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The homeodomain transcription factor HHEX (hema-
topoietically expressed homeobox) has been repeatedly
linked to type 2 diabetes mellitus (T2DM) using genome-
wide association studies. We report here that within the
adult endocrine pancreas, Hhex is selectively expressed
in the somatostatin-secreting & cell. Using two mouse
models with Hhex deficiency in the endocrine pancreas,
we show that Hhex is required for &-cell differentiation.
Decreased somatostatin levels in Hhex-deficient islets
cause disrupted paracrine inhibition of insulin release
from B cells. These findings identify Hhex as the first
transcriptional regulator specifically required for islet
cells and suggest compromised paracrine control as
a contributor to T2DM.
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Although genome-wide association studies have linked
>60 loci with type 2 diabetes mellitus (T2DM), how these
loci contribute to the pathogenesis of diabetes remains
largely undetermined. Multiple single-nucleotide poly-
morphisms (SNPs) in a 350-kb linkage disequilibrium
(LD) block on human chromosome 10 have been strongly
linked to T2DM (Saxena et al. 2007; Schulze et al. 2007;
Scott et al. 2007), impaired insulin secretion (Jonsson
et al. 2013), elevated glucagon secretion (Jonsson et al.
2013), and higher pediatric body mass index (Zhao et al.
2010). This LD block encompasses three genes: IDE
(insulin-degrading enzyme), KIF11 (kinesin-interacting
factor 11), and HHEX (hematopoietically expressed ho-
meobox). A recent study from the Edlund laboratory
(Steneberg et al. 2013) discovered that Ide is required for
insulin secretion in mouse B cells. However, it remains
unknown whether and how KIFI11 and/or HHEX are
involved in glycemic control.

In mice, Hhex is a crucial regulator in the development
of several organs, including the heart (Foley and Mercola
2005), thyroid (Fagman and Nilsson 2011), and liver (Bort
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et al. 2006; Hunter et al. 2007). Hhex /~ embryos die at
midgestation and evince a variety of defects, including
failure to specify the ventral pancreas due to blunted
migration of foregut endoderm cells (Bort et al. 2004). In
adults, Hhex activity has been described in the mouse
lung, thyroid, and liver (Bogue et al. 2000). However,
Hhex protein expression and function have not been
reported in the mature rodent pancreas. In this study,
we performed the first direct functional analysis of Hhex
in the fetal and adult endocrine pancreas, a primary organ
responsible for glucose homeostasis. We employed two
transgenic drivers for this purpose: PdxI1Cre-ER for
inducible ablation in adult B cells and most § cells and
Ngn3Cre for ablation in the entire fetal endocrine pan-
creas. We discovered that Hhex’s primary function is not
in pancreatic B cells, as previously assumed, but in the
maintenance of somatostatin (Sst)-producing & cells
and, consequently, in paracrine control of a- and B-cell
function.

Results and Discussion

As a prerequisite toward understanding the potential role
of Hhex in glucose homeostasis, we characterized its
expression pattern in the adult pancreas. Coimmuno-
fluorescent labeling of Hhex and individual hormone
markers in the 9- to 12-wk-old mouse pancreas revealed
Hhex nuclear protein in pancreatic ducts and Sst-secreting
3 cells (Fig. 1A). Contrary to expectation, we did not detect
any Hhex immunoreactivity in insulin-producing B cells
or other endocrine cell types (Fig. 1B-D). In fact, 89%
of Hhex-expressing cells coexpressed Sst, and, conversely,
94% of Sst-positive cells were also Hhex-positive. Similar
to our observation in mice, in the adult human pancreas,
a strong nuclear HHEX signal was detected in Sst-expressing
cells (Fig. 1E) rather than other endocrine cell types
(Fig. 1F-H).

The & cell, which comprises 6% of mouse and 11% of
human islet cells (Brissova et al. 2005), contributes to
glucose homeostasis in a paracrine fashion. In response to
stimuli such as glucose and tolbutamide, the & cell
releases Sst, which binds to the Sst receptor 2 (Sstr2) on
adjacent «a cells and Sstr5 on B cells to inhibit glucagon
and insulin secretion, respectively (Moller et al. 2003).
Islets from Sst~/~ mice show elevated insulin and glu-
cagon secretion in response to various secretagogues
(Hauge-Evans et al. 2009). In addition, Sstr2-deficient
mice, which lack paracrine inhibition specifically in
a cells, are hyperglycemic due to elevated glucagon
secretion (Singh et al. 2007).

In order to study the contribution of Hhex to islet
function, we ablated Hhex in islet § cells in mice. Due to
the lack of a §-cell-specific Cre line, we used Pdx1-CreER
(Gu et al. 2002) mice, in which Cre recombinase is active
in both B and & cells upon induction by tamoxifen (Guz
et al. 1995; Serup et al. 1995; Schaffer et al. 2011). We
reasoned that because Hhex is not expressed in  cells,
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Figure 1. Hhex expression in the adult mouse and human pancreas. (A)
Immunofluorescent labeling of an adult mouse pancreas reveals robust Hhex
expression in Sst-producing & cells. Hhex immunoreactivity is also detected in
pancreatic ducts (arrow) and, at lower levels, in some acinar cells. (B-D) Hhex
immunofluorescence is undetectable in insulin (Ins)-expressing B cells, glucagon
(Glu)-expressing « cells, or PP (pancreatic polypeptide) cells. (E-H) In the adult
human pancreas, HHEX (red) is also expressed in Sst -positive (green) § cells
rather than other endocrine cell types. Borders of islets are outlined in white.

Ngn3Cre mice displayed a complete loss of Sst*
cells in islets at embryonic day 16.5 (E16.5) and 16
wk of age, indicating an essential role of Hhex in
d-cell differentiation (Fig. 4). Note that, similar to
our adult gene ablation model, B-cell number was
not affected by Hhex deficiency.

Next, we explored the functional consequences
of Hhex deficiency in adult 3 cells. To evaluate
glucose responsiveness, we challenged control
and Hhex mutant mouse islets with a glucose
ramp (0-25 mM) in the islet perifusion assay.
Compared with controls, mutant islets exhibited
both a lower glucose response threshold and en-
hanced overall insulin secretion (Fig. 3E). The un-
bridled insulin secretion in mutants stemmed from
Hhex deficiency rather than ectopic expression of
Cre in the B cell from the Pdx1-CreER transgenes,
whose lack of effect on insulin secretion has been
validated in several reports (Lee et al. 2011;
Schaffer et al. 2011; Gao et al. 2014).

To examine glucagon secretory capacity, we
employed static islet cultures. At the basal con-

these mice, once crossed with Hhex™*¥ (Hhex™xP/LoxP)
mice, would allow us to analyze the &-cell-specific
functions of Hhex. As predicted, when we ablated Hhex
in 9- to 12-wk-old animals using PdxI-CreER, by 1 wk
of tamoxifen treatment, insulin- and glucagon-producing
cell numbers and islet architecture were normal, as
evidenced by hormone immunofluorescence staining

dition (16.7 mM glucose), glucagon release from control
and mutant mouse islets was indistinguishable (Fig. 3F).
However, when stimulated by lowering the glucose
concentration from 16.7 mM to 2.8 mM and simulta-
neously adding an amino acid mixture as a glucagon
secretagogue, mutant islets secreted twice as much
glucagon as the controls (Fig. 3F). As predicted, elevated

(Fig. 2A-B’) and quantification of the endocrine
cell area (Fig. 2E, F). In addition, immunoreactiv-
ity of two key B-cell signature genes, Pdx1 and
Glut2, was indistinguishable between controls
and mutants (Fig. 2C-D’). Consistent with this
finding, we detected comparable mRNA levels of
a spectrum of B-cell marker genes in control and
mutant islets (Fig. 2G). As expected from the
absence of Hhex expression in o and B cells, these
results confirm that Hhex does not act cell-auton-
omously in these cells.

In contrast to the lack of effect on - and B-cell
number, Sst immunolabeling revealed that mu-
tant islets lost >75% of 3-cell area compared with
controls (Fig. 3A-C). This finding was confirmed
on the transcript level, where Sst expression in
mutant islets was only 25% of that in the controls
(Fig. 3D). In addition, Hhex mutant islets secreted
80% less Sst than control islets under both low (1
mM) and high (20 mM) glucose conditions, con-
gruent with the reduced number of § cells (Supple-
mental Fig. S1). Furthermore, expression of the
cholecystokinin B receptor (Cckbr), a 8-cell marker
(Morisset et al. 2000), was significantly down-
regulated in Hhex-deficient islets (Fig. 3D), in-
dicating 8-cell dedifferentiation in the absence of
Hhex. Of note, the remaining 8 cells in Hhex
mutants resulted from incomplete Hhex ablation,
as most of them maintain Hhex expression (Fig.
3B’). Collectively, these data demonstrate that
Hhex is required for the maintenance of the 3-cell
phenotype in the adult islet.

To determine whether Hhex also controls 3-cell
differentiation during fetal development, we em-
ployed Ngn3Cre (Schonhoff et al. 2004) to inacti-
vate Hhex in endocrine progenitors. Hhex'OxF/10xP;
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Figure 2. Acute Hhex ablation does not adversely affect a- and B-cell numbers.
(A-B’) Normal «- and B-cell number and islet architecture in the Hhex mutant
(Hhex"**° pix1-CreER mice treated with tamoxifen) and control (Hhex"<*/oxP
mice treated with tamoxifen) pancreas as revealed by immunofluorescent staining.
Islet areas are outlined in B and B’. (C-D') Immunolabeling showed that expression
of key B-cell markers Pdx1 and Glut2 is indistinguishable in control and Hhex
mutants. (E,F) B-Cell and a-cell areas in Hhex mutants are similar to those seen in
controls (n = 4). (G) Transcript levels of B-cell signature genes Pdx1, NeuroD,
Nkx6.1, Glut2, Ins1, and Ins2 are comparable between controls and Hhex mutants
as evaluated by qRT-PCR (n = 4-6). Data are represented as mean = SEM. (ns) Not
significant.
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Figure 3. Hhex deficiency in the adult pancreas results in the reduction of &
cells and compromised islet function. (A,B) Representative immunofluorescent
costaining of Hhex (red) and Sst (green) in control and mutant animals. Note the
decrease of Sst* cell number in the mutant pancreas. Islets are outlined. (A’,B’)
Magnified view of boxed regions in A and B, respectively. White arrows in B’
designate remaining 8§ cells in mutant islets positive for Hhex. Yellow arrow
denotes a rare Sst";Hhex ™ cell. (C) Ratio of Sst™ area to pancreatic area in control
(n = 3) and mutant (n = 4) mice. (D) gQRT-PCR detection of Hhex, Sst, and Cckbr
transcripts in control (n = 4-6) and mutant (n = 4) islets. (E) Islet perifusion assays
on islets from 9-wk-old control (n = 3) and mutant (n = 3) littermates show
abnormally enhanced insulin secretion in response to a glucose ramp (0-25 mM).
The area below the curve was calculated for insulin release tracks and is plotted
in the insert. (F) Glucagon release in response to a cocktail of glucagon
secretagogues (2.8 mM glucose [G], 7 mM amino acid mixture [AAM], and
1 mM glutamine [Q]) alone or in combination with Sst (2.4 uM) was examined in
static islet incubations (n = 4). Control (Con) indicates Hhex *P/LoxP with
tamoxifen. Mutant (Mut) indicates Hhex"“*P;Pdx1-CreER with tamoxifen. Data
in all graphs are represented as mean + SEM. (*) P < 0.05; (***) P < 0.001. See also
Supplemental Figures S1 and S2.

Hhex in 3-cell maintenance

(terminal deoxynucleotidyl transferase [TdT]-me-
diated dUTP nick end labeling) and cleaved cas-
pase-3 immunolabeling in Hhex mutant pan-
creata at multiple time points following the first
tamoxifen injection (Supplemental Fig. S3; data
not shown). However, we did not find any evi-
dence of increased apoptosis at any time point
examined. We thus conclude that the absence of
Hhex does not affect 3-cell survival.

Alternatively, Hhex could be a direct transcrip-
tional activator of the Sst gene. We addressed this
possibility using multiple means. We began by
assessing whether there is a direct dominant
activity of Hhex on the Sst promoter. Overexpres-
sion of human HHEX protein in MIN6 (mouse
insulinoma) B cells (Miyazaki et al. 1990; Ishihara
et al. 1993) induced an ~35-fold increase in
endogenous Sst mRNA expression as demon-
strated by quantitative RT-PCR (qQRT-PCR) (Fig.
5A). In contrast, ectopic HHEX expression in
nonendocrine HelLa cells failed to augment Sst
levels (Fig. 5B), suggesting a context-dependent
role of HHEX in controlling Sst transcription. Fur-
thermore, chromatin immunoprecipitation (ChIP)
assays in MING cells overexpressing the HHEX
protein demonstrated HHEX binding at two
specific loci (100 base pairs [bp] and 380 bp
upstream of the Sst transcriptional start site
[TSS]) within the endogenous Sst promoter (Fig.
5C). A 676-bp-long proximal element of the Sst
promoter encompassing these Hhex-binding
sites exhibited robust activity in luciferase
reporter assays. Mutation of the core Hhex-
binding motif ATTA to CCCC diminished the
activity of the Sst proximal promoter by 80%
(Fig. 5D). These findings suggest that Hhex
directly activates Sst transcription.

In summary, we report Hhex as the first tran-
scription factor specifically required for 3-cell
maintenance. We further demonstrate that Hhex
contributes to islet function not by controlling
B-cell physiology directly but by maintaining the
differentiated phenotype of the & cell and thus
paracrine regulation of B-cell activity. These find-
ings suggest that misregulated HHEX expression

glucagon secretion in mutants was partially reversed by
treatment with 2.4 uM Sst, confirming that the secretory
defect in Hhex mutant islets was due to 8-cell dysfunction
(Fig. 3F). In summary, loss of Hhex disrupts inhibitory
paracrine regulation by the § cell, resulting in abnor-
mally enhanced insulin and glucagon release in response
to stimuli. These findings establish a role for Hhex in
normal islet physiology by maintaining 3-cell number
and function. Although impaired 8-cell function in 9- to
10-wk-old Hhex mutants did not compromise glucose
tolerance (Supplemental Fig. S2A), likely due to the
counteracting effect from elevated glucagon release,
Hhex deficiency resulted in enhanced fasting and overall
plasma insulin concentrations after glucose injections
(Supplemental Fig. S2B), confirming dampened paracrine
control on insulin secretion.

Next, we sought to investigate the molecular mecha-
nisms of how Hhex controls §-cell number. We specu-
lated that Hhex might contribute to &-cell survival.
Therefore, we screened for apoptotic cells via TUNEL

within the diabetic islet might contribute to disrupted
paracrine control of insulin secretion in T2DM, leading to
accelerated B-cell exhaustion and B-cell failure. In the
future, it will be interesting to determine the fate of the
Hhex-deficient, dedifferentiated 8 cells using genetic line-
age tracing once a robust, -cell-specific CreER transgenic
line becomes available.

Materials and methods

Mice

The derivation of the Hhex'**¥ allele has been described previously

(Hunter et al. 2007). Pdx1CreER mice (Gu et al. 2002) were kindly
provided by Dr. Guogiang Gu and Dr. Doug Melton. Ngn3Cre mice were
purchased from Jackson Laboratory. All mice were maintained on
a mixed 129SvEv/C57BL/6 background. Genotyping was performed by
PCR analysis using genomic DNA isolated from the tail tips of newborn
mice. Adult mice (9-12 wk of age) were used in all experiments. To
induce gene ablation, 1.6 mg of tamoxifen (Sigma) was injected into
Hhex"? (control) and Hhex">¥;Pdx1-CreER (mutant) animals on three
consecutive days. All experiments were performed 3 d after the last
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Figure 4. Hhex deficiency in endocrine progenitors leads to loss of 8 cells. Hhex
was ablated during fetal pancreatic development using the Ngn3Cre transgene.

(Gao et al. 2007). To measure insulin release in response to
glucose, islet perifusion was performed as previously described
(Gao et al. 2010) after overnight culture at 37°C. Insulin content
was determined using radioimmunoassay by the Radioimmu-
noassay and Biomarkers Core at the University of Pennsylvania.
Glucagon release was measured by static secretion assay. Islets
were preincubated for 60 min in buffer containing 16.7 mM
glucose in a 96-well plate (80 islets per well), after which islets
were challenged by the following conditions at 37°C: 16.7 mM
glucose for 1 h; 2.8 mM glucose with 7 mM amino acid mixture
and 1 mM glutamine for 30 min; and 2.8 mM glucose with 7 mM
amino acid mixture, 1 mM glutamine, and 2.4 uM Sst-14 (Sigma)
for 30 min. Glucagon content was assayed by commercial EIA
kit according to the manufacturer’s instructions (glucagon EIA
kit, R&D Systems). For assessment of total islet hormone
content, islets were sedimented by centrifugation, washed with
PBS, and sonicated in RIPA buffer.

Representative images of Sst and insulin double immunolabeling in a control
(Hhex™**") and mutant (Hhex"**; Ngn3Cre) pancreas at E16.5 (A-B’) and 16 wk

(C-D’). (B,B’,D,D') Note the absence of Sst* cells in Hhex-deficient mice.

injection unless noted otherwise. All procedures involving mice were
conducted in accordance with approved Institutional Animal Care and
Use Committee protocols.

Histological analysis

For all histological studies, pancreata were dissected and fixed in 4%
paraformaldehyde for 24 h at 4°C before paraffin embedding and section-
ing. For immunohistochemistry of Sst, slides were blocked with Avidin
D and biotin blocking reagents (Vector Laboratories) for 15 min at room
temperature, with a quick rinse of PBS in between. Subsequently, slides
were incubated with rabbit anti-Sst (1:250 dilution; Santa Cruz Biotech-
nology) overnight at 4°C followed by secondary antibody (biotinylated
donkey anti-rabbit [1:500; Vector Laboratories]) incubation for 2 h at room
temperature. Signals were developed using the 3,3’diaminobenzidine (DAB)
kit (Vector Laboratories).

For immunofluorescent staining, antigen retrieval was performed in
citric acid buffer (pH 6.0) in the 2100 classic clinical autoclave (Prestige
Medical) for 1 h followed by 15 min of cooling in running water. All slides
were blocked with Casblock (Invitrogen) for 15 min at room temperature.
The primary antibodies (rabbit anti-Hhex [1:300] [Hunter et al. 2007}, goat
anti-Sst [1:250; Santa Cruz Biotechnology], guinea pig anti-insulin [1:250;
Millipore], goat anti-glucagon [1:250; Santa Cruz Biotechnology|, goat
anti-anti-pancreatic polypeptide [1:250; Santa Cruz Biotechnology], goat
anti-ghrelin [1:250; Santa Cruz Biotechnology], and rabbit anti-cleaved
caspase-3 [1:750; Cell Signaling]) were diluted in Casblock and incubated
overnight at 4°C. Secondary antibody incubation was performed with
species-specific fluorophore-labeled secondary antibodies (1:500; Jackson
ImmunoResearch Laboratories) for 2 h at room temperature. Nuclei were
stained with 4’,6-diamidino-2-phenylindole (DAPI) (Invitrogen). Confocal
fluorescent imaging was visualized using a Zeiss LSM 510 NLO/META
confocal microscope at 60X. TUNEL staining was performed using the
TUNEL labeling kit from R&D Systems according to the manufacturer’s
instructions.

To quantify the ratio of hormone* area to pancreas area, whole
pancreata were removed, laid out flat, and fixed as above. Five-micrometer
longitudinal sections were prepared, with 50-pm intervals between
sections. Every sixth section (a total of three to four sections per pancreas)
was used for hormone immunoperoxidase labeling. This sampling method
spans >50% of the pancreatic volume. In addition, care was taken to score
equivalent regions of control and mutant specimens. After immunohis-
tochemical staining, 100% of each hormone-labeled section was scanned
at 4X (for insulin and glucagon immunostaining signal) or 20X (for Sst
immunostaining signal) magnification. The areas of positive signal and
the total pancreatic areas were measured by Image] (Schneider 2012).

Islet insulin and glucagon secretion

Islets were isolated from control and mutant mice using standard
collagenase digestion followed by purification through a Ficoll gradient
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RNA extraction and qRT-PCR

Total RNA from mouse islets or MING cells was extracted using

RNeasy minikit (Qiagen) and analyzed by qRT-PCR as described
previously (Le Lay et al. 2009). qRT-PCR primer sequences are available
on request.

MING6 cell culture and ChIP

MING cells were maintained in DMEM containing 10% FBS and 25 mM
glucose at 37°C in 5% CO,. Two micrograms of pMUG-Myc-HHEX
plasmid or pMUG vector (Swingler et al. 2004) was introduced via
nucleofection (Amaxa Biosystems) (Liu et al. 2010). Cells were harvested
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Figure 5. Hhex maintains 3-cell number through transcriptional
up-regulation of Sst rather than affecting apoptosis. (A) Ectopic
expression of HHEX is sufficient to induce Sst expression in MIN6
cells transfected with a Myc-tagged HHEX expression plasmid (n =
3). (B) Overexpression of HHEX in HeLa cells fails to activate Sst (n =
3). (C) ChIP using an anti-Myc 9E10 antibody was performed on
Myc-tagged HHEX-expressing MING cells followed by qPCR evalu-
ation of enrichment at three putative binding sites of Hhex within
the Sst promoter. Data are presented as the fold enrichment of the
target amplicon in ChIP DNA compared with input DNA (n =2 or
3). (D) Dual-luciferase reporter assays were conducted in MING cells
transfected with reporter constructs containing the intact (pGL3-Sst
WT) or mutated (pGL3-Sst MT) proximal promoter of Sst or the
basic vector pGL3 (n = 3). Data are represented as mean = SEM.
(*) P < 0.05; (***) P < 0.001; (ns) not significant. See also Supple-
mental Figure S3.



48 h after transfection for ChIP assays or RNA extraction. ChIP assays
were performed following the protocol in Le Lay et al. (2009) using
Myc9E10 antibody (Abcam) followed by qRT-PCR validation with
the following primers: Sst-2.2kb-F, GGAAAAATTTGCACTGCCTCT;
Sst-2.2kb-R, TGAGGCTGTAGATGAGATGACG; Sst-380-F, TGCAA
GTCCAGTAATCTGGGTA; Sst-380-R, TCAGCCACATAGGAGCAC
AC; Sst-100-F, CCTCCCCTCACTTCTGTGAT; and Sst-100-R, TCC
ACGGTCTCCCCTTTTTA.

Luciferase reporter assays

A 676-bp fragment (—576 to +100 bp relative to the TSS) of the Sst
promoter spanning the Hhex-binding sites was PCR-cloned in the Nhel
and Xhol sites of the pGL3 basic vector to build pGL3-Sst wild-type
construct. A mutated version of this element was synthesized by Eurofins
MWG Operon and subsequently inserted into pGL3 basic vector at the Nhel
and Xhol sites, resulting in mutated pGL3-Sst. One microgram of pGL3
basic vector, pGL3-Sst wild type, or pGL3-Sst mutant mixed with 10 ng of
pHRL (Invitrogen) was introduced into ~1 X 10° cells via Lipofectamine
(Invitrogen). A dual luciferase reporter assay was performed 48 h after
transfection according to the manufacturer’s instruction (Promega).
Luciferase activity was normalized for transfection efficiency by corre-
sponding Renilla luciferase activity. Experiments were performed on
three biological triplicates.

Statistical methods

Statistical analysis between two groups was performed using a two-tailed
Student’s t-test unless noted otherwise. Values were considered signifi-
cant when P < 0.05. Variation measurements are given as standard error of
the mean.
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