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The SSBP3 co-regulator is required for glucose
homeostasis, pancreatic islet architecture, and
beta-cell identity
Eliana Toren, Jessica D. Kepple, Kristen V. Coutinho, Samuel O. Poole, Iztiba M. Deeba, Tanya H. Pierre,
Yanping Liu, Maigen M. Bethea, Chad S. Hunter*
ABSTRACT

Objective: Transcriptional complex activity drives the development and function of pancreatic islet cells to allow for proper glucose regulation.
Prior studies from our lab and others highlighted that the LIM-homeodomain transcription factor (TF), Islet-1 (Isl1), and its interacting co-regulator,
Ldb1, are vital effectors of developing and adult b-cells. We further found that a member of the Single Stranded DNA-Binding Protein (SSBP) co-
regulator family, SSBP3, interacts with Isl1 and Ldb1 in b-cells and primary islets (mouse and human) to impact b-cell target genes MafA and
Glp1R in vitro. Members of the SSBP family stabilize TF complexes by binding directly to Ldb1 and protecting the complex from ubiquitin-
mediated turnover. In this study, we hypothesized that SSBP3 has critical roles in pancreatic islet cell function in vivo, similar to the
Isl1::Ldb1 complex.
Methods: We first developed a novel SSBP3 LoxP allele mouse line, where Cre-mediated recombination imparts a predicted early protein
termination. We bred this mouse with constitutive Cre lines (Pdx1- and Pax6-driven) to recombine SSBP3 in the developing pancreas and islet
(SSBP3DPanc and SSBP3DIslet), respectively. We assessed glucose tolerance and used immunofluorescence to detect changes in islet cell
abundance and markers of b-cell identity and function. Using an inducible Cre system, we also deleted SSBP3 in the adult b-cell, a model termed
SSBP3Db-cell. We measured glucose tolerance as well as glucose-stimulated insulin secretion (GSIS), both in vivo and in isolated islets in vitro.
Using islets from control and SSBP3Db-cell we conducted RNA-Seq and compared our results to published datasets for similar b-cell specific Ldb1
and Isl1 knockouts to identify commonly regulated target genes.
Results: SSBP3DPanc and SSBP3DIslet neonates present with hyperglycemia. SSBP3DIslet mice are glucose intolerant by P21 and exhibit a
reduction of b-cell maturity markers MafA, Pdx1, and UCN3. We observe disruptions in islet cell architecture with an increase in glucagonþ a-
cells and ghrelinþ ε-cells at P10. Inducible loss of b-cell SSBP3 in SSBP3Db-cell causes hyperglycemia, glucose intolerance, and reduced GSIS.
Transcriptomic analysis of 14-week-old SSBP3Db-cell islets revealed a decrease in b-cell function gene expression (Ins, MafA, Ucn3), increased
stress and dedifferentiation markers (Neurogenin-3, Aldh1a3, Gastrin), and shared differentially expressed genes between SSBP3, Ldb1, and Isl1
in adult b-cells.
Conclusions: SSBP3 drives proper islet identity and function, where its loss causes altered islet-cell abundance and glucose homeostasis. b-
Cell SSBP3 is required for GSIS and glucose homeostasis, at least partially through shared regulation of Ldb1 and Isl1 target genes.

� 2023 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords Diabetes; Glucose homeostasis; Pancreatic islet; Transcription factor; Co-regulator; Gene regulation
1. INTRODUCTION

Diabetes mellitus (DM) is an ever-growing global health crisis defined
by glucose dysregulation, and in 2019 was the seventh leading cause
of death in the United States [1]. Whether by autoimmune attack in
Type 1 (T1D), or by insulin resistance and subsequent b-cell
dysfunction in Type 2 (T2D), loss of functional insulin-producing b-cell
mass is a central diabetes mechanism. To combat these pathophys-
iologies, b-cell rescue and replacement therapies have become a
promising therapeutic avenue. Several groups are investigating the
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transplantation of stem-cell derived b-cells for diabetes patients, but
models for reproducing b-cell development and functional maturation
require optimization [2]. The advancement and implementation of
these therapies hinges upon a comprehensive understanding of b-cell
gene regulation [3]. The transcriptional complexes that govern b-cell
development and function have the potential to provide instructions for
their generation, repair, and survival.
Pancreatic islets are clusters of hormone-producing cells comprised
of a, b, d, ε, and pancreatic polypeptide (PP) cells that exist in
varied abundances depending on the organism [4]. In mice, b-cells
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Abbreviations

ChIP chromatin immunoprecipitation
Co-IP co-immunoprecipitation
CRHR2 corticotropin releasing hormone receptor 2
DM diabetes mellitus
DEG differentially expressed gene
DD dimerization domain
E embryonic day
GTT glucose tolerance test
GSIS glucose-stimulated insulin secretion
HD homeodomain
Isl1 Islet-1

LCCD Ldb1/Chip Conserved Domain
LIM Lin11-Isl1-Mec3
Ldb1 LIM domain binding protein 1
LIM-HD LIM-Homeodomain
LID LIM interaction domain
PP pancreatic polypeptide
P postnatal day
PCA principal component analysis
SSBP single-stranded DNA-binding protein
TF transcription factor
T1D type 1 diabetes
T2D type 2 diabetes
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are the most abundant (w80%) and exist in the islet core, and
glucagon-producing a-cells (w10e15%) reside in the peripheral
mantle with d, ε, and PP cells. Postprandial b-cell-derived insulin
stimulates glucose uptake to reduce blood glucose levels to protect
from hyperglycemia [5]. a-Cell-derived glucagon acts primarily on
the muscle and liver where it triggers glycogenolysis - the con-
version of stored glycogen into glucose, which is then released into
the blood stream to prevent hypoglycemia [6]. d-Cells interact with
both a- and b-cells and secrete the somatostatin hormone, which
has local inhibitory effects on glucagon and insulin secretion [7].
The ghrelin-producing ε-cell remains understudied, but there is
evidence for insulinostatic effects of ε-derived ghrelin that prevent
insulin hypersecretion and hypoglycemia during fasting [8]. The
coordinated functions of all five islet cell types are controlled by
transcription factors (TFs) and while the b-cell is the most
comprehensively studied, regulators of the other islet cell types are
also key to understanding islet physiology and diabetes
pathogenesis.
Islet-1 (Isl1) is a LIM (named for Lin11-Isl1-Mec3)-Homeodomain (HD)
TF expressed in all hormone-producing cells of the adult islet, and is
required for islet cell development and function [9e11]. Global Isl1 loss
imparts embryonic lethality by embryonic day (E)10.5 due to re-
quirements in cardiac mesoderm and central nervous system devel-
opment [12,13]. To circumvent embryonic lethality, a pancreas-wide
conditional Isl1 knockout was created using Pdx1-Cre, resulting in
drastically reduced islet hormones (insulin, glucagon, somatostatin)
and subsequent progressive hyperglycemia and glucose intolerance
[10]. Isl1 was shown to regulate the b-cell maturity marker gene MafA
[10,14] and a-cell TF gene Arx [15], highlighting an islet-wide
requirement for Isl1. Inducible loss of Isl1 in the adult b-cell caused
glucose intolerance, and combined transcriptomic and cistromic an-
alyses highlighted Isl1 regulation of Insulin, MafA, b-cell TF Pdx1, and
Slc2a2, which encodes the b-cell glucose transporter GLUT2 [9,16].
While Isl1 has known b-cell roles, it has also been shown that Isl1 and
other LIM-HD TFs act in large multimeric complexes [17]. The widely-
expressed transcriptional co-regulator LIM-domain binding protein-1
(Ldb1) interacts with LIM-HD TFs, including Isl1, to impact transcrip-
tion of diverse genes during development [18]. In the pancreas, our lab
and others have shown that robust Ldb1::Isl1 interactions are required
for islet-cell identity and function both during development and in the
adult b-cell [16,19,20]. Ldb1 contains a dimerization (DD) and LIM-
interaction domain (LID) allowing it to act as a dimerized scaffold for
stabilizing large transcriptional complexes. To define novel Ldb1 or Isl1
2 MOLECULAR METABOLISM 76 (2023) 101785 � 2023 The Authors. Published by Elsevier GmbH. T
interactions in the b-cell, we employed a reversible cross-link IP and
mass spectrometry and observed enrichment of the single-stranded
DNA-binding protein 3 co-regulator (SSBP3) [21].
The SSBP factors, including SSBP2-4, are a small family of Ldb1-
interacting proteins. SSBPs have a conserved N-terminal FORWARD
domain that interacts with the Ldb/Chip Conserved Domain (LCCD) of
Ldb1, in addition to a proline-rich domain functionally linked to head
development [17,22]. SSBP proteins govern LIM-complex activity by
binding Ldb1 and protecting complexes from ubiquitin-mediated
turnover by RLIM [23,24]. Coordinated activity of Isl1, Ldb1, and
SSBP3 (formerly known as SSDP1 [22]) regulates head development
[25], but prior to work from our group, SSBP3 activity in the pancreas
was unexplored. In a 2015 study, we found that SSBP3 is expressed at
high levels in b-cell lines, developing and adult mouse islets, and adult
human islets [21]. siRNA-mediated knockdown in b-cell lines revealed
that SSBP3 is required for expression of Ldb1 targets MafA, Pdx1,
Kcnj11, and Glp1R. Co-immunoprecipitation (Co-IP) also highlighted
that SSBP3::Ldb1 and SSBP3::Isl1 interactions are maintained in
mouse and human islets, while chromatin immunoprecipitation (ChIP)
in b-cell lines demonstrated SSBP3 occupancy of MafA and Glp1R
regulatory domains. Through possible transcriptional coordination with
Ldb1 and Isl1, we hypothesize that SSBP3 has critical in vivo regulatory
roles in developing and adult islets and b-cells.
In this study, we generated a novel SSBP3 LoxP mouse line to inter-
rogate the in vivo role of SSBP3 in islet and b-cell function. We use
Pdx1-, Pax6-, and inducible MIP-CreER transgenic lines to create three
temporal models of SSBP3 loss in the developing pancreas, islet, and
adult b-cell, respectively. We found that mice lacking SSBP3 in the
islet (SSBP3DIslet) are progressively hyperglycemic and glucose intol-
erant, similar to Isl1 and Ldb1 knockout models. We observed islet
architecture defects in SSBP3DIslet pancreata, an increase in
glucagonþ and other non-b islet cells (including ghrelin), and a loss of
b-cell maturity and functionality markers MafA, Glut2, and UCN3.
Inducible adult b-cell SSBP3 loss (SSBP3Db-cell) also led to hypergly-
cemia, glucose intolerance, glucose-stimulated insulin secretion (GSIS)
defects, and reductions of b-cell identity markers MafA, Pdx1, UCN3,
and Glut2. Transcriptomic analysis of SSBP3Db-cell islets revealed
decreased b-cell function genes (Ins1/2, MafA, UCN3) and increased
dedifferentiation markers (Neurogenin-3, Aldh1a3). We identified both
expected (MafA) and novel (Rfx6, Gastrin) gene targets shared between
SSBP3-, Isl1-, and Ldb1-deficiency models that provide valuable
insight into shared b-cell regulatory networks. These findings firmly
establish SSBP3 as a critical component of islet LIM-transcriptional
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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complexes and provide candidate targets for a deeper understanding
of these complexes and their mechanisms.

2. MATERIALS AND METHODS

2.1. Generation of mouse lines
We designed a novel SSBP3 LoxP (floxed) mouse line generated by the
Jackson Laboratory using Crispr-Cas9 gene editing. Exon 4 of the 18-
exon SSBP3 gene is LoxP flanked, which partially encodes the Ldb1-
interacting FORWARD domain (LoxP site details in Supplemental
Figure 1). A schematic of the knockout strategy can be found in
Figure 1A. SSBP3 F/F females were crossed with SSBP3 F/þ; Creþ

males to generate the three mouse models, as well as littermate
controls (CTL) and heterozygotes (SSBP3 F/þ; Creþ). The SSBP3DPanc,
SSBP3DIslet, and SSBP3Db-cell models were generated using Pdx1-
[26], Pax6- [27], and MIP-CreER [28] males, respectively. SSBP3DPanc

mice were collected at postnatal day (P)1. For some SSBP3DIslet

studies, embryos were collected at E18.5, where the morning of
vaginal plug detection was considered E0.5. Remaining data was
collected from P1, P10, P21, P28, or P35. Both males and females
were used for these studies. SSBP3Db-cell induction began at four
weeks of age, where 150 mg/g body weight of tamoxifen (Sigmae
Aldrich, #T5648) was administered by oral gavage every other day for
two weeks, as previously described [16]. SSBP3Db-cell data were
collected at 6-, 8-, 10-, 12-, and 14-weeks. Only males were used for
SSBP3Db-cell experiments, as females did not exhibit a glucose ho-
meostasis phenotype unique from controls (Supplemental Figure 2A).
We also generated MIP-CreER CTLs to confirm there were no significant
differences associated with Cre expression (Supplemental Figure 2Be
C). All studies were approved by and performed in accordance with the
guidelines of the University of Alabama at Birmingham Institutional
Animal Care and Use Committee.

2.2. Pancreatic mass index, glucose physiology, and islet isolation
At P1, pancreata were collected, weighed for pancreatic mass index
calculation (pancreas weight/total body weight � 100 [20]), and
formaldehyde fixed for histology. Trunk blood was collected from P1
and P10 mice and blood glucose measured using an automatic
glucometer (Bayer Contour Next). Mice P21 and older were fasted for
six hours prior to glucose measurements from the tail vein. Glucose
tolerance tests (GTTs) were performed as previously described [29]
with a glucose dosage of 2.5 g/kg body weight. For GSIS and RNA
analyses, islets were isolated from 14-week SSBP3Db-cell and litter-
mate CTL mice using a standard collagenase digestion method fol-
lowed by hand picking [30].

2.3. Static glucose stimulated insulin secretion (GSIS)
Isolated islets were preincubated in Krebs Ringer Buffer (KRB e
118.4 mM NaCl, 4.69 mM KCl, 1.18 mM MgSO4, 1.18 mM KH2PO4,
25 mM NaHCO3, 5 mM N-2-hydroxyethylpiperazine-N-2-ethane sul-
fonic acid, 2.52 mM CaCl2, pH 8.4) supplemented with 2.8 mM glucose
and 0.5% fatty acid free bovine serum albumin for 45 min. Five islets
were placed into each well of a 96-well plate and incubated in 100 mL
of KRB supplemented with 2.8 mM glucose (low) or 16.7 mM glucose
(high) for 45 min. The supernatants were collected for quantification of
secretion, which was normalized to insulin content. For insulin content,
islet pellets were lysed in 200 mL of lysis buffer (100 mM TriseHCl, pH
8.0; 300 mM NaCl; 10 mM NaF; 2 mM Na3VO4; 2% NP-40; Protease
inhibitor cocktail tablet [Roche, 1 tablet/25 mL]). Insulin was measured
using the Ultrasensitive Mouse Insulin ELISA kit, according to manu-
facturer’s instructions (Crystal Chem, #90080) [31].
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2.4. Plasma insulin measurements
Fasted control and SSBP3Db-cell mice were subjected to glucose
challenge (described above) and tail vein blood was collected at
time¼ 0 and 15 min after glucose injection. Plasma was isolated from
tail blood samples followed by insulin ELISA (Crystal Chem, #90080).

2.5. RNA isolation, cDNA synthesis, and qPCR analysis
RNA was isolated from P1 whole pancreas and 14-week islets in
SSBP3 knockout and littermate CTL animals using an RNeasy Micro Kit
(Qiagen, #74004) and cDNA was synthesized using the iScript cDNA kit
(Bio-Rad, #170-8840). qPCR was performed in duplicate using iTaq
SYBR Green (Bio-Rad, #172-8840) and Bio-Rad CFX96 C1000 Touch
Real-Time PCR Detection System. Data was analyzed by the 2�DD CT

method and normalized to gapdh as the housekeeping gene. Primer
sequences can be found in Supplemental Table 1.

2.6. Immunohistochemical analysis and quantification
Neonatal and adult pancreata were dissected, fixed in 4% formalde-
hyde/PBS for 4e6 h, then paraffin embedded. Sections were cut to
6 mm using a Leica RM2235 microtome and blocked using 5% normal
donkey serum (Jackson ImmunoLabs) in 1% bovine serum albumin/
PBS for 1 h at room temperature. Slides were incubated with primary
antibodies at 4 �C overnight (antibodies and dilutions in Supplemental
Table 2). Secondary antibodies were incubated for 2 h at room tem-
perature, then slides were mounted using DAPI Fluoromount G
mounting medium (Southern Biotech # 0100-20). Imaging was per-
formed using a Zeiss LSM710 confocal microscope and processed by
Zen Software (Zeiss). For quantification of islet cell types, all Pax6þ
cells were counted in four sections per mouse, at least 30 mm apart
(over 17,200 total cells counted) [10]. For a-cell quantification,
glucagonþ/Pax6þ cells were counted (and represented over Pax6þ in
Figure 2E). For non-b cell quantification, the insulin-negative/Pax6þ

cells were counted to represent other islet cell types (including a, d, ε,
and PP). Non-b cells were also represented over Pax6þ. Represen-
tative images of the stains used for quantification are included in
Supplemental Figure 5. For quantification of percent islet hormone
area (Figure 2F), P10 CTL and SSBP3DIslet pancreas tissues were
stained for insulin or glucagon, as above, and the hormoneþ cell area
was quantified from three biological replicates (three non-overlapping
sections from each) as a percentage of total pancreas area using
ImageJ (NIH).

2.7. Library preparation and RNA-Seq analyses
Total islet RNA was collected as described above and RNA-Seq library
preprocessing and sequencing were performed with 3 CTL (SSBP3F/F)
and 3 SSBP3Db-cell whole-islet RNA samples by the UAB Genomics
Core. Paired-end sequence data were extracted in FastQ format.
Isl1-and Ldb1-depleted and CTL transcriptomic datasets were
extracted from Ediger et al. [16] (Geo Accession: GSE84759) and
analyzed in parallel with SSBP3Db-cell samples. FastQ files underwent
quality control with FastQC v0.11.9 [32], raw sequencing data was
trimmed for low-quality reads, short reads, and adaptor sequences
with Trim Galore v0.6.7 software [33], followed by an additional QC
with FastQC. With STAR v2.7.3a [34], the trimmed reads were aligned
to the GRCm39 genome for exons and were converted to Bam files.
Read counts were generated with FeatureCounts through Rsubread
v2.12.3 [35], using the Ensembl GTF annotations (GRCm39.109.gtf).
Counts were processed by DEseq2 v1.38.3 [36] for differential gene
expression. For sample quality control, principal component analysis
(PCA) and hierarchical unsupervised clustering of global expression
was performed and the following samples were chosen for
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Figure 1: Generation of SSBP3DIslet mouse model and assessment of glucose homeostasis. A) Schematic detailing the generation of the SSBP3 floxed allele. In the WT,
exons 2, 3, and 4 of the 18-exon gene encode the Ldb1-interacting FORWARD domain (blue) and exons 6 and 7 encode the proline-rich domain (Pro-rich, green). Floxed SSBP3 has
LoxP sites (orange) flanking exon 4 and Cre-mediated recombination results in a predicted frameshift and premature termination. B) SSBP3DIslet knockout strategy using islet-
specific Pax6-Cre. Red arrows indicate location of RT-PCR primers. C) Floxed exon 4 excision confirmed by RT-PCR in mRNA from isolated islets at P28. Top band (234 bp)
is the WT product, bottom band (150 bp) represents SSBP3DIslet RNA products lacking exon 4. D) At P10 SSBP3DIslet mice (red) show no significant differences in ad lib blood
glucose compared to littermate CTLs (black), n ¼ 3e10, males and females. EeF) By P21 and P28 SSBP3DIslet mice have significantly elevated fasting blood glucose, n ¼ 7e15,
males and females. G) SSBP3DIslet female fasting blood glucose at P35, n ¼ 4e8. H) Glucose tolerance test (GTT) in P21 male and female mice and significantly increased area
under the curve (iAUC, right), n ¼ 3e5. I) Female GTT at P28 and corresponding iAUC, n ¼ 3e5. **P < 0.01, ***P < 0.001, ****P < 0.001.
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Figure 2: SSBP3DIslet mice exhibit islet architecture defects and altered ratios of islet cell types. A) Immunofluorescence for insulin (green), glucagon (blue), and ghrelin
(red) shows typical rodent pattern of glucagon-producing a-cells on the periphery and very few detectible ghrelinþ ε-cells. B) SSBP3DIslet islets exhibit increased glucagonþ and
ghrelinþ cells. Glucagonþ a-cells (blue) are highly abundant throughout the islet area. CeD) Magnified insets of CTL and SSBP3DIslet images from AeB (hatched boxes) highlight
glucagon/ghrelin co-positive cells. Scale bars ¼ 20 mM. E) Quantification of endocrine (Pax6þ) cells in control (white bars) and knockout (red bars) mice indicates a significant
increase in a- (Pax6þ/glucagonþ) and non-b (Pax6þ/insulin�) cells in SSBP3DIslet islets. F) Islet morphometry of % insulinþ (left) or glucagonþ (right) area in CTL and SSBP3DIslet

pancreata. n ¼ 3 biological replicates with 3 non-overlapping sections averaged from each. *P < 0.05; ns, not significant. n ¼ 3, **P < 0.01.
comparison: SSBP3Db-cell and CTLs (Geo Accession: GSE232750), Isl1
and Ldb1 controls (SRR3948070, SRR3948071, SRR3948073,
SRR3948074), Isl1-depleted (SRR3948057, SRR3948058, SRR39
48059, SRR3948060, SRR3948061), and Ldb1-depleted (SRR3948
MOLECULAR METABOLISM 76 (2023) 101785 � 2023 The Authors. Published by Elsevier GmbH. This is an open a
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062, SRR3948063, SRR3948064, SRR3948065, SRR3948066, SRR39
48067, SRR3948068, SRR3948069).
Unsupervised hierarchical cluster analysis was performed with
pheatmap v1.0.12 [37] to visualize the global gene expression pattern.
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Pathway over-representation analysis was performed with the hy-
pergeometric model-based program, clusterProfiler v4.6.0 for GO
[38,39]. All graphs were made with ggplot2 v3.40 [40].

2.8. Statistical analysis
All data are represented as mean � SEM. Statistical significance was
determined using a Student’s t-test or a two-way ANOVA, followed by
post hoc analysis using GraphPad Prism statistical software (version
9.3). A P-value of 0.05 or less was considered significant.

3. RESULTS

3.1. SSBP3-deficient neonates are hyperglycemic and glucose
intolerant
To assess in vivo roles of pancreatic SSBP3, we generated a novel
mouse with LoxP sites flanking exon 4 (Supplemental Figure 1), which
partially encodes the Ldb1-interacting FORWARD domain [25]
(Figure 1A). As a consequence of exon 4 recombination, a frameshift is
predicted in exon 5 yielding a premature termination codon (PTC) in
exon 6 of the mutant protein. Thus, we expect any translated fragment
of mutant SSBP3 to lack functional FORWARD and proline-rich do-
mains. We first used the Pdx1-Cre line to generate SSBP3DPanc mice
(Pdx1-Cre; SSBP3F/F, Supplemental Figure 3A) and because com-
mercial SSBP3 antibodies used in our prior publication are no longer
available, we used RT-PCR to visually demonstrate Cre-mediated
SSBP3 recombination in RNA from whole pancreata (Supplemental
Figure 3A, bottom). The faster migrating band indicates exon 4 exci-
sion. We found that ad lib fed P1 SSBP3DPanc mice were significantly
hyperglycemic with no change in pancreas size (Supplemental
Figure 3BeC). Preliminary mRNA analysis of whole pancreata at P1
revealed trends toward decreased expression of Ldb1 targets, MafA
and Hb9 (also called Mnx1, [19]; Supplemental Figure 3D). The
trending increase in ghrelin observed here was interesting and was
explored further in the islet-specific model below. These SSBP3DPanc

data support a role for SSBP3 in glucose homeostasis and islet cell
development. Due to our interest specifically in the islet, and reported
mosaicism of the Pdx1-Cre [41], we developed an islet-specific model
using a Pax6-driven Cre transgene, the same Cre line used to
recombine Ldb1 in a previous study [19].
We generated the SSBP3DIslet model (Figure 1B) and confirmed SSBP3
recombination in P28 islets using the RT-PCR method described above
(primer locations in exons 3 and 5 indicated by red arrows, Figure 1Be
C). At P10, we measured ad lib blood glucose in males and females
and did not observe a difference (Figure 1D). However, by P21 and P28
(Figure 1EeF) SSBP3DIslet fasting blood glucose (combined sexes) was
significantly elevated compared to littermate CTLs and heterozygotes
(Pax6-Cre; SSBP3F/þ, data not shown). Males were sacrificed by P28
due to severe hyperglycemia, and P35 females remained significantly
hyperglycemic (Figure 1G). GTTs conducted with combined P21 males
and females indicated glucose intolerance by significant increase of
area under the curve in SSBP3DIslet mice (Figure 1H). P28 females
exhibited severe glucose intolerance (Figure 1I). These findings sup-
port that SSBP3 has a significant role in islet glucose homeostasis in
male and female mice.

3.2. SSBP3DIslet mice exhibit islet architecture defects and
increased non-b islet cell numbers
At P10, we assessed islet hormones by immunofluorescence (IF).
Unlike normal peripheral expression in CTL islets (Figure 2A, blue),
SSBP3DIslet islets exhibited striking penetration of glucagonþ cells into
the islet core, as well as an overall increase in glucagonþ cells
6 MOLECULAR METABOLISM 76 (2023) 101785 � 2023 The Authors. Published by Elsevier GmbH. T
(Figure 2B, blue). We investigated ghrelin by IF and found what
appeared to be abnormally increased ghrelinþ cells in SSBP3DIslet

islets (Figure 2B, red). Loss of the Nkx2.2 TF is known to impart
increased islet ghrelinþ ε-cells [42], however we detected no overt
change in Nkx2.2 expression in SSBP3DIslet islets (Supplemental
Figure 4). These data suggest SSBP3 may regulate ε-cell number/
ghrelin expression through an Nkx2.2-independent mechanism.
In CTLs, glucagon/ghrelin co-positive cells were observed, and are
known to exist in normal islets (Figure 2C, [43]), but IF revealed an
apparent increase in these co-positive cells in SSBP3DIslet animals
(Figure 2C, D). Quantification of glucagon/Pax6 co-positive cells
confirmed a significant increase in a-cells (Figure 2E). To represent a,
ε, and other non-b islet cells, we counted insulin-negative/Pax6þ cells
(quantification method depicted with representative images in
Supplemental Figure 5) and observed a significant increase in ‘non-b’
endocrine cells as well (Figure 2E, right). This phenotype was also
observed at P21 (data not shown). We also assessed insulinþ and
glucagonþ cell area as a percentage of total pancreas area in the P10
control and SSBP3DIslet tissue samples (Figure 2F). We observed no
change in b-cell area, but an increase of a-cell area supporting the cell
quantification in Figure 2E, above. These data suggest a role for SSBP3
in islet cell fate, where loss appears to disrupt not only islet archi-
tecture, but perhaps allocation into expected a, b, d, ε, and PP
endocrine cell ratios.

3.3. SSBP3 loss disrupts MafA expression
One hallmark of b-cell maturation and proper GSIS is expression of the
TF gene MafA, which is a known target of LIM-complex partners Ldb1
and Isl1 [10,19]. In CTL E18.5 embryos, most insulin-producing cells
express MafA (Figure 3A, white nuclei), while E18.5 SSBP3DIslet islets
exhibit defects in islet architecture and contain insulinþ cells lacking
MafA expression (Figure 3B, white arrows). At P10, this phenotype is
maintained, with many insulinþ or Nkx6.1þ b-cells in SSBP3DIslet

islets lacking MafA, unlike littermate CTLs (Figure 3CeE). Co-staining
with b-cell TF Nkx6.1 shows that many MafA-deficient cells maintain
Nkx6.1 expression, providing potential specificity to MafA as an SSBP3
target in vivo.

3.4. SSBP3DIslet b-cells lack key functionality and identity markers
The significant blood glucose defect observed in SSBP3DIslet mice
(Figure 1DeI) prompted investigation of other markers of b-cell
function and identity. Assessment of a functional maturity marker
UCN3, the key b-cell TF Pdx1, and Glut2 glucose transporter at P21,
revealed all three markers to be strikingly reduced in SSBP3DIslet mice
(Figure 4). Glut2 was nearly absent in SSBP3DIslet b-cells (Figure 4Ee
F, bottom) and MafA was undetectable by this age (Figure 4F). These
defects indicate that, in addition to the islet-wide defects observed in
Figure 2, SSBP3 also plays a critical role in maintenance of b-cell
function and identity.

3.5. b-Cell SSBP3 is required for glucose homeostasis and GSIS
To bypass any developmental/neonatal SSBP3 contributions and
considering requirement of binding partners Isl1 and Ldb1 for adult b-
cell function [16], we aimed to assess the role of SSBP3 specifically in
the adult b-cell. We generated a tamoxifen-inducible SSBP3 knockout
model, termed SSBP3Db-cell (Figure 5A). Exon 4 excision was again
confirmed by RT-PCR (Figure 5B) and qPCR also supported a signifi-
cant reduction of SSBP3 mRNA (Figure 5C) in islets isolated from 14-
week-old mice. Tamoxifen was administered by oral gavage every
other day starting at 4-weeks until 6-weeks of age to recombine
SSBP3 exon 4 specifically in adult b-cells (Figure 5D). SSBP3Db-cell
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 3: MafA is disrupted by SSBP3 loss in vivo, as early as E18.5. A) Endocrine clusters in E18.5 CTL mice exhibit insulin (green) and MafA (white) co-expressing cells and
a typical b-cell core, a-cell mantle architecture. B) Many embryonic SSBP3DIslet b-cells are lacking MafA (white arrows, right) and core/mantle architecture appears disrupted. Ce
D) CTL islets in P10 neonates express Nkx6.1 (blue) and MafA (red) within the insulinþ area (white dashed line). D) SSBP3DIslet islets maintain insulin and Nkx6.1 expression, but
MafA is largely absent from the islet area. Higher magnification images of MafA staining are also shown at the right. Scale bar ¼ 20 mM. E) Quantification of MafA and insulin co-
expressing cells as a percentage of total insulinþ b-cells in CTL (white bars) and SSBP3DIslet (red bars) pancreas samples. Cell counts were averaged from three biological
replicates of each genotype. ***P < 0.0001.
male mice were hyperglycemic compared to littermate CTL s at 6-, 8-,
and 10-weeks old (Figure 5EeG). Female SSBP3Db-cell mice did not
have a phenotype distinguishable from CTLs (Supplemental Figure 2),
thus only males were used for subsequent analyses. SSBP3Db-cell
MOLECULAR METABOLISM 76 (2023) 101785 � 2023 The Authors. Published by Elsevier GmbH. This is an open a
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mice were glucose intolerant by 8-weeks of age (data not shown)
through 14-weeks (Figure 5H), at which point they were sacrificed.
Plasma collection at 0- and 15-minutes post-glucose injection
revealed reduced plasma insulin during a GTT (Figure 5I). Isolated
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Figure 4: SSBP3DIslet b-cells lack key functionality and identity markers. Immunofluorescence staining for insulin and UCN3 in P21 CTL (A) and SSBP3DIslet (B) mice
highlights a striking loss of UCN3 expression in SSBP3DIslet b-cells. CeD) CTL insulinþ b-cells co-stain for Pdx1 (red), but in SSBP3DIslet mice insulinþ b-cells exhibit reduced Pdx1
levels. EeF) CTL b-cells display normal cell-surface pattern for Glut2 (red) and nuclear MafA (white). In SSBP3DIslet islets, Glut2 is greatly reduced and MafA is absent in
SSBP3DIslet tissue. Scale bar ¼ 20 mM.

Original Article
islets from 14-week-old SSBP3Db-cell mice had unchanged insulin
content (Figure 5J), but upon stimulation with high glucose (16.7 mM),
we observed a significant reduction of insulin secretion compared to
CTLs (Figure 5K). These data highlight that SSBP3 is required for
glucose tolerance and GSIS responses from the b-cell.

3.6. Adult b-cell function and identity markers are disrupted by
inducible SSBP3 loss
Immunofluorescence of 14-week-old male control and SSBP3Db-cell

pancreata suggested a reduction of the b-cell maturity marker UCN3 at
the islet periphery and reduced Pdx1 levels throughout the islet
(Figure 6AeB). While Glut2 was present in these islets (unlike in
SSBP3DIslet mice, Figure 3), peripheral b-cells had an abnormal sub-
cellular Glut2 localization (Figure 6CeD, white arrows). qPCR analysis
in 14-week isolated islets demonstrated a reduction of Glut2, MafA,
and Pdx1. These data highlight a role for SSBP3 in maintaining key
drivers of b-cell identity and function.
8 MOLECULAR METABOLISM 76 (2023) 101785 � 2023 The Authors. Published by Elsevier GmbH. T
3.7. Transcriptomic analysis reveals shared gene targets between
SSBP3, Ldb1, and Isl1
To comprehensively investigate the transcriptional impacts of
SSBP3 loss in adult b-cells, we performed RNA-sequencing on
whole islets isolated from male control and SSBP3Db-cell mice at
14-weeks of age (Figure 7). Using a padj <0.05, we found 1082
downregulated and 998 upregulated differentially expressed genes
(DEGs) in SSBP3Db-cell islets, which can be visualized by clustering
in the heatmap and PCA plots (Figure 7AeB). Read counts for
SSBP3 also confirm reductions in the SSBP3Db-cell model
(Figure 7C). Over-representation analysis revealed a significant
enrichment for biological processes involved in chromatin remod-
eling and cell fate specification, which suggests candidate pathways
involved in the development of the SSBP3 knockout phenotypes
(Figure 7D, top). Protein-containing complex disassembly was also
upregulated, supporting the known role of SSBP3 as a LIM-complex
stabilizer. Gene sets associated with peptide hormone metabolism,
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Figure 5: Inducible SSBP3 loss demonstrates a requirement for adult b-cell function. A) Schematic for generation of SSBP3Db-cell mice using tamoxifen-inducible MIP-CreER.
Red arrows represent locations of RT-PCR primers. B) Confirmation of Cre-mediated recombination using RT-PCR and gel electrophoresis from 14-week whole-islet RNA. Black
arrows indicate WT and SSBP3Db-cell bands. C) Reduction of SSBP3 mRNA in SSBP3Db-cell islets at 14-weeks by qPCR, n ¼ 3. D) Experimental design for SSBP3Db-cell model, details
in methods. Briefly, induction regimen began at 4-weeks of age and fasting blood glucose, GTT, plasma collection, islet isolation, and pancreas histology were conducted at the
indicated time points. EeG) SSBP3Db-cell mice (red) are hyperglycemic compared to littermate CTLs (black) at 6-, 8-, and 10-weeks, n ¼ 5e15 per group. H) GTT at 14-weeks (left).
SSBP3Db-cell mice are glucose intolerant as indicated by significantly increased area under the curve (iAUC, right), n ¼ 8e9. I) In vivo GSIS at 0- and 15 min post-glucose challenge at
14-weeks. SSBP3Db-cell mice have reduced plasma insulin levels at 15 min. J) Insulin content was unchanged between CTL and knockout islets. K) Static GSIS in isolated islets from
14-week-old mice demonstrates reduced insulin secretion at high glucose (16.7 mM) in SSBP3Db-cell mice. *P < 0.05, **P < 0.01, ****P < 0.0001.
oxidative phosphorylation, and ATP metabolism were downregulated
(Figure 7D, bottom), strongly supporting the observed glucose
metabolism dysfunction phenotypes. Selected genes of interest
related to b-cell function and identity including MafA, Ucn3, Ins1,
MOLECULAR METABOLISM 76 (2023) 101785 � 2023 The Authors. Published by Elsevier GmbH. This is an open a
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Ins2, G6pc2, and Gipr were reduced (Figure 7EeF). Interestingly,
we found reductions in the mRNA encoding LIM-only factor, Lmo1,
which may indicate an SSBP3-mediated role for Lmo1 in the b-cell.
Upregulated SSBP3Db-cell islet mRNA included several markers of b-
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9
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Figure 6: SSBP3Db-cell mice exhibit reductions in b-cell functional identity markers. A) At 14-weeks, CTL mice express maturity marker UCN3 (red) throughout the insulinþ

area and robust nuclear expression of the Pdx1 TF (white). B) The SSBP3Db-cell model presents with peripheral UCN3 loss and Pdx1 reductions. CeD) Glut2 expression (red)
outlines the b-cells in CTL animals (top), b-cells in SSBP3Db-cell have abnormal cytoplasmic Glut2 localization (white arrows, bottom), particularly in peripheral b-cells. E) qPCR in
14-week isolated islets demonstrates decreased mRNA encoding Glut2, MafA, and Pdx1 in SSBP3Db-cell islets. n ¼ 4, **P < 0.01. ***P < 0.001. Scale bar ¼ 20 mM.
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cell stress and dedifferentiation including TXNIP, Aldh1a3, and
Neurog3.
Lastly, we wanted to compare SSBP3 DEGs to published b-cell Ldb1
and Isl1 knockout transcriptomic datasets (Figure 7G, [16]). We found
106 upregulated and 50 downregulated genes shared between all
three factors of interest (selected shared DEGs in Figure 7G, right, full
list in Supplemental Table 3). Lmo1 and MafA were shared amongst
genes downregulated in SSBP3, Ldb1, and Isl1 knockouts as were b-
cell genes G6pc2 and Pcsk1. Shared upregulated genes include
Neurog3 and Tph1, as well as those encoding b-cell TF Rfx6 and the
fetal islet hormone gastrin, which has been linked to diabetes-induced
b-cell reprogramming [44]. These relationships require further study to
determine mechanisms, but our data solidifies a role for SSBP3 as a
driver of b-cell function and identity and establishes potential new
molecular candidates for SSBP3 interactors and downstream targets.

4. DISCUSSION

In this study, we reveal critical roles for the SSBP3 transcriptional co-
regulator in the mouse pancreas that build on our previously published
in vitro work identifying SSBP3 as an interactor of Isl1 and Ldb1 in the
b-cell [21]. Here, we developed a novel SSBP3 LoxP allele mouse
paired with various Cre-driver lines to demonstrate that islet devel-
opment and glucose homeostasis require SSBP3. Loss of pancreas-
(Pdx1-Cre) or islet-wide (Pax6-Cre) SSBP3 caused significant hyper-
glycemia as early as P1 (Supplemental Figure 3, Figure 1). MafA
expression was reduced in b-cells as early as E18.5, prior to potential
10 MOLECULAR METABOLISM 76 (2023) 101785 � 2023 The Authors. Published by Elsevier GmbH. T
secondary glucotoxicity effects (Figure 3). Islets in SSBP3DIslet mice
exhibited striking architecture abnormalities and an increase in a- and
other non-b islet cells, despite no change in insulinþ cell area
(Figure 2). To bypass potential developmental defects, the inducible
SSBP3Db-cell model revealed, in addition to hyperglycemia and glucose
intolerance, drastic reductions in plasma insulin during a glucose
challenge and GSIS from isolated islets ex vivo (Figure 5). Glucose
intolerance and loss of b-cell identity factors appeared to be more
extreme in the developmental SSBP3DIslet compared to the SSBP3Db-
cell model. For example, SSBP3DIslet b-cells exhibited a near complete
loss of MafA, Pdx1, Glut2, and UCN3 by IF (Figure 4). This variation may
be due to technical differences in Pax6-versus MIP-CreER recombi-
nation efficiency, but perhaps aging SSBP3Db-cell mice further after
induction would yield similarly drastic defects. We observed sex dif-
ferences in these SSBP3-deficient models where SSBP3DIslet females
had a slightly delayed (albeit still severe) glucose tolerance phenotype,
while SSBP3Db-cell females remained glucose tolerant. These results
are consistent with published sex asymmetry in diabetes and glucose
metabolism [45,46]. Despite these minor divergences between
models, both SSBP3DIslet and SSBP3Db-cell mice clearly exhibit a ne-
cessity for SSBP3 in islet b-cell function.
Further supporting SSBP3 as a regulator involved in b-cell functional
identity, SSBP3DIslet and SSBP3Db-cell mice exhibited defects in UCN3
expression (Figures 4, 6). “Virgin” b-cells are a UCN3-negative,
immature, and relatively infrequent (1e2% of adult b-cells) population
located on the islet periphery in wild type mice [47]. We show pe-
ripheral UCN3 reductions in the SSBP3Db-cell model (Figure 6) that may
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 7: b-Cell loss of SSBP3 causes global gene expression changes similar to Ldb1 and Isl1. A) Heatmap of all differentially expressed genes (DEGs) in islet RNA from
SSBP3Db-cell (red) and CTL (black) mice at 14-weeks (padj <0.05). B) PCA of SSBP3Db-cell CTLs and knockouts. C) Read counts of SSBP3 highlight significantly reduced expression
in SSBP3Db-cell islets. D) GO term over-representation analysis of upregulated (top, red) and downregulated pathways (bottom, blue). Numbers indicate the count of DEGs
associated with each GO term. Dotted vertical line is at padj ¼ 0.05. E) Selected genes of interest heatmap. F) Volcano plot of selected SSBP3Db-cell DEGs. Blue represents
downregulated, red represents upregulated, and gray represents genes without significant change, solid horizontal line at padj ¼ 0.05. G) Venn diagram of DEGs between
SSBP3Db-cell, published Isl1� and Ldb1� models. Table shows selected downregulated (blue) and upregulated (red) DEGs shared between all three models. Full list of shared DEGs
in Supplemental Table 4.
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represent an increase in virgin b-cells upon SSBP3 loss. Virgin b-cells
are trans-differentiation intermediates between a- and b-cells, but we
observed no overt increases of a-cells in SSBP3Db-cell mice (data not
shown). Future studies will determine if perhaps the significant in-
crease of a-cells in SSBP3DIslet mice (Figure 2) is a result of this trans-
differentiation mechanism.
In addition to increased a-cells, we found an overt increase of ghrelinþ

and glucagonþ/ghrelinþ cells in SSBP3DIslet pancreata (Figure 2),
which was also suggested by preliminary mRNA analysis in
SSBP3DPanc (Supplemental Figure 3). ε-Cell ghrelin regulation remains
somewhat unexplained in the islet, but a recent zebrafish study
demonstrated that extreme b-cell loss caused a Pax4-dependent in-
crease in ε-cells [48]. These ε-cells were intermediates that would
trans-differentiate into b-cells to replenish the lost mass. Further
studies will investigate whether Pax4 is involved in our models, but
perhaps SSBP3-deficient b-cell dysfunction is driving ε-cell increases.
The Nkx2.2 TF is required for transcriptional repression of ghrelin in
non-ghrelin producing islet cells [42], thus Nkx2.2 null pancreata
exhibited loss of b-cells and a striking increase in ghrelin [43], similar
to our model. However, we found no changes in Nkx2.2 levels by IF
(Supplemental Figure 4), suggesting an Nkx2.2-independent role for
SSBP3 in affecting ε-/ghrelinþ cell levels.
Architecturally, the existence of numerous a- and ε-cells within the
core of SSBP3DIslet islets (Figure 2) may suggest a unique role for
SSBP3 in the formation or migration of endocrine progenitors during
development. Coordination of islet architecture and progenitor move-
ment is still being uncovered, but islet cells that differentiate first are
thought to exist on the islet periphery [49]. Fittingly, knockouts of the
SSBP3-target gene MafA also feature islet architectural defects
[50,51]. Perhaps SSBP3-mediated complexes have roles in endocrine
progenitor fate, and also aspects of their cellular migration/localization
during development.
In multiple tissue contexts, SSBP3 is an essential member of LIM-
containing transcriptional complexes. Through association with the
LCCD domain of Ldb1, SSBP3 prevents binding of the RLIM ubiquitin
ligase and thus prohibits ubiquitin-mediated complex turnover [23].
SSBP3, Ldb1, and the LIM-HD TF Lhx1 coordinately regulate anterior/
head development, where loss of each factor independently imparts a
striking head-truncation phenotype [52e54]. We aimed to interrogate a
similar complex in the b-cell, where Isl1 appears to be the principal LIM-
HD TF rather than, for example, Lhx1 [55]. Considering the protective
role of SSBP3, we hypothesized that SSBP3 loss would yield a more
severe phenotype than individual Ldb1 and Isl1 knockouts. Surprisingly,
Pax6-Cre driven SSBP3 knockouts exhibited a slightly delayed hyper-
glycemic phenotype compared to Ldb1 loss using the same Cre trans-
gene (P10 hyperglycemia in Ldb1DIslet [19], P21 in SSBP3DIslet). While
understanding the potential for differential Cre recombination efficiency
in these models, there remains the strong possibility for (at least) partial
compensation by other SSBP co-regulator family members (e.g., SSBP2
or SSBP4). Our prior study found that SSBP2 and SSBP4 are expressed
in Min6 b-cell lines, albeit at lower levels than SSBP3 [21]. These
regulators are also expressed in primarymouse and human islet cells, as
demonstrated by single-cell and transcriptomic atlases [56e58]. Future
studies may further assess their contributions to LIM-containing tran-
scriptional complexes in the b-cell and islet.
Our RNA-Seq analysis highlighted shared DEG signatures between Isl1,
Ldb1, and SSBP3 adult b-cell knockouts, including MafA, Lmo1, and
GSIS genes (Pcsk1, G6pc2; Figure 7G). These data provide valuable
insight into the targets of b-cell Isl1::Ldb1::SSBP3 complexes, but we
also appreciate that the gene targets do not completely overlap between
models, perhaps due to activity of other LIM-transcriptional complex
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components. Combinatorial hexameric Ldb1-mediated complexes
employing multiple LIM-HD TFs have been reported in other contexts,
including in developing spinal cord neurons (termed the LIM Code [59]).
In theb-cell, a similar “code” could exist with Isl1 and other LIM-HD TFs,
such as Lhx1. In addition to LIM-HD containing complexes featuring (for
example) Isl1, SSBPs also participate in Ldb1-mediated complexes with
GATA- and basic helix-loop-helix (bHLH)-class TFs via LIM-only adapter
proteins (i.e., Lmo1-4), as shown during erythropoiesis [60e62]. Lmo1,
2, and 4 are expressed in developing and adult islets [19] and may
function within these Ldb1::GATA::bHLH transcriptional complexes, also
mediated by SSBPs. Perhaps Isl1-independent SSBP3 activity employs
GATA4, GATA6 and/or NeuroD1 TFs, all known regulators of pancreatic
development [63e66]. Future studies may define whether these com-
plexes have relevance to b- or a-cells.
Limitations of our current study include that, considering a role of
SSBP3 in the maintenance of LIM complexes, we did not test protein
levels of Isl1 or Ldb1 in vivo, which should be examined in future
experiments. We also acknowledge that the published Isl1- and Ldb1-
depletion model transcriptomes [16] compared in Figure 7 were
conducted using YFP-sorted b-cells while our SSBP3 knockout RNA
was isolated from whole-islets. This may contribute to gene expression
differences, but perhaps less so in b-cell specific DEGs. Our focus on
b-cell genes allowed us to determine shared targets that were sup-
ported by the observed glucose homeostasis and GSIS phenotypes.
The SSBP3 roles detailed in our present study provide many avenues
for future efforts. Lineage tracing experiments will help answer the
question of potential trans-differentiation in the absence of SSBP3, and
thus more specifically define to what extent SSBP3-deficient islet cells
adopt other islet or non-islet cell fates. Regarding the LIM transcrip-
tional complexes mentioned above, we also aim to determine other
members of these complexes in future studies. The mRNA encoding
the LIM-only co-regulator, Lmo1, was decreased across all three
models (Figure 7G), suggesting perhaps this is an additional LIM factor
with roles in the islet. Another LIM-HD TF, Lmx1b, was implicated in
human endocrine progenitor fate in vitro [67] and may also be a
component of islet SSBP3-mediated complexes, though its levels were
not found to be altered in our transcriptome analysis. The increased
glucagonþ cells, not observed in Isl1 or Ldb1 knockouts, also suggests
a unique role for SSBP3 in a-cells that will be addressed. Overall, this
study establishes SSBP3 co-regulator importance for the development
and maintenance of the pancreatic islet, further defining LIM tran-
scriptional complexes in the pancreas. This not only provides new
insight into how islet and b-cell function are regulated in vivo, but
perhaps identifies SSBP3 as a novel islet regulator to be examined in
future in vitro cell-based therapies.
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