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As professional secretory cells, b-cells require adaptable
mRNA translation to facilitate a rapid synthesis of proteins,
including insulin, in response to changing metabolic cues.
Specialized mRNA translation programs are essential driv-
ers of cellular development and differentiation. However, in
the pancreatic b-cell, the majority of factors identified to
promote growth and development function primarily at the
level of transcription. Therefore, despite its importance,
the regulatory role of mRNA translation in the formation
and maintenance of functional b-cells is not well defined.
In this study, we have identified a translational regulatory
mechanismmediated by the specialized mRNA translation
factor eukaryotic initiation factor 5A (eIF5A), which facili-
tates the maintenance of b-cell identity and function. The
mRNA translation function of eIF5A is only active when it is
posttranslationallymodified (“hypusinated”) by the enzyme
deoxyhypusine synthase (DHPS). We have discovered that
the absence of b-cell DHPS in mice reduces the synthesis
of proteins critical to b-cell identity and function at the
stage ofb-cellmaturation, leading to a rapid and reproduc-
ible onset of diabetes. Therefore, our work has revealed a
gatekeeper of specialized mRNA translation that permits
the b-cell, a metabolically responsive secretory cell, to
maintain the integrity of protein synthesis necessary during
times of induced or increased demand.

The pancreatic insulin-producing b-cell functions to maintain
whole-body metabolism. As such, b-cells must have the ca-
pacity for high-level, adaptable mRNA translation to facilitate
the rapid synthesis of proteins, including insulin, in response

to changing metabolic cues (1,2). In other cellular settings,
specialized mRNA translation programs have been shown
to drive cellular development, differentiation, and function
(3,4). However, most of the factors identified to promote
growth and development in the pancreatic b-cell primarily
function at the level of transcription (5). Therefore, de-
spite its importance, the regulatory role of mRNA
translation in the formation and maintenance of func-
tional b-cells is not as thoroughly studied. If we are to

ARTICLE HIGHLIGHTS

• b-Cells are secretory cells that require adaptable
mRNA translation for the synthesis of proteins in re-
sponse to metabolic cues. Our previous work showed
that the hypusinated form of the mRNA translation
factor eukaryotic initiation factor 5A (eIF5AHYP) trans-
lationally regulates acinar cell growth/function. We hy-
pothesized this may also occur in b-cells.

• We discovered that Ins1, Slc2a2 (Glut2), Ucn3, and Chga
are translationally regulated by eIF5AHYP during b-cell
maturation. Without deoxyhypusine synthase (DHPS)/
eIF5AHYP, b-cells lose identity/function and diabetes
ensues.

• Our findings suggest that secretory cells regulate trans-
lation during times of stress. We propose that stimulat-
ing translation in the b-cell might reverse defects that
contribute to diabetes progression.

1Department of Biology, Indiana University Indianapolis, Indianapolis, IN
2Indiana Biosciences Research Institute, Indianapolis, IN
3Department of Biostatistics and Bioinformatics, Roswell Park Comprehensive
Cancer Center, Buffalo, NY
4Department of Biochemistry and Molecular Biology, Indiana University School
of Medicine, Indianapolis, IN
5Center for Diabetes and Metabolic Diseases, Indiana University School of
Medicine, Indianapolis, IN

Corresponding author: Teresa L. Mastracci, tmastrac@iu.edu

Received 21 February 2023 and accepted 27 November 2023

This article contains supplementary material online at https://doi.org/10.2337/
figshare.24721620.

C.T.C. and C.B.P.V. contributed equally to this work.

© 2024 by the American Diabetes Association. Readers may use this article
as long as the work is properly cited, the use is educational and not for
profit, and the work is not altered. More information is available at https://
www.diabetesjournals.org/journals/pages/license.

IS
L
E
T
S
T
U
D
IE
S

Diabetes Volume 73, March 2024 461

mailto:tmastrac@iu.edu
https://doi.org/10.2337/figshare.24721620
https://doi.org/10.2337/figshare.24721620
https://www.diabetesjournals.org/journals/pages/license
https://www.diabetesjournals.org/journals/pages/license
http://crossmark.crossref.org/dialog/?doi=10.2337/db23-0148&domain=pdf&date_stamp=2024-02-06


successfully engineer regenerative therapeutics to pre-
vent or treat diabetes, a disease characterized by loss or
dysfunction of the insulin-producing b-cells, we must first
understand all of the mechanisms that drive functional
b-cell development (6).

The endogenous generation of functional b-cells involves
a multistep and progressive developmental program. Many
transcription factors, including Pdx1, Nkx6.1, Nkx2.2, and
Neurod1, are essential for specifying b-cell fate during em-
bryonic pancreas development (7). Additional maturation is
then acquired in the postnatal period following the upregu-
lation of several markers required for maintenance of cellu-
lar identity and function, including Slc2a2 (Glut2), Ucn3,
and MafA (8–11). The expression of proteins needed for
b-cell functional development is increased in a timed man-
ner that follows with the progression of the animal through
expansion of b-cell mass in the perinatal period and en-
hancement of secretory machinery function after weaning
(12). Clearly, this well-regulated timeline requires coordina-
tion between transcriptional and translational machinery.
However, the mechanisms regulated by mRNA translation
are not completely understood.

An important regulator of mRNA translation is eukaryotic
initiation factor 5A (eIF5A) (13,14). Genome-wide association
studies have identified Eif5a in a type 1 diabetes (T1D) sus-
ceptibility locus in humans and NOD mice (15,16), and the
eIF5A pathway was shown to be active in islets during T1D
(17). These findings suggest that eIF5A is of great signifi-
cance to the b-cell and that this translation factor may func-
tion to establish and/or maintain proper b-cell health (18).
For eIF5A to perform its function in mRNA translation, it
must be posttranslationally modified by the rate-limiting en-
zyme deoxyhypusine synthase (DHPS) in a process known as
hypusine biosynthesis. DHPS catalyzes the addition of a
4-aminobutyl moiety from the polyamine spermidine on to
the lysine at position 50 of eIF5A, which generates the modi-
fied amino acid hypusine (N-4-amino-2-hydroxybutyl(lysine))
and thus the hypusinated form of eIF5A (eIF5AHYP) (19).
eIF5A has been shown to be the only protein hypusinated by
DHPS (20,21). The eIF5AHYP form is considered the “active”
form, and it functions in the cytoplasm to facilitate mRNA
translation initiation, elongation, and termination (22–27).
Genetic deletion of Dhps, and thus loss of eIF5AHYP, specifi-
cally in the embryonic pancreas, was shown to alter mRNA
translation, with specific reductions in the synthesis of pro-
teins critical for exocrine pancreas growth and function
(28,29). Moreover, inducible loss of Dhps in the adult b-cell
in the setting of a high-fat diet was shown to impair com-
pensatory b-cell proliferation (30). Therefore, there is grow-
ing evidence that mRNA translation facilitated by DHPS/
eIF5AHYP is a critical regulatory mechanism to produce and
maintain function in secretory cells in the pancreas.

Herein, we generated a mouse model with a b-cell–spe-
cific deletion of Dhps from the onset of b-cell differentia-
tion in the embryo to determine the role of DHPS/
eIF5AHYP in b-cell development and function. Our findings

reveal that DHPS is dispensable for perinatal b-cell develop-
ment; however, the active form of the specialized transla-
tion factor eIF5A regulates the synthesis of critical proteins,
including insulin and Glut2, which are needed for postnatal
b-cell identity and function.

RESEARCH DESIGN AND METHODS

Animal Studies
Animal studies were approved by the Indiana University
School of Medicine Institutional Animal Care and Use
Committee and the Indiana University-Purdue University
Indianapolis School of Science Institutional Animal Care
and Use Committee. Mice containing the Dhps LoxP allele
(B6.Cg-Dhpstm1.1Mirm/J) (30) were mated with Ins1-cre
mice (B6(Cg)-Ins1tm1.1(cre)Thor/J) (31) to generate mutants
(Dhps LoxP/LoxP;Ins1-cre, denoted as DHPSDBETA) and litter-
mate controls. Given that the Ins1-cre is a knock-in allele,
all matings were arranged to produce only animals hetero-
zygous for this allele. To provide a lineage trace and con-
firm cre-mediated recombination, the R26R Tomato reporter
(B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J) (32) was bred into
the mouse model. All animals were maintained on a C57Bl/6
background and genotyped as previously described (30–32).

Metabolic Analyses
Animals were weaned at 3 weeks of age. From weaning un-
til 6 weeks of age, body weight and blood glucose were
measured weekly using a digital scale (Fisher Scientific)
and AlphaTrak2 glucose monitor and test strips (ADW Dia-
betes), respectively. At 4 weeks of age, male and female an-
imals were fasted for 5 h, and a glucose tolerance test
(GTT) performed. For the GTT, animals were injected intra-
peritoneally with 2 g/kg glucose (0.25 g/mL stock solution;
Fisher Scientific), and blood glucose was measured from tail
blood at 0, 15, 30, 45, 60, 90, 120 min after injection. Statis-
tical significance was determined using a one-way ANOVA
(GraphPad Prism 9, version 9.5.1, GraphPad Software).

One-week-old animals were also evaluated for body
weight and ad libitum-fed blood glucose measurements as
described above. Blood was collected into EDTA-coated
tubes (Fisher Scientific) and processed by centrifugation
(2,000 relative centrifugal force, 5 min). Separate cohorts
of animals at 4, 4.5, and 6 weeks of age were evaluated for
blood glucose levels after a 5-h fast; blood was collected
from tail vein (6 weeks of age) or by decapitation (1 and
4 weeks of age) into EDTA-coated tubes (Fisher Scientific)
and processed as above. Plasma samples from animals at
1, 4, and 6 weeks of age were analyzed by ELISA for insu-
lin (ALPCO) and glucagon content (Mercodia). Statistical
significance was determined using a Student t test (Graph-
Pad Prism 9, version 9.5.1, GraphPad Software).

Immunofluorescence, Immunohistochemistry, and
Morphometric Analysis
Pancreas tissue at 1, 4, and 6 weeks of age was fixed in 4%
paraformaldehyde (Acros Organics), cryopreserved using
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30% sucrose (Fisher Scientific), embedded in optimal cutting
temperature compound (Fisher Scientific), and sectioned
(8 mm) using a CM1950 Cryostat (Leica). For 1 week-old
samples, every 10th section was evaluated across the entire
pancreas totaling 6 of 60 sections; for 4- and 6-week-old
pancreata, every 10th section was evaluated across the en-
tire pancreas totaling 10 of 100 sections. Immunofluores-
cence was performed as previously described (33). Primary
and secondary antibodies are listed in the Supplementary
Materials (Supplementary Table 1). Whole-section tile scan
and individual islet images were acquired using a 710 confo-
cal microscope (Zeiss) or a C2 confocal microscope (Nikon
Corporation). All islets were evaluated from every section
imaged. For morphometric analysis, insulin and glucagon
areas were measured across the entire tissue section and
normalized to exocrine area as visualized by carboxypepti-
dase A. Zen Blue V2.3 software (Zeiss) was used to calculate
endocrine and exocrine area. Islet area, shape (circularity
and length), and proximity to ducts were measured using
QuPath software (https://qupath.github.io/) (34). For cell
counting analysis from 6-week-old tissue, islet z-stack im-
ages were evaluated using NIS Elements Software V5.30.01
(Nikon Corporation). All islets were evaluated from every
section imaged. The islet cell populations counted included
lineage-labeled b-cells (Tomato1/insulin1), lineage-labeled
b-cells lacking insulin (Tomato1/insulin�), and b-cells lacking
the lineage label (Tomato�/insulin1). Within the Tomato-
expressing population, cells were also counted for expression
of b-cell identity and function markers, including Glut2,
Pdx1, and MafA; total cell counts were graphed. For cell
counting analyses from 1-week-old tissue, insulin and gluca-
gon single and coexpressing cell populations were evaluated
and graphed as a percentage. Additionally, islet and duct struc-
tures were measured from 1-week-old tissue using the pixel
classifier, and distance between structures was measured
from the center of each islet to the nearest duct. Statistical sig-
nificance was determined using a Student t test (GraphPad
Prism 9, version 9.5.1, GraphPad Software).

Immunohistochemistry was also used for morphomet-
ric analysis of pancreas tissue from 4- and 6-week-old
animals. Briefly, tissue sections were washed in 0.3% hydro-
gen peroxide in PBS (both Fisher Scientific). Tissue sections
were then permeabilized in PBS with 0.1% TritonX (Fisher
Scientific) and blocked with 5% donkey serum in PBS. Pri-
mary and secondary antibodies are listed in Supplementary
Materials (Supplementary Table 1). Tissue sections were de-
veloped in 3,30-diaminobenzidine solution (Fisher Scientific)
for 10 min. Hematoxylin (Sigma-Aldrich) was used as a
counterstain to visualize tissue architecture. All sections
were rinsed in water and dehydrated in ethanol (Decon
Laboratories), cleared in xylene (Fisher Scientific), and
mounted using Permount (Fisher Scientific). Insulin or glu-
cagon area was normalized to total pancreas area. Zen Blue
V2.3 software (Zeiss) was used to calculate endocrine and
exocrine. Statistical significance was determined using a

Student t test (GraphPad Prism 9, version 9.5.1, GraphPad
Software).

TUNEL Analysis
Pancreas tissue from 5-week-old mice was harvested, cryo-
preserved, and sectioned as described above. The TUNEL
assay was performed using the Invitrogen Click-iT Plus
TUNEL Assay Kit for In Situ Apoptosis Detection (C10617,
Invitrogen) according to the manufacturer’s instructions.
Briefly, tissue sections were permeabilized using proteinase
K, followed by incubation in the terminal deoxynucleotidyl
transferase reagent for 60 min at 37�C. The slides were
washed and incubated with the Click-iT reaction cocktail for
30 min at 37�C. The slides were then stained for insulin, as
described above. Primary and secondary antibodies are listed
in Supplementary Table 1. Pancreas tissue sections treated
with DNase were used as the positive control (TUNEL con-
trol) for every round of staining to ensure TUNEL assay acu-
ity. Individual islet z-stack images were acquired using a C2
confocal microscope (Nikon Corporation). All islets were eval-
uated from every section imaged. For identifying positive nu-
clei, islet z-stack images were analyzed using NIS Elements
Software V5.30.01 (Nikon Corporation). TUNEL-positive
nuclei were identified within each population of b-cells. Sta-
tistical significance was determined using a Student t test
(GraphPad Prism 9, version 9.5.1, GraphPad Software).

Western Blot Analysis
Pancreatic islets were isolated from mice at 4 weeks of age
(35) (see Supplementary Materials) and evaluated by West-
ern blot analysis, as previously described (28). Primary and
secondary antibodies are listed in Supplementary Table 1.
After incubation with secondary antibodies, membranes
were washed with 1% Tween (Fisher Scientific) in PBS and
then imaged and quantified by densitometry using Image
Studio Software (LICOR Biosciences). Densitometric data
are graphed as relative expression. Statistical significance
was determined using a Student t test (GraphPad Prism 9,
version 9.5.1, GraphPad Software).

Quantitative Mass Spectrometry and Proteomic Data
Analysis
Pancreatic islets were isolated from mice at 4 weeks of age
(see Supplementary Materials) and subjected to proteomic
analysis by mass spectrometry. Islets were collected from
DhpsloxP/loxP;Ins1-cre;R26RTomato, and Ins1-cre;R26RTomato mice.
There were 116 to 193 islets per sample. Sample preparation
and mass spectrometry analysis was performed in collabora-
tion with the Indiana University Center for Proteome Analysis
at the Indiana University School of Medicine, as previously
published (28). Specific details for islet sample preparation,
peptidemeasurement bymass spectrometry, and data analysis
are in the SupplementaryMaterials.

Differentially expressed proteins (DEPs) were deemed sig-
nificant with a jlog fold change [FC]j>1.5 and P < 0.05.
DEPs were then functionally enriched using the STRING
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database (36) to assess relationships between proteins,
generate a network, and enrich for pathways in which dif-
ferential proteins appear (37). The Wikipathways 3.3.7 (38)
plug-in for Cytoscape 3.8.2 (39) was used to integrate and
visualize functionally enriched pathways of interest based
on protein-level expression. The analysis was performed in
the R 4.0.1 environment for statistical computing.

Real-Time PCR
Real-time PCR was performed as previously described
(40). Briefly, we isolated islets from 4-week-old mice (see
Supplementary Materials) and extracted RNA using the
RNeasy Micro Kit (QIAGEN). Total RNA was reverse tran-
scribed using the High-Capacity cDNA Reverse Transcrip-
tion Kit (Fisher Scientific). Real-time PCR was performed
using TaqMan Gene Expression Master Mix (Applied Bio-
systems) and TaqMan probes for Ins1, Slc2a2, Chga, Ucn3,
Pdx1, Mafa, and Luciferase. Gene expression was normal-
ized by a spike-in Luciferase RNA (1 mg/mL). The mRNA
abundance was graphed as relative expression, and statis-
tical significance was determined using a Student t test
(GraphPad Prism 9, version 9.5.1, GraphPad Software).

Data and Resource Availability
The raw and processed mass spectrometry data generated
during the current study are available in the Mass Spec-
trometry Interactive Virtual Environment (MassIVE) re-
pository, a member of ProteomeXchange (accession ID
MSV000093089). No applicable resources were generated
or analyzed during the current study.

RESULTS

Dhps Is Dispensable for Perinatal b-Cell Development
Our previous work defined a role for DHPS/eIF5AHYP in exo-
crine pancreas development and function (28). However, the
extreme exocrine pancreas loss and reduced postnatal survival
of the DHPSDPANC mouse model (28) precluded further exam-
ination of b-cell growth, maturation, and function. Therefore,
to determine the role of DHPS specifically in the b-cell, we
generated a mouse model with a genetic deletion of Dhps in
the insulin-expressing cells from the onset of b-cell differenti-
ation in the embryo (DhpsLoxP/LoxP;Ins1-cre;R26RTomato, de-
noted DHPSDBETA) (Fig. 1A–E). DHPSDBETA mutant animals
were viable, and Western blot analysis of isolated islets con-
firmed knockdown of DHPS concomitant with a significant
reduction in eIF5AHYP (Fig. 1F–I).

Morphometric analysis was performed on pancreas tis-
sue collected from DHPSDBETA animals and Ins1-cre con-
trols during two significant time points in the life of the
b-cell: 1) the first week of life (postnatal day 7), which is
during a stage of significant b-cell growth (up to postnatal
day 15) (41), and 2) weaning, which is characterized by
b-cell functional maturation (12,42,43). b-cell area in
1-week-old DHPSDBETA mice and Ins1-cre controls was evalu-
ated by immunofluorescence. Insulin-expressing b-cells and
glucagon-expressing a-cells were visualized, and quantification

showed no significant difference in b-cell area, insulin- or
glucagon-expressing cell number, insulin/glucagon coexpress-
ing cell number, islet size, or islet architecture between
DHPSDBETA mice and Ins1-cre controls (Fig. 1J–L and
Supplementary Fig. 1). Body weight and ad libitum fed
blood glucose, plasma insulin, and glucagon levels were
also not significantly different between DHPSDBETA and
controls at this time point (Fig. 1M–P). Altogether, these
data identify that the absence of Dhps in the b-cell does
not impact perinatal b-cell growth, islet architecture, or
whole-body metabolism, suggesting that Dhps is dispens-
able for early postnatal b-cell growth and function.

Deletion of b-cell Dhps Results in the Onset of
Diabetes After Weaning
The functional maturation of b-cells occurs around weaning
age (3–4 weeks of age). At this stage, animals experience a
change in nutrition, and their b-cells undergo a maturation
that includes the acquisition of glucose-stimulated insulin se-
cretion (12). Therefore, we assessed DHPSDBETA and Ins1-cre
mice for changes in metabolic parameters at this stage of
b-cell development. Animals were evaluated beginning at
3 weeks of age, and we observed no significant difference in
body weight between DHPSDBETA and Ins1-cre animals until
6 weeks of age (Fig. 2A). Whereas GTTs at 4 weeks of age
showed a normal glucose response (Fig. 2B and C),
DHPSDBETA mice dramatically progressed to hyperglycemia
and then overt diabetes by 6 weeks of age (mean blood glu-
cose of 675 mg/dL in males) (Fig. 2D). Fasted blood glu-
cose levels also confirmed the progression to diabetes, as
DHPSDBETA mice displayed elevated fasting blood glucose
levels beginning at 4.5 weeks of age (mean blood glucose of
370 mg/dL in males), with an even greater defect observed
at 6 weeks of age (mean blood glucose of 576 mg/dL in
males) (Fig. 2E). Male and female DHPSDBETA and Ins1-cre
mice were evaluated at all time points, and identical phe-
notypes were observed in both sexes (Fig. 2F–J). These
data identify that Dhps plays a critical role in postnatal
b-cell function.

b-Cells in DHPSDBETA Mice Have Reduced Insulin
Expression After 4 Weeks of Age
We showed that DHPSDBETA mice develop hyperglycemia
and diabetes after weaning. To determine the b-cell de-
fect that contributes to this phenotype, we first per-
formed morphometric analysis of pancreas tissue from
DHPSDBETA and Ins1-cre animals at 4 weeks of age, using
immunohistochemistry to identify the insulin-expressing
cells. Similar to what we observed at 1 week of age, islet
structure at 4 weeks of age was not changed between the
DHPSDBETA mutants and Ins1-cre controls (Fig. 3A and B),
and quantification of insulin area showed no significant
difference (Fig. 3C). Moreover, DHPSDBETA and Ins1-cre
mice at 4 weeks of age showed no difference in levels of
plasma insulin or glucagon (Fig. 3D and Supplementary
Fig. 2A). These results are in line with the normal GTTs
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and fasted blood glucose levels observed at 4 weeks of
age in the DHPSDBETA mice (Fig. 2B, C, E, G, H, and J).

Because DHPSDBETA mice were metabolically healthy at
4 weeks of age but rapidly progressed to diabetes two weeks
later, we examined pancreas tissue from DHPSDBETA and
Ins1-cre mice at 6 weeks of age. Using morphometric analysis

and insulin expression to identify the b-cells, we observed a
significant reduction in the insulin-expressing cell area in the
DHPSDBETA compared with Ins1-cre mice (Fig. 3E–G). Con-
comitant with a reduction of insulin-expressing cells, plasma
insulin was reduced in DHPSDBETA mice compared with
Ins1-cre controls (Fig. 3H). This change in insulin-expressing

Figure 1—A mouse model of b-cell–specific genetic deletion of Dhps. A: Mouse alleles used to generate the b-cell–specific deletion of
Dhps (DHPSDBETA). Pancreas tissue from control animals (Ins1-cre;R26R Tomato) was evaluated by immunofluorescence for expression of
insulin (B), Tomato (C), and glucagon (D) to confirm b-cell–specific Cre activity. E: Islets show coexpression of Tomato in the insulin-
expressing b-cells. F: Western blot analysis of islets from 4-week-old DHPSDBETA mutants for expression of DHPS, eIF5AHYP, eIF5ATOTAL,
and total protein (as visualized by Revert). Densitometric data for DHPS (G), the ratio of eIF5AHYP-to-eIF5ATOTAL (H), and total eIF5A
(n = 3/group) (I). Immunofluorescence to visualize insulin, glucagon, and DAPI was performed on pancreata from 1-week-old Ins1-cre
(J) and DHPSDBETA mice (K). L: Quantification of b-cell area (n = 6–7/group). Body weight (M) and ad libitum fed blood glucose levels (N)
at 1 week of age (n = 6–7/group). Plasma insulin (O) and glucagon (P) levels were measured (n = 5–7/group). Quantitative data are represented as
mean ± SEM. *P< 0.05. Scale bar: 100 mm.
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cell area and function did not impact the a-cells, as the
DHPSDBETA mutants showed normal glucagon-expressing
cell area and no change in plasma glucagon (Supplementary

Fig. 2B–E). All analyses were performed in both male and
female DHPSDBETA and Ins1-cre mice, and identical pheno-
types were observed (Fig. 3I–L).

Figure 2—Measurement of metabolic parameters in the DHPSDBETA mice after weaning. A: Body weight in male mice was measured in
Ins1-cre and DHPSDBETA mice weekly beginning at weaning (3 weeks; n = 4–8/group). B: GTTs were performed on 4-week-old mice
(n = 4–8/group). C: Area under the curve was quantified from GTT data. D: Blood glucose was measured weekly beginning at weaning
(n = 4–8/group). E: Blood glucose was measured after a 5-h fast in 4-, 4.5-, and 6-week-old mice (n = 3–19/group). F–J: The identical
phenotype was observed in female mice for all parameters. Quantitative data are represented as mean ± SEM. *P < 0.05; ***P < 0.001;
****P< 0.0001.
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Given that b-cell area was normal in DHPSDBETA mice
at 4 weeks of age, the change in insulin-expressing cell
area at 6 weeks of age could reflect that insulin synthesis
was lost in the b-cells or that b-cell death occurred during
that two-week time period. To address the first possibility,

we used the R26RTomato reporter allele to lineage-label the
b-cells and then determine whether insulin expression was
lost in the DHPSDBETA mutant b-cells. Whole-mount imag-
ing confirmed the presence of Tomato-expressing cells in
isolated islets from both the Ins1-cre and DHPSDBETA mice

Figure 3—Insulin-expressing cell area in the DHPSDBETA mice is reduced at 5 and 6 weeks of age. Insulin expression in pancreas from
4-week-old Ins1-cre (A) and DHPSDBETA (B) mice. Eosin (purple) defines pancreas area. C: b-Cell area normalized to pancreas area.
D: Plasma insulin levels in 4-week-old Ins1-cre and DHPSDBETA mice (n = 6/group). Insulin expression in pancreas from 6-week-old
Ins1-cre (E) and DHPSDBETA (F) mice (n = 3/group). Eosin (purple) defines pancreas area. G: b-Cell area normalized to pancreas area.
H: Plasma insulin levels in 6-week-old Ins1-cre and DHPSDBETA mice (n = 3–4/group). I–L: Female mice show the same phenotype as male
mice. Pancreas tissue from 6-week-old Ins1-cre (M–O) and DHPSDBETA (P–R) mice showing expression of insulin and the b-cell lineage
reporter (Tomato) (n = 3/group). Scale bar: 100 mm. S: Tomato1/insulin�, Tomato�/insulin1, and Tomato1/insulin1 cell populations were
quantified and expressed as the percentage of Tomato1 cells (average Tomato1 cell count: Ins1-cre, 7,475; DHPSDBETA, 5,517). T: Toma-
to1/insulin�, Tomato�/insulin1, and Tomato1/insulin1 cell populations were quantified in control and mutant mice at 5 weeks of age and
expressed as the percentage of Tomato1 cells (average Tomato1 cell count: Ins1-cre, 10,422; DHPSDBETA, 12,934). Quantitative data are
represented as mean ± SEM. *P < 0.05, **P< 0.01, ****P< 0.0001.
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(Supplementary Fig. 3). However, morphometric analysis of
pancreas tissue from 6-week-old animals revealed an unex-
pected and significant population of cells in the mutant islets
that were R26RTomato lineage-positive but lacked insulin ex-
pression (Fig. 3M–S). Altogether we identified three popula-
tions of b-cells in the mutant islets: 1) insulin-expressing/
R26RTomato-expressing b-cells, 2) insulin-deficient/R26RTomato

-expressing b-cells, and 3) insulin-expressing b-cells that
lacked the R26RTomato lineage label. By comparison, nearly all
b-cells in Ins1-cre control islets coexpressed insulin and the
R26RTomato lineage label, with only a small number of insu-
lin-deficient/R26RTomato-expressing b-cells and insulin-ex-
pressing b-cells that lacked R26RTomato lineage label (Fig. 3S).

Given the significant increase in lineage-labeled b-cells
that lacked insulin expression at 6 weeks of age, we col-
lected pancreas tissue from a cohort of 5-week-old Ins1-
cre and DHPSDBETA mice that also carried the R26RTomato

reporter allele to determine whether there was evidence of
apoptosis of the lineage-labeled b-cell populations. Using
morphometric analysis, we identified that the same three
populations of b-cells observed at 6 weeks of age were also
present in similar proportions at 5 weeks of age in the
DHPSDBETA mice (Fig. 3T). Stratifying the lineage labeled

(Tomato-expressing) cell populations by expression of insulin
(Fig. 4A–I), we observed no difference in TUNEL-positive
cells in the insulin-deficient/R26RTomato-expressing cells (Fig.
4J) or the insulin-expressing/R26RTomato-expressing cells
(Fig. 4K). Altogether, our data confirm that after 4 weeks of
age, the absence of Dhps in the b-cell does not induce b-cell
death but does result in a loss of insulin-expressing b-cells.

b-Cells Require DHPS to Acquire Cellular Identity and
Maturation
DHPS is the rate-limiting enzyme required for the hypusi-
nation of eIF5A, which is the process by which eIF5A be-
comes posttranslationally modified and thus active. The
hypusinated/active form of eIF5A, eIF5AHYP, functions in
specialized mRNA translation; however, the proteins that
specifically require eIF5AHYP for their synthesis in the
b-cell have not been identified. We speculated that the
phenotype of diabetes in DHPSDBETA mice may be a result
of altered specialized mRNA translation causing changes in
the synthesis of certain critical b-cell proteins. Therefore,
we performed quantitative mass spectrometry on isolated
islets from 4-week-old Ins1-cre controls and DHPSDBETA

mutants. Importantly, this time point is a stage when we

Figure 4—b-Cell death is not observed in islets from DHPSDBETA mice. TUNEL assay was performed on pancreas tissue from 5-week-old
TUNEL-positive control (tissue treated with DNase) (A–C), Ins1-cre (D–F), and DHPSDBETA (G–I) mice to determine cell death (TUNEL,
white). Scale bar: 100 mm. A’, D’, and G’: Higher magnification to visualize location of TUNEL. Scale bar: 10 mm. J: TUNEL1 insulin-
deficient lineage-labeled (Tomato1) b-cells were counted (average TUNEL1 cells/insulin�Tomato1 cells: Ins1-cre males, 0/8,624;
DHPSDBETA males, 0/2,929; Ins1-cre females, 2.6/8,624; DHPSDBETA females, 2.5/11,120). K: TUNEL1 insulin-expressing lineage-labeled
(Tomato1) b-cells were counted (average TUNEL1 cells/insulin1Tomato1 cells: Ins1-cre males, 0/5,945; DHPSDBETA males 0/9,489;
Ins1-cre females, 0.6/3,782; DHPSDBETA females, 0/7,109) (n = 3/group). Data are represented as mean ± SEM. ns, not significant.
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observed no changes in insulin-expressing b-cell area or
function. Therefore, this analysis will determine, in an un-
biased manner, the proteins whose synthesis is altered in
the absence of Dhps in the b-cell. Overall, proteomic analy-
sis detected 5,900 proteins, with 123 significantly differen-
tially expressed proteins (P < 0.05; jlogFCj>1.5), both up-
and downregulated, in the islets from DHPSDBETA mice
compared with Ins1-cre controls. Pathway analysis revealed
alterations in numerous pathways critical for b-cell func-
tion, including protein localization to the secretory gran-
ule, regulation of mRNA processing, and regulation of the
cell cycle (Fig. 5A).

Given the observation that DHPSDBETA mutant islets
contained a large population of insulin-deficient lineage-
labeled b-cells by 6 weeks of age, we speculated that
eIF5AHYP may regulate the translation of genes, including
insulin, whose synthesis is increased during the stage of
b-cell maturation. Excitingly, detailed examination of our
proteomic data revealed that critical b-cell proteins were
downregulated in the DHPSDBETA islets, including those
involved in b-cell identity and function (Fig. 5B). Of par-
ticular significance, insulin (Ins1), glucose transporter 2
(Slc2a2), urocortin 3 (Ucn3), and chromogranin A (Chga)
and were reduced in DHPSDBETA islets compared with
Ins1-cre controls. To determine whether the synthesis of
these proteins is translationally regulated, we examined
RNA from 4-week-old Ins1-cre and DHPSDBETA islets to
determine whether transcript levels were altered. We
found that gene expression of Ins1, Slc2a2, Ucn3, and
Chga was equivalent between the DHPSDBETA and Ins1-cre
islets (Fig. 5C–F), confirming that the reduced protein
synthesis was due to altered eIF5AHYP-mediated transla-
tional regulation. Moreover, these findings demonstrate
that DHPS/eIF5AHYP regulates the synthesis of at least
four proteins that impart cellular identity and function at
the stage of b-cell maturation.

To directly connect the downregulated synthesis of es-
sential b-cell proteins at 4 weeks of age (Fig. 5A–F) with
the altered insulin secretion we observe at 6 weeks of age
in the DHPSDBETA mice, we further evaluated Glut2 ex-
pression, a transporter whose abundance and localization
is essential for proper b-cell function. Therefore at 6 weeks
of age, we performed morphometric analysis to visualize
and quantify the change in protein expression. Immuno-
fluorescence analysis showed punctate, intracellular ex-
pression of Glut2 in DHPSDBETA lineage-labeled b-cells
compared with membrane-bound expression of Glut2 in
Ins1-cre lineage-labeled b-cells (Fig. 5G–J). Furthermore,
quantitative image analysis determined that the lineage-
labeled (Tomato-expressing), insulin-deficient b-cells in
the DHPSDBETA mutants were deficient in Glut2 (Fig. 5K).
These data corroborate our findings at 4 weeks of age and
suggest that in addition to impaired b-cell maturation
and function due to reduced synthesis of insulin and
Glut2, altered protein localization can contribute to the

secretory vesicle and intracellular transport impairment
identified in our proteomics (Fig. 5A and B).

As further evidence that b-cell maturation is altered in
the absence of DHPS/eIF5AHYP, we examined islets from
DHPSDBETA and Ins1-cre mice at 6 weeks of age for addi-
tional known markers of identity, namely, the transcrip-
tion factors Pdx1 and MafA. Similar to the evaluation of
Glut2, we visualized cellular location and quantified expres-
sion of Pdx1 and MafA by immunofluorescence. We ob-
served that the insulin-deficient lineage-labeled (Tomato-
expressing) b-cells in the DHPSDBETA mutants showed little
or no Pdx1 (Fig. 6A–D) or MafA (Fig. 6E–H). Quantifica-
tion of this population of insulin-deficient lineage-labeled
b-cells that lack critical transcription factor expression con-
firmed our observations (Fig. 6I and J). Interestingly, gene
expression analysis of Pdx1 and Mafa revealed that these
transcripts were reduced (Fig. 6K and L). Altogether our
data suggest that DHPS/eIF5AHYP facilitates a critical
switch in the b-cell that drives the synthesis of proteins,
including insulin and Glut2, that are needed for matura-
tion. When this translational regulation mechanism is al-
tered (through loss of DHPS/eIF5AHYP), defects in b-cell
identity and function ensue.

DISCUSSION

Identifying mechanisms that drive b-cell growth or cause
b-cell dysfunction are paramount to developing therapeu-
tics for diabetes. The treatment of diabetes currently in-
volves the use of exogenous insulin and pharmacological
intervention; however, b-cell replacement or regeneration
would represent a step toward the restoration of b-cell
mass and function. The development of such cellular thera-
peutics requires a detailed understanding of the mecha-
nisms controlling the development of the b-cell throughout
all stages of its life. In this study, we have identified that
there exists a translational regulatory mechanism in the
b-cell, driven by DHPS/eIF5AHYP, that facilitates the main-
tenance of b-cell maturation. Specifically, we have shown
that b-cell–specific deletion of Dhps reduces the synthesis
of proteins critical for b-cell identity and function at the
stage of b-cell maturation. Furthermore, we have shown
that when this translational regulatory mechanism is al-
tered, there is a rapid and reproducible onset of diabetes.

To fully understand how b-cells develop, these cells
must be studied at all stages of significant development
in mice—from differentiation in the embryo, to expan-
sion during the first 2 weeks of postnatal life, to func-
tional maturation around weaning. In our previous work,
we characterized a pancreas-specific deletion of Dhps
(DHPSDPANC), which showed exocrine insufficiency but no
change in b-cell differentiation or abundance in the em-
bryo (28). In the current study, we observed proper perina-
tal b-cell growth and function in the DHPSDBETA mice but
reduced identity and function after weaning. Therefore,
our data demonstrate that embryonic and perinatal b-cells
do not require the specialized translational regulation
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provided by DHPS/eIF5AHYP in the early stages of b-cell
differentiation and expansion. However, under circum-
stances of cellular stress, such as a rapid change in nutri-
tion or increased metabolic load, eIF5AHYP facilitates a
critically important increased rate of protein synthesis. In

particular, we showed that in the absence of DHPS, eIF5A
is not activated via hypusination, resulting in a reduction
in synthesis of specific proteins, including insulin and
Glut2, which are needed for b-cells to mature and re-
spond properly to new metabolic cues. It is clear from our

Figure 5—Islets from DHPSDBETA mice show altered protein synthesis and loss of identity in the b-cells. A: Pathway analysis performed
on proteomic data from 4-week-old DHPSDBETA mutant islets compared with Ins1-cre controls. B: Select proteins from the pathway analy-
sis are shown; these proteins required for b-cell maturation and function were downregulated in the 4-week-old DHPSDBETA mutant islets.
The genes outlined by the shaded box were analyzed for transcript abundance. Real-time PCR was used to quantify gene expression of
Ins1 (C), Slc2a2 (D), Ucn3 (E), and Chga (F). Immunofluorescence was performed on pancreas tissue from 6-week-old Ins1-cre (G and H)
and DHPSDBETA (I and J) mice to determine the coexpression of Glut2 (white) and insulin with the R26RTomato b-cell lineage reporter (Tomato).
Scale bar: 100 mm. G’ and I’: Localization of Glut2 (white) relative to nuclei marker (Sytox). Scale bar: 10 mm. K: Tomato1/insulin�/Glut2� and
Tomato1/insulin�/Glut21 cell populations were quantified (n = 3/group). Data are represented as mean ± SEM. ns, not significant; *P< 0.05.
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previous (28) and current work that eIF5AHYP is needed
for the translation of only a subset of transcripts in cer-
tain cell types and at specific times, with the greatest in-
duction of eIF5AHYP being in response to stress.

As a secondary effect of reduced insulin and Glut2 syn-
thesis and thus loss of b-cell functional identity, we ob-
served loss of gene and protein expression of other b-cell
identity markers, namely Pdx1 and MafA. Pdx1 abun-
dance in b-cells has been shown to be regulated by glu-
cose levels (44). Specifically, in the setting of low glucose,
an increase in Pdx1 phosphorylation was observed, which
marked Pdx1 for degradation (44). We therefore speculate
that losing proper glucose signaling in the b-cells of
DHPSDBETA mice due to reduced synthesis of insulin and
Glut2 could signal the degradation of Pdx1. Similar to
Pdx1, MafA expression was also previously shown to be
regulated by glucose in b-cells, such that the transcript
and protein levels of MafA depend on the concentration

of glucose (45). Altogether, we propose that the loss of
eIF5AHYP results in dysregulated translation of proteins
critical for b-cell function, and as a result, there is a sec-
ondary loss of transcription factors that also function to
maintain b-cell identity, which together culminates in a
halting of b-cell maturation and the resultant onset of
diabetes.

In mice, b-cell maturation occurs around weaning age,
when the animals shift from a fat-rich milk diet to that of
a carbohydrate-rich diet (12). Resultantly, the b-cells
must rapidly acquire the machinery to respond to these
new metabolic cues, which is a form of cellular stress. We
propose that the b-cell has developed a translational regu-
latory mechanism that uses DHPS/eIF5AHYP to increase
the rate at which proteins critical for the b-cell secretory
function must be synthesized to permit the b-cell to re-
spond appropriately to new metabolic cues. Previously
published work that investigated the role of Dhps in the

Figure 6—Markers of b-cell identity and function are reduced in DHPSDBETA islets. Immunofluorescence on pancreas tissue from 6-week-
old Ins1-cre (A and B) and DHPSDBETA (C and D) mice to determine expression of insulin, the R26R Tomato b-cell lineage reporter (Tomato),
and Pdx1 (white). Scale bar: 100 mm. A’ and C’: Higher magnification to visualize localization of Pdx1. Scale bar: 10 mm. Pancreas tissue
from 6-week-old Ins1-cre (E and F) and DHPSDBETA (G and H) mice stained for insulin, Tomato, and MafA (white). Scale bar: 100 mm.
E’ andG’: Higher magnification to visualize localization of MafA. Scale bar: 10 mm. I: Quantification of insulin deficient/lineage-labeled cells with or with-
out Pdx1 expression. J: Quantification of insulin deficient/lineage-labeled cells with or without MafA expression. K: Transcript abundance of Pdx1
normalized to Luciferase spike-in control gene expression. L: Transcript abundance of Mafa normalized to Luciferase spike-in control
gene expression. Data are represented as mean ± SEM (n = 3/group). ns, not significant *P < 0.05, **P < 0.01, ****P < 0.0001.

diabetesjournals.org/diabetes Connors and Associates 471

https://diabetesjournals.org/diabetes


adult b-cell in the setting of a high-fat diet supports our
conclusion that DHPS/eIF5AHYP is needed to regulate pro-
tein synthesis in the b-cell on demand (30). Our study
determined that when the metabolic stress at weaning oc-
curs, which requires the b-cell to increase the synthesis of
certain proteins for functional maturation, the b-cell can-
not mature without DHPS/eIF5AHYP and resultantly be-
comes dysfunctional. Levasseur et al. (30) conditionally
deleted Dhps later in the life of the b-cell (8 weeks of age)
and then provided the metabolic stress of a high-fat diet,
which resulted in an inability of the b-cells to undergo
compensatory proliferation in response to the demand.
Although the context was different, the ultimate conclu-
sion was the same, such that when a b-cell is placed in a
setting that requires increased protein synthesis in re-
sponse to demand (i.e., functional maturation at weaning
or proliferation in response to a high-fat diet), DHPS/
eIF5AHYP is needed to facilitate increased translation. In
fact, the pathways affected in the mutant b-cells in both
studies included metabolism, protein transport and mRNA
processing/translation, which demonstrates that the loss of
eIF5AHYP affects processes involved in b-cell response to
stress. Furthermore, if one considers the studies investigat-
ing DHPS/eIF5AHYP in the exocrine pancreas (28,29), brain
(46,47), and b-cell (30), and this study, we can see a com-
mon theme that suggests eIF5AHYP is a gatekeeper of spe-
cialized translation that permits professional secretory cells
(exocrine, endocrine, neuron) to maintain their functional
capacity during times of stress. In fact, perhaps all metaboli-
cally responsive secretory cells require a specialized transla-
tion factor to facilitate the integrity of specific protein
production during times of induced/increased demand.

Studies in yeast support this idea that eIF5AHYP is re-
quired to increase the rate of read-through translation
elongation for certain transcripts and that losing the acti-
vation of this specialized translation factor reduces the
rate of protein synthesis but does not halt global transla-
tion (23). In this simplest eukaryotic organism, challeng-
ing sequences encoding stretches of consecutive amino
acids, such as proline, require eIF5AHYP for efficient transla-
tion elongation (22,26). Further investigation is required to
determine whether there are sequences within certain
b-cell genes that specifically draw the function of eIF5AHYP.
It is also critical to understand whether the eIF5AHYP-
dependent translational regulatory mechanism plays a role
in response to oxidative stress in the b-cell or the protec-
tion against diabetic b-cell failure in the setting of T1D, as
both of these cellular contexts have been linked to altered
protein synthesis (48–51). Altogether, it would be exciting
to speculate that enhancing or restoring mRNA translation
during periods of metabolic stress could maintain b-cell
identity and function. Perhaps pharmacologically assisting
the b-cell to increase protein synthesis during these times
of excessive metabolic load could extend the ability of an
ailing b-cell to maintain its functional maturation state and
stave off the onset of diabetes.

In short, our mouse model has revealed a regulatory
mechanism driven by DHPS/eIF5AHYP that is essential for
metabolic health and b-cell function. It is well documented
that b-cell dedifferentiation and dysfunction are hallmarks
of diabetes pathogenesis (52,53). Understanding the mech-
anisms that impart b-cell identity could greatly assist the
development of therapeutics to reestablish functional mat-
uration in b-cells during the early stages of disease.
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