCN3 expression is nearly undetectable in immature beta cells at the onset of
insulin expression occurring at the beginning of the fetal stage between 8 to 9 weeks
post-conception. In the ensuing weeks, insulin/UCN3 co-positive cells increase in frequency
as more beta cells differentiate and acquire glucose sensing capacity. It is not until the

end of the first trimester that UCN3 expression is evident in a majority of insulin-positive
cells, placing its onset well-after other markers of B-cell maturity [56]. Further supporting
this notion that UCN3 is tightly correlated with B-cell maturity is the delayed induction of
UCNS3 in beta cells derived from human embryonic stem cell (hRESC)-derived pancreatic
endoderm following their engraftment into mice [49]. In culture, UCN3 expression is nearly
undetectable in the hESC-derived pancreatic endoderm at any stage, with the exception
being a small subpopulation of polyhormonal cells. But after 128 days in recipient mice,
strong UCN3 immunoreactivity is observed in 79% of insulin-positive cells that arise from
the engrafted hESC-derived pancreatic endoderm. Notably, these insulin/lUCN3 co-positive
cells were shown to express other established maturity markers such as Pdx1 and Nkx6.1,
further validating its sensitivity as a maturity marker even in the context of stem cell derived
beta cells. As such, it is becoming increasingly common for UCN3 to be included in

marker panels used to evaluate the degree of maturity achieved in B-like cells differentiated
from human stem cell-derived progenitors, along with insulin secretory profiles and other
measures of functional maturity [57-62].

The physiological role of UCN3 signaling

The physiological setpoint for the plasma glucose concentration in both mouse and human
is in large part determined by the net balance between insulin and glucagon. Changes in

Peptides. Author manuscript; available in PMC 2024 February 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Flisher et al.

Page 9

the release of either of these hormones alters the uptake of plasma glucose or production

of hepatic glucose via gluconeogenesis and glycogenolysis, respectively. SST secretion in
turn provides important negative paracrine feedback on both alpha and beta cells [63, 64]
(Figure 4) as well as autocrine feedback inhibition to limit SST secretion [65]. Since UCN3
amplifies SST secretion from delta cells and is co-secreted with insulin in response to
hyperglycemia, it acts as a modulator to constrain insulin output under these conditions [66].
The contribution of this feedback inhibition by the delta onto the beta cell is manifested

as exaggerated glucose-stimulated insulin secretion from Ucn3null islets [8] leading to
improved glucose tolerance that we discussed earlier [43]. The glucose set point in Ucn3
null mice at the start of the glucose tolerance test (/.. after an overnight fast) is relatively
normal, and the glucose-stimulated calcium response of Ucn3null beta cells proceeds in the
slowly oscillating calcium synchronized waves of calcium that are indistinguishable from
the responses of healthy beta cells [67]. This means that UCN3 has little effect over the
calcium response elicited by glucose in beta cells, which is in line with UCN3 activating the
release of SST which in turn activate Gai proteins and limit cAMP — less so calcium.

To understand the physiological contribution of beta cell UCN3 to glucose control, it is
helpful to return to the perinatal period in mice where the timing of UCN3 expression in
beta cells aligns closely with an increase in the glucose threshold for insulin secretion. This
transition is correlated with a marked suppression of plasma insulin levels that is associated
with an uptick in non-fasting blood glucose setpoint that persists through adulthood [68].
Premature induction of UCN3 in mouse beta cells at the same level as endogenous UCN3
expression during the early postnatal maturation period is sufficient to prematurely raise
the blood glucose setpoint by suppressing insulin secretion. This observation establishes
causality for the role of UCN3 as an activator of somatostatin-mediated feedback inhibition
on B-cell insulin secretion in mice [8]. In essence, UCN3 signaling acts to stimulate SST
negative feedback on the beta cell, thereby attenuating insulin secretion. This UCN3-driven
reduction in insulin secretion requires greater plasma glucose to stimulate the same level of
insulin secretion that occurs in the absence of UCN3 [8].

UCNS3 as a dedifferentiation marker in Type 2 Diabetes

Numerous studies in both rodent and human islets have demonstrated that beta cells
gradually reduce the expression of key transcription factors along with other maturity
markers, while also upregulating specific endocrine progenitor genes during the progression
of type 2 diabetes (T2D) [69]. This change is thought to specify a population of beta

cells that have undergone dedifferentiation in the face of metabolically stressful conditions
associated with constant hyperglycemia. Dedifferentiation in beta cells loosely refers to a
loss of cell identity resulting in an altered phenotype, rather than a strict reversal towards an
early, progenitor-like state. In this context, the utility of UCN3 as a biomarker of functional,
mature beta cells makes it well suited for identifying dedifferentiated beta cells under
diabetic conditions as well.

Downregulation of UCN3 in beta cells has been shown to occur relatively early in
various mouse models of T2D. For example, beta cells from obese leptin deficient (C57BL/
6-LepOP/Oby and leptin receptor deficient (C57BL/6-Leprd®/db) diabetic mice both show
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significantly lower UCN3 transcript and peptide content when compared to lean age
matched controls [8, 51]. Notably, this downregulation occurs early in disease, prior to the
well-characterized reduction of insulin expression in the beta cells of overtly diabetic mice.
These findings were recently corroborated by whole-genome RNA-sequencing of lineage
traced beta cells that were isolated in a different strain of obese leptin deficient mice (BTBR-
Lep©b/Oby 'where UCN3 was the only marker that was consistently upregulated during
maturation and downregulated under diabetic conditions [70]. Downregulation of UCN3

in beta cells is also observed in non-obese, insulin-dependent diabetic (Ins2Akit) mice
suggesting that these changes are not directly mediated by deficiencies in leptin signaling
or congenital obesity [51] In fact, this same study demonstrated that transient induction of
hyperglycemia (=500 mg/dl) in wild-type mice with the insulin-receptor antagonist S961
over a period 7 days was sufficient to drastically reduce UCN3 expression. Perhaps the
more striking observation was that UCN3 expression was restored in mice that recovered
normoglycemia after withdrawal of the S961 treatment, once again highlighting the close
correlation between B-cell status and UCN3 expression. In addition, the conditional islet
cell-specific Nkx6.1 knockout mice is another model of the loss of beta cell identity where
UCNS3 is downregulated [71]. Since Nkx6.1 plays an essential role in regulating genes
involved in maintaining the molecular and functional traits of beta cells, Nkx6.1 ablation
results in rapid-onset diabetes due to destabilized p-cell identity and accompanying defects
in insulin secretion. Here, although the expression of markers such as Pdx1 and NeuroD
were unaffected by Nkx6.1 deletion, Ucn3transcript and peptide levels were markedly
reduced in the beta cells of these mice.

Similar observations can be made in islets of humans and non-human primate models with
regards to UCN3 expression under diabetic conditions. In islets of human T2D donors,
UCNS is selectively downregulated in beta cells, but not alpha cells [8]. In line with

these observations in human T2D donors, pre-diabetic macaques that had developed insulin
resistance as a consequence of chronic high-fat diet already displayed severe reduction

of UCN3 immunoreactivity in their beta cells, but not alpha cells within the same islets.
The early loss of UCN3 from beta cells would be reflected in the loss of delta cell

activity and the removal of somatostatin-mediated beta cell inhibition that would maximize
insulin secretion in the face of rising peripheral insulin resistance. Indeed, reversal of the
loss of UNC3 in beta cells of ob/0b mice via the transgenic re-expression of Ucn3 at

levels comparable to normal endogenous Ucn3 mRNA led to the immediate aggravation of
diabetes via the renewed partial suppression of insulin release [8].

The loss in UCN3 expression by beta cells is not reflected in the rising plasma UCN3 levels
reported in newly diagnosed T2D human subjects with metabolic syndrome compared to
their lean counterparts [12]. Since UCN3 is hardly detectable in beta cells of T2D donors,
elevated circulating UCN3 would have explained by the close association with metabolic
syndrome and increased UCN3 expression in other tissues, such as subcutaneous adipose
tissue [72]. While the expression and the role of UCN3 outside the context of pancreatic
islets is not well understood, its role in the islet and utility as a marker of p-cell maturity and
de-differentation is clear.
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Connections of UCN3 to Type 1 Diabetes

In line with the observation that UCN3 is downregulated in mouse models of T2D and in
non-human primates and human patients with (pre)diabetes, UCN3 expression in residual
beta cells from donors with Type 1 Diabetes is lower compared to donors without diabetes.
There are two likely scenarios to account for this selective reduction in Type 1 Diabetes
and they are not mutually exclusive. The first, and perhaps most likely scenario is that
UCNS3 is downregulated in residual beta cells as a consequence of the cellular stresses of
the pro-inflammatory and/or autoimmune-mediated insults that are prevalent locally within
the islet environment. Indeed, single cell RNA-Seq data of beta cells in the NOD model
reflect a loss of UCN3 expression that correlates with increased markers of cell cycle
arrest and cellular senescence [15]. Also in the context of T1D, it has been documented
that UCN3 expression in intraportal islet allotransplant recipients is lost in all beta cells,
but retained in the large majority of alpha cells within the same graft [73]. It is notable

that this sustained loss in UCN3 expression was accompanied by overall graft function as
measured by sustained insulin independence and HbAlc values in the normal range [73].
This indicates that beta cell function can be dissociated from UCN3 expression, in line
with the recent demonstration that direct genetic deletion of UCN3 by itself does not affect
expression of other beta cell maturity markers such as MafA, Slc2a2, and Pdx1 and also
does not interfere with normal pulsatile beta cell calcium responses to hyperglycemia [67].

An alternative explanation for the observation of UCN3 negative beta cells in donors

with T1D may reflect the possibility that such UCN3-negative beta cells represent an
immature-like subset of beta cells resembling UCN3-negative virgin beta [74] cells that
are long-lived and turn over slowly [75] and are selectively spared from cytotoxic T cell-
mediated death. Indeed, a peptide derived from the UCN3 signal peptide (UCN3,_g) is a
beta cell epitope present in the HLA-I peptidome [76], which means that it is presented
naturally in the context of MHC class | (HLA-A2) by beta cells. This combination of
HLA-A2/UCN3,_g was detected by naive CD8+ T cells that circulate in donors with and
without T1D, but were enriched among pancreas-infiltrating cytotoxic T cells [76]. Whether
these UCN31_g -selective cytotoxic T cells play a direct role in cytotoxic T cell-mediated
beta cell destruction has not been definitively shown. Whether human alpha present the
same UCN3;_g peptide in the context of HLA-A2 is not known. Since UCN3;_g is not
unique among the HLA-I peptidome, which also contains conventional epitopes derived
from ChromograninA, ChromograninB, and Pcsk2 that are not unique to human beta cells
[76], the question of the susceptibility of beta cells to subsequent autoimmune attach may
relate to the upregulation of HLA-I by beta cells [77].

Outstanding questions

In conclusion, UCN3 is a peptide hormone that is a relative newcomer to the islet field,
despite being expressed rather abundantly. Its physiological role is as the main intra-islet
activator of somatostatin secretion from neighboring delta cells to activate islet-intrinsic
feedback inhibition to restrain insulin secretion. This feedback inhibition is established
relatively late in development by the relatively late onset of UCN3 expression in comparison
to essentially all other genes that establish beta cell identity. However, there are also several
areas of UCN3 biology in general and its intersection with islet physiology that remain
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unknown. One of these is the contribution of UCN3 in human and non-human primate alpha
cells, where we lack a direct demonstration of the contributions of alpha cell-derived UCN3
to the activation of somatostatin feedback and whether this feedback is aimed primarily

at alpha or beta cells. Related to this, the transcriptional and epigenetic mechanisms that
regulate the expression of UCN3 during developmental time, in diabetes and differentially
in primate and non-primate alpha cells are not fully understood. And another outstanding
question that is broader than just the pancreatic islet regards the processing of endogenous
UCNS as there has to date not been a direct demonstration of the exact processing site(s)

of mature, bioactive UCN3 peptide isolated from an endogenous site. While answers to
these outstanding questions are hopefully forthcoming, the reader is hopefully left with

the impression of UCNS3 is a novel peptide hormone that plays an important role in

the modulation of plasma glucose levels as the principal intra-islet activator of delta cell
somatostatin release. Related to this role, and perhaps reflecting an adaptive response by the
islets to maximize insulin output in the face of rising insulin demand in Type 2 Diabetes, the
loss of UCN3 is an early indicator of islet dysfunction that is furthermore readily detectable
by standard immunohistochemical techniques. These properties warrant the inclusion of
UCNS3 in any panel of beta cell markers that are used to either assess the maturation of stem
cell-derived beta-like cells or their dedifferentiation in the context of diabetes.
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Figure 1: Species difference between rodent and primateiset expression of Ucn3 and Crh.
The expression of two sets of genes, Mafal Mafb and Ucn3l Crh, that markedly differ in

their expression between alpha and beta cells in mouse (A) and human (B) islets. Mafais
restricted to beta cells of both species, while Mafb is selectively expressed in mouse alpha
cells (A) but expressed in human beta cells as well (B). Ucn3is highly selective for mouse
beta cells while Crhis detected in neither mouse islet population (A, C, D). By contrast,
UCN3 expression is abundant in human alpha and beta cells, while CRH is enriched in
human alpha cells (B, E, F). Human RNA-seq data from [78]. Figure originally published
in [16] under a Creative Commons Attribution 4.0 International License and reused without
alteration.
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Figure 2: Expression of Ucn3in PP cells.
The expression of UCN3 is absent from pancreatic delta cells, but present in human and

mouse PP cells, characterized by the expression of pancreatic polypeptide (Poy/PPY).
Human single cell RNA-seq data from [79] with the main endocrine cell clusters as defined
by the expression of GCG, INS, SST and PPY (A). Expression of Crhis restricted to

human alpha cells (B), while Ucn3expression is detected in PP cells as well as in alpha

and beta cells (C). Note how the mosaic detection of Crirand Ucn3reflects dropout rather
that biologically meaningful heterogeneous expression. The expression of UCN3 in PP cells
is confirmed at the protein level by the observation that UCN3 and PPY overlap within

the same cells of human pancreatic islets, as indicated by yellow areas. Blue arrow heads
indicate overlap between UCN3 and insulin.
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Figure 3: Colocalization of UCN3 and insulin in beta cell secretory granules.
Structured illumination microscopy demonstrates that UCN3 and insulin overlap with high
fidelity in the secretory vesicles of mouse beta cells. Nuclear shades are indicated by

asterisks.
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Figure 4: Overview of paracrine signalingin theislet involving UCN3.
Beta cells co-secrete UCN3 along with insulin to activate its cognate receptor CRHR2a.,

which is selectively expressed on delta cells and amplifies SST negative feedback on alpha
and beta cells. CRHR2 is a Gas-coupled G-protein coupled receptor, which raises CAMP in
delta cells to potentiate SST secretion. UCN3 is also expressed by alpha cells in primate, but
not rodent islets.
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