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SUMMARY

Although compensatory islet hyperplasia in res-
ponse to insulin resistance is a recognized feature
in diabetes, the factor(s) that promote b cell prolifer-
ation have been elusive. We previously reported
that the liver is a source for such factors in the
liver insulin receptor knockout (LIRKO) mouse, an
insulin resistance model that manifests islet hyper-
plasia. Using proteomics we show that serpinB1,
a protease inhibitor, which is abundant in the he-
patocyte secretome and sera derived from LIRKO
mice, is the liver-derived secretory protein that re-
gulates b cell proliferation in humans, mice, and ze-
brafish. Small-molecule compounds, that partially
mimic serpinB1 effects of inhibiting elastase activity,
enhanced proliferation of b cells, and mice lacking
serpinB1 exhibit attenuated b cell compensation in
response to insulin resistance. Finally, SerpinB1
treatment of islets modulated proteins in growth/
survival pathways. Together, these data implicate
serpinB1 as an endogenous protein that can poten-
tially be harnessed to enhance functional b cell
mass in patients with diabetes.

INTRODUCTION

While the etiopathogenesis of type 1 and type 2 diabetes is

different (Boitard, 2012; Muoio and Newgard, 2008), a paucity

of functional b cell mass is a central feature in both diseases
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(Butler et al., 2003; Henquin and Rahier, 2011; Lysy et al.,

2013). Currently there is considerable interest in developing

safe approaches to replenish bioactive insulin in patients with

diabetes byderiving insulin-producing cells frompluripotent cells

(D’Amour et al., 2006; Kroon et al., 2008; Pagliuca et al., 2014;

Rezania et al., 2014) or promoting proliferation of pre-existing

b cells (Dor et al., 2004; El Ouaamari et al., 2013; Yi et al.,

2013). While the former approach continues to evolve, several

groups have focused on identifying growth factors, hormones,

and/or signaling proteins to promote b cell proliferation (cited in

El Ouaamari et al., 2013 and Dirice et al., 2014). Compared to ro-

dents, adult human b cells are contumacious to proliferation and

have been suggested to turnover very slowly, with the b cell mass

reaching a peak by early adulthood (Butler et al., 2003; Gregg

et al., 2012; Kassem et al., 2000). Attempts to enhance human

b cell proliferation have also been hampered by poor knowledge

of the signaling pathways that promote cell-cycle progression

(Bernal-Mizrachi et al., 2014; Kulkarni et al., 2012; Stewart

et al., 2015). While two recent studies have reported the identifi-

cation of a small molecule, harmine (Wang et al., 2015), and de-

nosumab, a drug approved for the treatment of osteoporosis

(Kondegowda et al., 2015) to increase human b cell proliferation,

the identification of endogenous circulating factors that have the

ability to replenish insulin-secreting cells is attractive for thera-

peutic purposes. We previously reported (Flier et al., 2001) that

compensatory b cell growth in response to insulin resistance is

mediated, in part, by liver-derived circulating factors in the

liver-specific insulin receptor knockout (LIRKO) mouse, a model

that exhibits significant hyperplasia of islets without compro-

mising b cell secretory responses to metabolic or hormonal

stimuli (El Ouaamari et al., 2013). Herewe report the identification

of serpinB1 as a liver-derived secretory protein that promotes

proliferation of human, mouse, and zebrafish b cells.
nc.
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Figure 1. Identification of SerpinB1 in the LIRKO Model

(A) Experimental workflow for analysis of proteins from liver, liver explant-conditioned media (LECM), hepatocyte-conditioned media (HCM), and plasma.

(B) Identification of serpinB1 by LC-MS/MS proteomics. Protein abundances were quantified based on spectral counts, and top differentially expressed proteins

were plotted as log2 ratio of LIRKO versus control. Red bars correspond to serpinB1.

(C) Relative quantification of liver serpinb1a mRNA by qRT-PCR (normalized to TBP). Data represent mean ± SEM; *p % 0.05 (n = 6 per group).

(D) Quantification of serpinB1 protein (in E) in 12-week-old male control and LIRKO mice.

(E) Western blot of serpinB1 in liver. SerpinB1 protein was normalized to actin, and data represent mean ± SEM; *p % 0.05 (n = 4–5 per group).

(F) Western blot (top panel) of serpinB1 in LECM from 12-week-old male control and LIRKO mice. Bottom panel shows Ponceau S staining of protein.

(G) Western blot of serpinB1 and serpinA1 (a1-antitrypsin) in LECM from control or LIRKO mice (10-week-old males). The bands (top panel) were quantified

(bottom panel) relative to human SerpinB1 and human SerpinA1 run in parallel as standards. Data represent mean ± SEM; ***p % 0.001 (n = 3–4 per group).

(H) Western blot of insulin receptor, serpinB1, neutrophil elastase (NE), and proteinase-3 (PR-3) in hepatocytes from 12-week-old male control or LIRKO mice.

IR-b, insulin receptor beta subunit; NE, neutrophil elastase; PR-3, proteinase-3; PMN; polymorphonuclear leukocytes.

(I and J) Analysis of serpinB1 by western blot in serum derived from 12-week-old male control or LIRKOmice. Quantification of serpinB1 bands in (J) is based on

parallel standard curve of recombinant human SerpinB1 shown in (I). Data represent mean ± SEM; ***p % 0.01 (n = 10–12 per group).
RESULTS

Identification of SerpinB1 as a Hepatocyte-Derived
Circulating Protein in LIRKO Mice
To identify the putative b cell trophic factor in the LIRKO model,

we performed mass spectrometry (MS)-based proteomics ana-

lyses of liver, liver explant-conditioned media (LECM), hepato-

cyte-conditioned media (HCM), and plasma from control or

LIRKO animals (Figure 1A). Data analysis pointed to serpinB1

as the top significantly upregulated protein in all samples with

substantial increases in liver (�3.3-fold), LECM (�3.7-fold),

HCM (�54-fold), and plasma (�3.3-fold) (Figure 1B; red bars

indicate serpinB1). To validate the proteomics data, we exam-

ined liver expression and circulating levels of serpinB1 in the

LIRKO mouse. RT-PCR and western blotting experiments using

cross-reactive antibody to human SerpinB1 revealed that ser-
Cell M
pinB1 mRNA (LIRKO 2.4 ± 0.6 versus control 0.6 ± 0.1, p <

0.05, n = 6) and protein levels (LIRKO 5.1 ± 0.9 versus control

1.1 ± 0.06, p < 0.05, n = 4–5) were elevated by 5-fold in

12-week-old LIRKO mice compared to age-matched controls

(Figures 1C–1E). Western blot analyses showed increased levels

of serpinB1 in LIRKO-LECM (Figure 1F). SerpinA1 (also called

a1-antitrypsin), which has partially overlapping biochemical ac-

tivity, was not increased in LECM of LIRKO mice (Figure 1G).

Importantly, we observed that serpinB1 is increased in LIRKO

hepatocyte lysates where neutrophil markers such as protein-

ase-3 (PR-3) and neutrophil elastase (NE) were not detected,

therefore excluding contaminating blood cells as a significant

source of serpinB1 (Figure 1H). We used recombinant human

SerpinB1 (rSerpinB1) to introduce a standard curve in western

blotting experiments to provide a semiquantitative measure of

serpinB1 in serum samples (Figure 1I). Circulating serpinB1
etabolism 23, 194–205, January 12, 2016 ª2016 Elsevier Inc. 195



was elevated in sera from 6-month-old LIRKO mice (78 ± 7.9

versus control 24.2 ± 4.2 ng equivalents/ml, p < 0.01, n = 10–

12) (Figure 1J).

Serpins are a highly conserved superfamily of �45 kDa pro-

teins, which are classified in 16 clades from A to P, and 36 mem-

bers have been identified in humans (Silverman et al., 2001) and

are known to regulate important proteolytic events. SerpinB1 is

an evolutionarily conserved member of serpin clade B (Benarafa

and Remold-O’Donnell, 2005) and inhibits the activity of several

proteases including neutrophil elastase, cathepsin G, and pro-

teinase-3 (Cooley et al., 2001). While serpinB1 lacks the hydro-

phobic signal peptide commonly harbored by secretory proteins

(Remold-O’Donnell, 1993), the protein is detectable in hepatic-

conditioned media and serum, suggesting that its release is

mediated by an unconventional pathway (Nickel, 2010). Since

previous studies reported a caspase-1-dependent mechanism

of unconventional secretion (Becker et al., 2009; Chakraborty

et al., 2013; Keller et al., 2008), we used human primary keratino-

cytes to investigate whether SerpinB1 secretion requires intact

caspase-1. Consistent with previous reports (Chakraborty

et al., 2013; Feldmeyer et al., 2007), irradiation of human kerati-

nocytes with UVB light activated the inflammasome and induced

release of several pro-inflammatory cytokines including IL-1b

and IL-18, concomitant with caspase-1 activation. SerpinB1 is

released in culture media when keratinocytes were UVB-irradi-

ated; when caspase-1 was downregulated by a siRNA approach

the SerpinB1 secretion was abolished, as was secretion of IL-1b

and IL-18 (Figure S1A). Similar observations were evident when

cells were treated with the caspase-1 inhibitor YVAD or pan-cas-

pase inhibitor VAD prior to UVB treatment (Figure S1B). We also

detected SerpinB1 in supernatants from cultured HepG2 cells

and observed that several inflammatory molecules stimulate its

release upon short-term (5 hr) or long-term (24 hr) treatment (Fig-

ure S1C). Consistent with increased levels of serpinB1 in LECM

and serum from LIRKO mice, we found that caspase-1 mRNA

and protein levels are increased in liver derived from LIRKO

versus control groups (Figure S1D). Active caspase-1 (p20)

was also highly abundant in LIRKO-LECM when compared to

control conditions (Figure S1E).

To explore the clinical significance of SerpinB1 in humans, we

developed an ELISA to measure plasma levels of SerpinB1 and

observed that its concentration in healthy individuals ranges

between 10 and 20 ng/ml (Figure S2A). Furthermore, a multivar-

iate analysis in a cohort of 49 individuals with risk factor(s) for

type 2 diabetes revealed that the range in concentration was

greater, generally 4–56ng/ml; however, interestingly, one individ-

ual with morbid obesity without diabetes (BMI = 59) exhibited

extremely high levels (299 ng/ml) of circulating serpinB1. In a

multivariate analysis, excluding this outlier, a positive correlation

between circulating serpinB1 and insulin resistance (R2 = 0.15,

p = 0.026) was observed, using BMI and the composite insulin

sensitivity index (CISI, Matsuda index) (Matsuda and DeFronzo,

1999) as covariates for measures of insulin sensitivity (Fig-

ure S2B). Furthermore, a search for missense variants of the

corresponding gene inwhole-exome sequencing data generated

for 52 Joslin families with autosomal dominant diabetes showed

that one of the families (for individual characteristics, see Table

S1) carried a previously described variant (rs114597282,

c.A269G, p.N90S) having a frequency of 1.7% among African
196 Cell Metabolism 23, 194–205, January 12, 2016 ª2016 Elsevier I
Americans and 0.01% among Europeans in the NHLBI Exome

Sequencing Project (ESP) database. The variant segregated

with diabetes in this family, with all four diabetic members being

heterozygous for this substitution (transmission disequilibrium

test p value = 0.046) and only one non-penetrant individual being

present in the youngest generation (Figure S2C). This variant is

conserved among species (GERP score = 5.44) and is predicted

as ‘‘probably damaging’’ by Polyphen (score = 0.98) and other

prediction algorithms. Taken together, the significantly elevated

serpinB1 in serum and hepatocyte secretome (HCM) in the

LIRKOmodel, its presence in human sera, and its elevation in in-

sulin-resistant states in humans, as well as the segregation of a

genetic variant of serpinb1 with human diabetes prompted us

to focus on this protein as a potential b cell growth factor.

SerpinB1 and Its Partial Mimics Promote Proliferation
of Pancreatic b Cells in Multiple Species
To address whether serpinB1 promotes b cell proliferation, we

cultured mouse islets in the presence of recombinant human

serpinB1 or ovalbumin and evaluated proliferation by Ki67 immu-

nofluorescence staining. Ovalbumin, encoded by serpinb14,

was chosen as control because it is a serpin closely related

in structure to serpinB1 but lacks protease inhibitory activity

(Benarafa and Remold-O’Donnell, 2005). Ovalbumin-treated

mouse islets displayed low b cell proliferation comparable to

non-treated islets; rSerpinB1-treated islets exhibited a dose-

dependent effect, and a 2-fold increase in the percentage of

Ki67+ insulin+ cells was observed at the dose of 1 mg/ml (Figures

2A and 2B). We next tested whether small-molecule pharmaco-

logical agents that inhibit elastinolytic proteases, and thus

partially mimic serpinB1 activity, GW311616A (Macdonald

et al., 2001), and sivelestat (Kawabata et al., 1991), would affect

b cell proliferation. Treatment of islets freshly isolated from male

C57Bl/6 mice with GW311616A or sivelestat increased b cell

proliferation (Figures 2C and 2D). To further explore the role

of serpinB1 in vivo, we administered 7- to 8-week-old C57Bl/6

male mice with GW311616A, a partial mimic of serpinB1, by

oral gavage (2 mg/kg/day for 2 weeks). Morphometric analyses

showed that GW311616A treatment enhanced b cell mass

(Figures 2E and 2F) by increasing b cell, but not a cell, prolifera-

tion as assessed by BrdU incorporation (Figures 2G and 2H). The

lack of proliferation in extra-pancreatic tissues including liver,

skeletal muscle, visceral and subcutaneous adipose tissues,

spleen, and kidney (Figures S3A and S3B) suggests that

GW311616A promotes selective b cell proliferation. The prolifer-

ative action of SerpinB1 was also evident in human b cells using

islets obtained from 7 cadaveric organ donors (for donor charac-

teristics, see Table S2). Quantification of Ki67+ insulin+ cells

revealed that the number of proliferating b cells increased in

islets cultured in serpinB1-containing media (Figures 2I and

2J). The percent of proliferating human b cells is in a range

similar to those reported previously (El Ouaamari et al., 2013;

Jiao et al., 2014; Rieck et al., 2012; Rutti et al., 2012; Walpita

et al., 2012). Similar to its effect on mouse islets, sivelestat also

increased proliferation of human b cells (Figures 2K–2M; for

donor characteristics, see Table S3). To test whether sivelestat

induces human b cell proliferation in vivo, we transplanted

human islets (obtained from the Integrated Islet Distribution

Program, IIDP) under the kidney capsule of 10-week-old male
nc.



Figure 2. SerpinB1 and Its Partial Mimics Promote Proliferation of Mouse and Human Pancreatic b Cells

(A) Representative images of mouse islets treated with ovalbumin or SerpinB1 and co-immunostained for Ki67, insulin, and DAPI.

(B) Quantification of Ki67+ insulin+ cells (in A). Data represent mean ± SEM; **p % 0.01 (n = 6–12 per group).

(C) Representative images and quantitation of insulin+ Ki67+ cells of islets isolated fromwild-type male mice and cultured for 48 hr in the presence of 100 mg/ml of

either sivelestat or GW311616A.

(D) Quantification of insulin+ Ki67+ cells of sivelestat-treated islets (in C). Data represent mean ± SEM; *p% 0.05 (n = 3 per group for GW311616A studies and n = 6

per group for sivelestat studies). 5- to 6-week-old wild-typemalemice were treated with GW311616A for 2 weeks. Islet b cell and a cell proliferation was assessed

by immunostaining.

(E) Pancreatic sections co-immunostained for BrdU and insulin and DAPI (two left panels) or co-immunostained for glucagon and BrdU and DAPI (two right

panels).

(F) Quantification of b cell mass (in E). Data represent mean ± SEM; *p % 0.05 (n = 4–5 per group).

(G) Quantification of insulin+ BrdU+ cells (in E). Data represent mean ± SEM; **p % 0.01 (n = 4–5 per group).

(H) Quantification of glucagon+ BrdU+ cells (in E). Data represent mean ± SEM; **p % 0.01 (n = 4–5 per group).

(I) Representative images of human islets treated with ovalbumin or SerpinB1 and co-immunostained for Ki67, insulin, and DAPI.

(J)QuantificationofKi67+ insulin+ cells (in I). Data representmean±SEM; *p%0.05, **p%0.01 (n=7pergroup). Fordetails of thehumandonorspleaseseeTableS2.

(K) Representative images of human islets treated with vehicle or sivelestat and co-immunostained for Ki67, insulin, and DAPI.

(L and M) Quantification of Ki67+ insulin+ cells (in K). For details of human donors (Donor #1, L; Donor #2, M) please see Table S3.

(N) Experimental workflow for transplantation studies to explore the effects of sivelestat on human b cell proliferation in vivo.

(O) Representative images of human islet grafts retrieved from mice treated with sivelestat or vehicle and co-immunostained for BrdU, insulin, and DAPI.

(P) Quantification of BrdU+ insulin+ cells (in O).

(Q) Representative images of endogenous pancreases harvested frommice treated with sivelestat or vehicle and co-immunostained for BrdU, insulin, and DAPI.

(R) Quantification of BrdU+ insulin+ cells (in Q). For details of human donors please see Table S3. Data represent mean ± SEM; *p% 0.05, **p% 0.01 (n = 5–6 per

group for retrieved human islet grafts and n = 3 for endogenous pancreas). Arrows indicate proliferating cells.
non-obese diabetic-severe combined immunodeficiency-

IL2rgnull (NSG) mice (Greiner et al., 2011). At 10 days post-trans-

plantation, osmotic pumps loaded with sivelestat (300 mg/kg/

day) or vehicle were implanted into the mice and allowed to
Cell M
infuse for 14 days. Mice were provided BrdU in drinking water

(80 mg/ml) during the 14-day treatment period and received

intraperitoneal injections of BrdU (100 mg/kg body weight) on

days 8, 11, and 14 post-transplantation. At 5 hr after the last
etabolism 23, 194–205, January 12, 2016 ª2016 Elsevier Inc. 197



BrdU injection islet grafts and endogenous pancreases were

harvested to assess b cell proliferation (Figure 2N). As assessed

by co-immunostaining with anti-insulin and anti-BrdU anti-

bodies, human islet grafts retrieved from mice treated with

sivelestat exhibited higher b cell proliferation compared to

vehicle-treated controls (Figures 2O and 2P). In parallel, islet b

cell proliferation was also increased in endogenous pancreases

harvested fromNSGmice infusedwith sivelestat (Figures 2Q and

2R). The in vivo effect of sivelestat on b cell proliferation was also

evident in C57Bl/6 mice (Figures S4A and S4B).

Next, to determine whether the potentiation of b cell prolifera-

tion by serpinb1 is conserved across species, we examined

serpinb1-overexpressing zebrafish larvae (Figure 3A). Whereas

the human clade B serpin loci encode 13 proteins (serpinB1–

13) with distinct functions, the corresponding locus in zebrafish

is substantially simpler: it includes a distinct serpinb1 ortholo-

gous gene with a strikingly conserved reactive center loop, sug-

gesting conserved function (Benarafa and Remold-O’Donnell,

2005). The overexpressing larvae were generated by cloning ser-

pinb1 downstream of a ubiquitous promoter (beta-actin), i.e.,

generating widespread mosaic overexpression of serpinb1 (see

details in Supplemental Experimental Procedures). The same

cloning procedure was performed for the controls H2A-mCherry

and serpina7 (another member of the zebrafish Serpin family).

We started by determining serpinb1’s effect on b cell regenera-

tion using different transgenic zebrafish larvae expressing nitro-

reductase (NTR)—an enzyme that converts metronidazole to a

cytotoxic product—under the control of the insulin promoter;

incubating these larvae in metronidazole results in the specific

ablation of their b cells (Andersson et al., 2012). Each construct

was injected, together with mRNA encoding transposase, into

1-cell-stage Tg(ins:CFP-NTR);Tg(ins:Kaede) embryos, giving

rise to zebrafish larvae in which the b cells are visualized by the

GFP Kaede. From 3 to 4 days post fertilization (dpf), we used

metronidazole to ablate the b cells of mosaically overexpressing

larvae and control larvae, and at 6 dpf we examined whether

overexpression of any of the proteins had increased b cell regen-

eration. Overexpression of serpinb1 strikingly increased regener-

ation of the b cell mass by 50%,whereas none of the controls had

a significant effect (Figures 3B–3F). To determine serpinb1’s ef-

fect on b cell proliferation, we examined the incorporation of

EdU as an indicator of DNA replication. We exposed Tg(ins:-

flag-NTR);Tg(ins:H2B-GFP) larvae to metronidazole from 3 to 4

dpf to ablate the b cells and then incubated control and bactin:

serpinb1-overexpressing larvaewith EdU from4 to 6 dpf (Figures

3G and 3H). Overexpression of serpinb1 significantly increased

the total number of b cells, as well as doubled the number of b

cells incorporating EdU, when compared to control larvae (Fig-

ures 3I and 3J). We next assessed the effect of serpinb1 on b

cell formation during development, rather than regeneration, of

the pancreas. To examine the total number of b cells, as well

as their proliferation, we exposed Tg(ins:H2B-GFP) control and

bactin:serpinb1-overexpressing larvae to EdU from 4 to 6 dpf

(Figures 3K and 3L). Serpinb1 did not significantly increase the

total number of b cells, but it significantly increased the number

of b cells that incorporated EdU (Figures 3M and 3N). Together,

these data provide evidence for serpinB1 as a phylogenetically

conserved protein that stimulates b cell proliferation in multiple

species including zebrafish, mouse, and man.
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SerpinB1 Deficiency Leads to Maladaptive b Cell
Proliferation in Insulin-Resistant States
To assess the in vivo relevance of serpinB1 in the adaptive b cell

response to insulin-resistant states,wechallengedcontrol or ser-

pinb1a-deficient (serpinB1KO) mice with stimuli that caused

acute or chronic insulin resistance. To evaluate the response to

acute insulin resistance, we adopted two approaches: first, we

treated 16-week-old control male mice with the insulin receptor

antagonist S961 (10 nmoles/week) for 2 weeks (Figure S5A)

and observed progressive hyperglycemia in the mice (Fig-

ure S5B) as previously described (Yi et al., 2013). SerpinB1KO

mice treated with S961 peptide showed elevated random-fed

blood glucose that was higher when compared to S961-treated

controls. No differences were observed in blood glucose levels

betweenPBS-treatedcontrol andserpinB1KOmice (FigureS5B).

Quantitation of proliferation by co-immunostaining BrdU+

insulin+ cells revealed an �10-fold increase in S961-infused

mice when compared to respective PBS-treated controls (Fig-

ures S5C and S5D). Importantly, while PBS-infused serpinB1KO

mice showed a low level of proliferating b cells similar to PBS-

infused controls, S961-treated serpinB1KO mice showed a

detectable, but attenuated, response; the number of BrdU+

insulin+ cells was�40% fewer comparedwith S961-treated con-

trol mice (Figures S5C and S5D). The reduction in adaptive b cell

proliferation was supported by an attenuated increase in the

number of b cells that co-stained positive for phospho-histone

H3 (pHH3), an additional marker of cell proliferation (Figure S5E).

In a second model, we fed 16-week-old control and serpinB1KO

micewith 60%kcal high-fat diet (HFD) for 10weeks and analyzed

b cell proliferation by BrdU incorporation and immunofluores-

cence staining. An �50% reduction in the number of BrdU+

insulin+ cells in serpinB1KO-HFD mice compared to age-

matched control-HFD mice (Figures S5F and S5G) suggested

impaired compensatory b cell proliferation; this was confirmed

by staining for two additional proliferation markers including

pHH3 (Figures S5H and S5I) and Ki67 (Figures S5J and S5K).

However, we did not observe significant alterations in b cell

mass in serpinB1KO as compared to control mice in either the

S961 or the short-term HFD models, suggesting that additional

factors likely contribute to increasing the b cell mass in these

short-term insulin resistance models. In a third model, we

exploredwhether serpinb1 is critical for long-term b cell response

by subjecting 8-week-old control and serpinB1KO mice to low-

or high-fat diets (LFD or HFD) for 30 weeks, which led to chronic

insulin resistance as shown by hyperinsulinemia in both groups

(control, LFD: 1.5 ± 0.2 versusHFD: 9.6 ± 1.5 ng/ml; p < 0.05; ser-

pinB1KO, LFD: 1.8 ± 0.2 versusHFD: 3.7± 0.7 ng/ml; p < 0.05, n =

4–5). As expected, control mice challenged with HFD, compared

to the corresponding LFD cohort, showed enhanced b cell prolif-

eration and mass. In contrast, mice lacking serpinb1 challenged

with a similar HFD showed significantly lower increases in b cell

proliferation and mass (Figures 4A–4E). Taken together, these

data suggest that the effects of serpinb1 for b cell compensatory

hyperplasia are more apparent in chronic insulin resistance.

SerpinB1 Activates Proteins in the Growth Factor
Signaling Pathway
To demonstrate whether protease inhibitory activity is critical

for enhancement of b cell proliferation by SerpinB1, we tested
nc.



Figure 3. Overexpression of Serpinb1 in Zebrafish Enhances b Cell Regeneration and Proliferation

(A) Schematic of experimental plan.

(B–E) Representative images at 6 dpf of Tg(ins:kaede);Tg(ins:CFP-NTR) transgenic larvae that had not been injected (control), or were injected at the 1-cell stage

with transposase mRNA + bactin:H2A-mCherry, bactin:serpina7, or bactin:serpinb1; were subjected to b cell ablation by metronidazole during 3–4 dpf; and were

subsequently allowed to regenerate for 2 days.

(F) Quantification of b cell regeneration at 6 dpf in control (n = 87), bactin:H2A-mCherry-overexpressing (n = 61), bactin:serpina7-overexpressing (n = 46), and

bactin:serpinb1-overexpressing (n = 36) Tg(ins:kaede);Tg(ins:CFP-NTR) larvae.

(G–J) Control (n = 27) and bactin:serpinb1-overexpressing (n = 18) Tg(ins:H2B-GFP);Tg(ins:Flag-NTR) transgenics were treated with metronidazole from 3 to

4 dpf to ablate the b cells and subsequently incubated with EdU during regeneration from 4 to 6 dpf. Representative confocal images at 6 dpf of control (G)

and bactin:serpinb1-overexpressing (H) larvae showing b cells in green and the b cells that had incorporated EdU in yellow (green and red overlap; arrowheads).

(I) Quantification of the total number of b cells at 6 dpf. (J) Quantification of b cells that incorporated EdU during b cell regeneration from 4 to 6 dpf.

(K–N) To determine whether Serpinb1 affects b cell proliferation during regular development, we treated control (n = 25) and bactin:serpinb1-overexpressing

Tg(ins:H2B-GFP) (n = 21) transgenic larvae with EdU from 4 to 6 dpf. Representative confocal images at 6 dpf of control (K) and bactin:serpinb1-overexpressing

(L) larvae showing b cells in green and the b cells that had incorporated EdU in yellow (green and red overlap; arrowhead). (M) Quantification of the total number of

b cells at 6 dpf. (N) Quantification of b cells that incorporated EdU from 4 to 6 dpf. Data shown are the mean ± SEM; ****p < 0.0001, **p < 0.01, *p < 0.05. Arrows

indicate proliferating cells.
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Figure 4. SerpinB1 Deficiency Leads to Maladaptive b Cell Proliferation in Insulin-Resistant States

8-week-old control or serpinb1a�/� (serpinB1KO) male mice were challenged with low-fat diet (LFD) or HFD for 30 weeks. 5 hr before sacrificing, mice were

injected with BrdU (100 mg/kg body weight).

(A) Representative images of pancreases co-immunostained for BrdU and insulin and DAPI (left panel). Representative images of pancreases co-immunostained

for Ki67 and insulin and DAPI (middle panel). Representative images of pancreases co-immunostained for pHH3 and insulin and DAPI (right panel).

(B) Quantification of BrdU+ insulin+ cells (in A).

(C) Quantification of Ki67+ insulin+ cells (in A).

(D) Quantification of pHH3+ insulin+ cells (in A).

(E) Measurement of b cell mass. Data represent mean ± SEM; *p % 0.05 (n = 4–6 per group). Immunostaining for BrdU and Ki67 markers, shown in (A), were

performed on consecutive sections. Arrows indicate proliferating cells.
different commercially available SerpinB1 recombinant proteins

that bear a tag sequence at the N or C terminus. As reported

previously, insect cell-derived SerpinB1, which is identical to

the native protein (Cooley et al., 1998), forms a covalent com-

plex (approximately 66 kD) with each of its target proteases

(Cooley et al., 2001); this is shown for human neutrophil

elastase (NE) and porcine pancreatic elastase (PE) (Figure 5A).

Second, peptidase assays demonstrated that insect cell-

derived untagged SerpinB1 from two independent preparations

dose-dependently decreased activity of these proteases (shown

for NE); however, the commercial proteins that are tagged at

theN terminus (GeneCopoeiaorOriGene) orC terminus (OriGene)

only minimally inhibited peptidase activity of NE (Figure 5B).

GeneCopoeia N-tagged SerpinB1 and OriGene C-tagged ser-

pinB1 formed small amounts of complex, which was maximal

with <0.1 or 0.3 molar equivalents NE, respectively, consistent

with low inhibition in the peptidase assay; the OriGene C-tagged

serpinB1 was also partially degraded (Figure 5C). For OriGene
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N-tagged serpinB1, no complex was detected on incubation

with 0.3 molar equivalents of NE, and the recombinant serpin

was completely degraded by NE; proteolytic degradation of the

serpin by NE was confirmed by inactivating NE with DFP (diiso-

propyl fluorophosphate) (Amrein and Stossel, 1980) before use

(Figure 5C). Insect cell-derived untagged serpinB1 was nearly

quantitatively converted to complex or was further converted to

the post-complex species, and importantly, no active 26 kDa

NE band remained (Figure 5C). GeneCopoeia serpinB1, which

lacks the ability to form a complex with neutrophil elastase and

is unable to reduce peptidase activity, did not stimulate b cell pro-

liferation as opposed to untagged serpinB1 (Figure 5D). These

findingssuggest that theability to inhibit protease isa requirement

that is necessary for the b cell proliferation-enhancing action of

SerpinB1.

To gain initial insights into the signaling pathways mediating b

cell proliferation in response to SerpinB1, we considered a phos-

phoproteomics approach. Protein phosphorylation has been
nc.



Figure 5. Protease Inhibitory Activity Is Involved in SerpinB1 Enhancement of b Cell Proliferation

(A) Activity of recombinant human SerpinB1 demonstrated by covalent complex formation with protease as previously described (Cooley et al., 2001). SerpinB1

(160 ng), generated in insect cells (see Experimental Procedures), was incubated with the indicated molar equivalents (mol.eq.) of human neutrophil elastase (NE)

or porcine pancreatic elastase (PE) in 20 ml for 5min at 37�C. Shown are reduced SDS gels gold-stained for total protein. Arrows indicate active SerpinB1 (42 kDa),

NE or PE (26 kDa), complex (cpx, 66 kDa), and post-cpx (inactive) SerpinB1 (38 kDa).

(B) Activities of commercial recombinant SerpinB1 preparations and two preparations of insect cell-derived untagged SerpinB1 examined by peptidase inhi-

bition. NE (500 ng) was combined with the indicated molar equivalents of SerpinB1 preparations in 150 ml, and themixtures were incubated at 37�C for 3 min. The

substrate Ala-Ala-Pro-Val-p-nitroanilide was added, and the change of OD405 nm was measured over 5 min. The abscissa shows the molar inhibitor:proteinase

(I:P) ratio during the 3 min reaction.

(C) Activities of preparations of recombinant human serpinB1 examined by complex formation with NE. Equal amounts of SerpinB1 preparation (160 ng based on

suppliers’ information) was incubated with the indicated molar equivalents of NE for 5 min at 37�C. Shown are gold-stained reduced SDS gels. The three

commercial products were examined on separate gels; insect cell-derived untagged SerpinB1 was examined on the same gel as the GeneCopoeia preparation,

but only one-third of the reaction was run to avoid overloading. The NE control lane is shown twice (lanes 4 and 13) in lane 10; NE was inactivated with DFP

(diisopropyl fluorophosphate) prior to incubation with the serpin. Red arrows in lanes 3, 7, and 15 indicate the covalent SerpinB1-NE complex. The lane, indicated

by SB (-) and NE (0.3), in the experiment for Origene (N-tag) was spliced to follow the same order of samples in lanes shown in the experiments for GeneCopoeia

(N-tag) and Origene (C-tag).

(D) Isolated islets of naive wild-type mice were stimulated with ovalbumin, insect cell-derived untagged SerpinB1, or N-tagged SerpinB1 from GeneCopoeia

(1 mg/ml). Islets were embedded in agarose and immunostained for insulin and Ki67, and the nuclei were stained with DAPI. Quantification of Ki67+ insulin+ cells.

Data represent mean ± SEM; *p < 0.05 (n = 3 per group).
long accepted as a major currency in signal transduction path-

ways, and cell proliferation is known to be regulated by signaling

modules that include the MAP kinase pathways. Further, mea-

surement of phosphorylation dynamics represents a more direct

way to identify potential pathways and regulatory targets

compared to other techniques, such as gene expression

profiling. Briefly, isolated islets from C57Bl/6 male mice were

cultured for 10, 30, or 120 min in the presence of 1 mg/ml of oval-

bumin or SerpinB1. Subsequently, islets were subjected to

phosphopeptide enrichment and LC-MS/MS analysis (Mertins

et al., 2014) (Figure 6A). As shown by the heatmap (Figure 6B),

a 10 min treatment with SerpinB1 had a minimal effect on the

islet phosphoproteome. However, islets incubated with Ser-

pinB1 for 30 or 120 min exhibited an enhanced phosphorylation

of �250 proteins with at least 2-fold change when compared

to islets cultured with ovalbumin (for additional details, see

data submitted to ProteomXchange with accession number

PXD003182). The modulation of several phosphoproteins identi-

fied at 30 min was sustained 2 hr after SerpinB1 treatment. Inge-
Cell M
nuity pathway analysis (IPA) revealed that SerpinB1 activated

key proteins in the growth factor (insulin/IGF-1) signaling

cascade. In early events (within 10 min), SerpinB1 stimulated

MAPK3 phosphorylation, a kinase previously implicated in the

proliferation of b cells (Hayes et al., 2013). Treatment for 30 or

120 min was characterized by activation of several proteins in

the insulin/IGF-1 signaling cascade including IRS-2 (Kubota

et al., 2004; Withers et al., 1998) and GSK3 (Liu et al., 2010).

Finally, phosphoproteomics analyses also revealed increased

phosphorylation of several proteins regulating cell survival and

function, including protein kinase cAMP-dependent regulatory

subunits (PRKAR1A, PRKAR1B, and PRKAR2B) (Hussain et al.,

2006; Jhala et al., 2003) and phosphodiesterase 3B (PDE3B)

(Härndahl et al., 2002). In independent experiments, we

confirmed, by western blots, the altered phosphorylation of

MAPK, PRKAR2B, and GSK3 subunits in response to treatment

with SerpinB1 (Figures 6C–6E; lower panels show quantifica-

tion). Incubation of freshly isolated islets with serpinB1 did not

significantly affect glucose-stimulated secretion compared to
etabolism 23, 194–205, January 12, 2016 ª2016 Elsevier Inc. 201



Figure 6. SerpinB1 Activates Proteins in the Growth Factor Signaling Pathway
(A) Schematic of experimental plan. Islets (100) isolated from male C57Bl/6 mice were treated for 10, 30, or 120 min (n = 3) with (1 mg/ml) ovalbumin or rSerpinB1

(insect cell derived), and islet lysates were analyzed by LC-MS/MS phosphoproteomics.

(B) Heatmap of the relative abundances of �1,100 phosphopeptides in islets stimulated with SerpinB1 versus ovalbumin. The relative abundances were

displayed as Log2 Ratio (serpinB1/ovalbumin).

(C) Western blots (upper panel) and quantification (lower panel) of p-PRKAR2B/PRKAR2B in response to SerpinB1. Data represent mean ± SEM; *p < 0.05

(n = 5 per group).

(D) Western blots (upper panel) and quantification (lower panel) of p-GSK3/GSK3 in response to SerpinB1. Data represent mean ± SEM; *p < 0.05

(n = 5 per group).

(E) Western blots (upper panel) and quantification (lower panel) of p-MAPK3/MAPK3 in response to SerpinB1. Data represent mean ± SEM; *p < 0.05

(n = 5 per group).

(F) Glucose-stimulated insulin secretion (GSIS) in the presence of vehicle, ovalbumin (1 mg/ml), or rSerpinB1 (1 mg/ml). Data represent mean ± SEM; **p < 0.01

(n = 4 per group).
controls, suggesting that effects of serpinB1 on islet b cell prolif-

eration do not adversely impact insulin secretion under the con-

ditions tested (Figure 6F). Together, these data suggest that

SerpinB1 enhances proliferation/survival by modulating proteins

in the growth factor signaling pathway.

DISCUSSION

Identification of molecules that have the ability to enhance prolif-

eration of terminally differentiated cells is a desirable goal in

regenerative medicine, particularly in diabetes where b cell

numbers are reduced. Here, we identified serpinB1 as an endog-

enous liver-derived secretory protein that stimulates human,

mouse, and zebrafish b cell proliferation.

One interesting aspect of serpinB1 viewed as a secretory

molecule is its lack of the classical hydrophobic signal peptide.

Our data indicate that inflammation stimulates unconventional

secretion of serpinB1 in a caspase-1-dependent manner. It is

important to note, however, that the levels of several circulating

cytokines in the LIRKOmodel are comparable to those observed

in age-matched controls (El Ouaamari et al., 2013) and hence ex-

cludes systemic inflammation as a physiological factor triggering
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serpinB1 release in vivo. It is possible that the absence of insulin

signaling in the liver interferes with caspase-1 activation and thus

serpinB1 release. This notion is compatible with a previous

report suggesting the suppressive role of insulin/IGF-1 in cas-

pase-1 processing (Jung et al., 1996) and is consistent with

increased levels of active caspase-1 in LIRKO-derived hepato-

cytes that are blind to insulin.

Since inhibition of proteases is SerpinB1’s reported biochem-

ical function to date (Cooley et al., 2001), we postulated that the

enhancing effect of SerpinB1 on b cell proliferation involves the

intermediacy of a protease. Indeed, recombinant SerpinB1 pro-

teins lacking the ability to inhibit protease activity were unable

to enhance b cell proliferation in vitro. This observation suggests

that SerpinB1 neutralizes a protease that would otherwise inter-

fere with proliferation. In fact, the small-molecule inhibitors

of elastases, GW311616A and sivelestat, directly enhanced

proliferation of mouse and human insulin-producing cells. The

parallel findings for GW311616A, sivelestat, and SerpinB1

make elastases strong candidates. While SerpinB1 action could

be explained by its ability to modulate phosphorylation of key

molecules (e.g., MAPK3, GSK3b/a, and PKA) of the insulin/

IGF-1 growth/survival pathways, it is unclear how SerpinB1
nc.



precisely regulates these pathways. One possibility is that these

pathways are activated through SerpinB1-mediated protease in-

hibition, particularly inhibition of elastase molecules known to be

expressed in pancreatic b cells (Kutlu et al., 2009). This idea is

consistentwithprevious reports suggesting the role for neutrophil

elastase in modulating proteins in the insulin/IGF-1 signaling

pathway (Bristow et al., 2008; Houghton et al., 2010; Talukdar

et al., 2012). Elucidation of interactions with other proteases

suchasproteinase-3andcathepsinG in thebcell and itspotential

role in regulating insulin sensitivity will further assist in decipher-

ing the signaling pathways activated by SerpinB1. Alternative

possibilities that require further investigation include interactions

with protease-activated receptors (PARs), which are expressed

in islets (J.S., A.E.O., and R.N.K., unpublished data).

Using zebrafish, we determined that serpinB1’s ability to

potentiate b cell proliferation is conserved from fish tomammals.

Moreover, in zebrafishwe showed that serpinB1 can potentiate b

cell proliferation in vivo analogous to the in vivo effects we

observed in mouse and human islets. By ablating the b cells in

zebrafish, we also observed that serpinB1 can stimulate b cell

regeneration and warrants studies to examine its role during b

cell development.

In sum, the identification of SerpinB1 as a conserved endoge-

nous secretory protein that promotes proliferation of b cells

across species constitutes an important step to achieve regen-

eration of functional b cells. While it is likely that additional fac-

tors will be identified, the next challenge will be to explore

whether one or a combination of these factors can safely, specif-

ically, and reversibly enhance human b cell mass with the long-

term goal of restoring normoglycemia in patients with diabetes.

EXPERIMENTAL PROCEDURES

Animals

All mice studied were 6- to 8-week-old males on the C57BL/6 background,

except where indicated otherwise. Mice were housed in pathogen-free facil-

ities and maintained in the Animal Care Facilities at Joslin Diabetes Center,

Boston, MA; Foster Biomedical Research Laboratory, Brandeis University,

Waltham, MA; or Boston Children’s Hospital. Studies conducted and proto-

cols usedwere approved by the Institutional Animal Care andUse Committees

of the Joslin Diabetes Center and/or Brandeis University and/or Boston Chil-

dren’s Hospital and were in accordance with National Institute of Health guide-

lines. See the Supplemental Experimental Procedures for details of the animal

genotypes. For short-term studies, 16-week-old serpinB1KO and age-

matched wild-type male mice were challenged with HFD (Research Diet, cat-

alog# D12492) for 10 weeks. For long-term studies, 8-week-old serpinB1KO

and age-matched wild-type male mice were fed with low-fat diet (Research

Diet, catalog# D12450J) or HFD (Research Diet, catalog# D12492) for

30 weeks.

LECM and HCM Preparation

The preparation of liver explant-conditioned media (LECM) and hepatocyte-

conditioned media (HCM) have been described previously (El Ouaamari

et al., 2013). See Supplemental Experimental Procedures for additional

information.

LC-MS/MS-Based Proteomics

Proteomic analyses were performed as previously described (Zhou et al.,

2010). See Supplemental Experimental Procedures for additional information.

Mouse Islet Studies

Islets were isolated from 6- to 8-week-old male C57BL/6 mice using intra-

ductal collagenase technique (El Ouaamari et al., 2013). Islets were hand-
Cell M
picked and cultured overnight in RPMI 1640 media containing 7 mM glucose

and 10% fetal bovine serum (FBS) and penicillin/streptomycin (1% v/v). After

3 hr starvation in RPMI 1640 media containing 3 mM glucose and 0.1%

BSA, islets were stimulated as indicated (with recombinant protein or small

molecules) for 48 hr and then embedded in agarose and paraffin, sectioned,

and used for immunostaining studies as described below and in El Ouaamari

et al. (2013).

Human Islet Studies

Human islets were obtained from the Integrated Islet Distribution Program. All

studies and protocols used were approved by the Joslin Diabetes Center’s

Committee on Human Studies (CHS#5-05). Upon receipt, islets were cultured

overnight in Miami Media #1A (Cellgro). The islets were then starved in Final

Wash/Culture Media (Cellgro) for 3 hr before being stimulated with Miami Me-

dia #1A supplemented with sivelestat or GW311616A. 24 hr later, islets were

embedded in agarose and used for immunostaining studies (described below).

Immunostaining Studies

Pancreases and in vitro stimulated islets were analyzed by immunostaining us-

ing anti-Ki67 (BD), anti-phospho-histone H3 (pHH3) (Millipore), anti-BrdU

(Dako), anti-insulin (Abcam), or anti-glucagon (Sigma-Aldrich) antibodies.

Quantification of replicating b and a cells and calculation of b cell mass were

performed as described previously (El Ouaamari et al., 2013).

Phosphoproteomics Analysis

Phosphoproteomics analyses were performed as described in the Supple-

mental Experimental Procedures. To validate the phosphoproteomics find-

ings, frozen SerpinB1-treated and ovalbumin-treated islets were lysed in

RIPA buffer (150 mM NaCl, 10 mM Tris [pH 7.2], 1% Triton X-100, 1% deoxy-

cholate, 5 mM EDTA) containing 200 mM orthovanadate, protease, and phos-

phatase inhibitors (Sigma-Aldrich) (Liew et al., 2014) and subjected to western

blot analyses. pMAPK3, total MAPK3, and total GSK3 antibodies are from Cell

Signaling. pPRKAR2B and total PRKAR2B are from Santa Cruz. pGSK3 anti-

body is from Millipore.

RT-PCR

Total RNA was extracted and reverse transcribed, and qPCR was performed

as outlined in the Supplemental Experimental Procedures.

Statistical Analysis

All data are presented as mean ± SEM. Data were analyzed using unpaired,

two-tailed Student’s t test, ANOVA, or multivariate analyses as appropriate,

and a p value < 0.05 was considered statistically significant.
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The accession number for the mass spectrometry phosphoproteomics data-

set reported in this paper is ProteomeXchange: PXD003182.
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ported by the Ragnar Söderbergs Foundation and the Swedish Research

Council (O.A.). Proteomics and phosphoproteomics experiments were per-

formed in the Environmental Molecular Sciences Laboratory, a national scien-

tific user facility sponsored by Department of Energy and located at Pacific

Northwest National Laboratory, which is operated by Battelle Memorial Insti-

tute for the DOE under Contract DE-AC05-76RL0 1830. A.E.O. and R.N.K.

are listed as inventors on a patent that is based on these studies.

Received: April 14, 2015

Revised: October 20, 2015

Accepted: November 30, 2015

Published: December 14, 2015

REFERENCES

Amrein, P.C., and Stossel, T.P. (1980). Prevention of degradation of human

polymorphonuclear leukocyte proteins by diisopropylfluorophosphate. Blood

56, 442–447.

Andersson, O., Adams, B.A., Yoo, D., Ellis, G.C., Gut, P., Anderson, R.M.,

German, M.S., and Stainier, D.Y. (2012). Adenosine signaling promotes regen-

eration of pancreatic b cells in vivo. Cell Metab. 15, 885–894.

Becker, C.E., Creagh, E.M., and O’Neill, L.A. (2009). Rab39a binds caspase-1

and is required for caspase-1-dependent interleukin-1beta secretion. J. Biol.

Chem. 284, 34531–34537.

Benarafa, C., and Remold-O’Donnell, E. (2005). The ovalbumin serpins revis-

ited: perspective from the chicken genome of clade B serpin evolution in ver-

tebrates. Proc. Natl. Acad. Sci. USA 102, 11367–11372.

Bernal-Mizrachi, E., Kulkarni, R.N., Scott, D.K., Mauvais-Jarvis, F., Stewart,

A.F., and Garcia-Ocaña, A. (2014). Human b-cell proliferation and intracellular

signaling part 2: still driving in the dark without a road map. Diabetes 63,

819–831.

Boitard, C. (2012). Pancreatic islet autoimmunity. Presse Med. 41 (12 P 2),

e636–e650.

Bristow, C.L., Wolkowicz, R., Trucy, M., Franklin, A., Di Meo, F., Kozlowski,

M.T., Winston, R., and Arnold, R.R. (2008). NF-kappaB signaling, elastase

localization, and phagocytosis differ in HIV-1 permissive and nonpermissive

U937 clones. J. Immunol. 180, 492–499.

Butler, A.E., Janson, J., Bonner-Weir, S., Ritzel, R., Rizza, R.A., and Butler,

P.C. (2003). Beta-cell deficit and increased beta-cell apoptosis in humans

with type 2 diabetes. Diabetes 52, 102–110.

Chakraborty, R., Bhatt, K.H., and Sodhi, A. (2013). Ultraviolet B induces high

mobility group box 1 release from mouse peritoneal macrophages in vitro

via caspase-1 mediated secretion pathway. Immunobiology 218, 135–144.

Cooley, J., Mathieu, B., Remold-O’Donnell, E., and Mandle, R.J. (1998).

Production of recombinant human monocyte/neutrophil elastase inhibitor

(rM/NEI). Protein Expr. Purif. 14, 38–44.
204 Cell Metabolism 23, 194–205, January 12, 2016 ª2016 Elsevier I
Cooley, J., Takayama, T.K., Shapiro, S.D., Schechter, N.M., and Remold-

O’Donnell, E. (2001). The serpin MNEI inhibits elastase-like and chymo-

trypsin-like serine proteases through efficient reactions at two active sites.

Biochemistry 40, 15762–15770.

D’Amour, K.A., Bang, A.G., Eliazer, S., Kelly, O.G., Agulnick, A.D., Smart, N.G.,

Moorman, M.A., Kroon, E., Carpenter, M.K., and Baetge, E.E. (2006).

Production of pancreatic hormone-expressing endocrine cells from human

embryonic stem cells. Nat. Biotechnol. 24, 1392–1401.

Dirice, E., Kahraman, S., Jiang, W., El Ouaamari, A., De Jesus, D.F., Teo, A.K.,

Hu, J., Kawamori, D., Gaglia, J.L., Mathis, D., and Kulkarni, R.N. (2014).

Soluble factors secreted by T cells promote b-cell proliferation. Diabetes 63,

188–202.

Dor, Y., Brown, J., Martinez, O.I., and Melton, D.A. (2004). Adult pancreatic

beta-cells are formed by self-duplication rather than stem-cell differentiation.

Nature 429, 41–46.

El Ouaamari, A., Kawamori, D., Dirice, E., Liew, C.W., Shadrach, J.L., Hu, J.,

Katsuta, H., Hollister-Lock, J., Qian, W.J., Wagers, A.J., and Kulkarni, R.N.

(2013). Liver-derived systemic factors drive b cell hyperplasia in insulin-resis-

tant states. Cell Rep. 3, 401–410.

Feldmeyer, L., Keller, M., Niklaus, G., Hohl, D., Werner, S., and Beer, H.D.

(2007). The inflammasome mediates UVB-induced activation and secretion

of interleukin-1beta by keratinocytes. Curr. Biol. 17, 1140–1145.

Flier, S.N., Kulkarni, R.N., and Kahn, C.R. (2001). Proc Natl Acad Sci 98, 7475–

7480.

Gregg, B.E., Moore, P.C., Demozay, D., Hall, B.A., Li, M., Husain, A., Wright,

A.J., Atkinson, M.A., and Rhodes, C.J. (2012). Formation of a human b-cell

population within pancreatic islets is set early in life. J. Clin. Endocrinol.

Metab. 97, 3197–3206.

Greiner, D.L., Brehm, M.A., Hosur, V., Harlan, D.M., Powers, A.C., and Shultz,

L.D. (2011). Humanized mice for the study of type 1 and type 2 diabetes. Ann.

N Y Acad. Sci. 1245, 55–58.

Härndahl, L., Jing, X.J., Ivarsson, R., Degerman, E., Ahrén, B., Manganiello,

V.C., Renström, E., and Holst, L.S. (2002). Important role of phosphodies-

terase 3B for the stimulatory action of cAMP on pancreatic beta-cell exocy-

tosis and release of insulin. J. Biol. Chem. 277, 37446–37455.

Hayes, H.L., Moss, L.G., Schisler, J.C., Haldeman, J.M., Zhang, Z.,

Rosenberg, P.B., Newgard, C.B., and Hohmeier, H.E. (2013). Pdx-1 activates

islet a- and b-cell proliferation via amechanism regulated by transient receptor

potential cation channels 3 and 6 and extracellular signal-regulated kinases 1

and 2. Mol. Cell. Biol. 33, 4017–4029.

Henquin, J.C., and Rahier, J. (2011). Pancreatic alpha cell mass in European

subjects with type 2 diabetes. Diabetologia 54, 1720–1725.

Houghton, A.M., Rzymkiewicz, D.M., Ji, H., Gregory, A.D., Egea, E.E., Metz,

H.E., Stolz, D.B., Land, S.R., Marconcini, L.A., Kliment, C.R., et al. (2010).

Neutrophil elastase-mediated degradation of IRS-1 accelerates lung tumor

growth. Nat. Med. 16, 219–223.

Hussain, M.A., Porras, D.L., Rowe, M.H., West, J.R., Song, W.J., Schreiber,

W.E., andWondisford, F.E. (2006). Increased pancreatic beta-cell proliferation

mediated by CREB binding protein gene activation. Mol. Cell. Biol. 26, 7747–

7759.

Jhala, U.S., Canettieri, G., Screaton, R.A., Kulkarni, R.N., Krajewski, S., Reed,

J., Walker, J., Lin, X., White, M., and Montminy, M. (2003). cAMP promotes

pancreatic beta-cell survival via CREB-mediated induction of IRS2. Genes

Dev. 17, 1575–1580.

Jiao, Y., Le Lay, J., Yu, M., Naji, A., and Kaestner, K.H. (2014). Elevated mouse

hepatic betatrophin expression does not increase human b-cell replication in

the transplant setting. Diabetes 63, 1283–1288.

Jung, Y., Miura, M., and Yuan, J. (1996). Suppression of interleukin-1 beta-

converting enzyme-mediated cell death by insulin-like growth factor. J. Biol.

Chem. 271, 5112–5117.

Kassem, S.A., Ariel, I., Thornton, P.S., Scheimberg, I., and Glaser, B. (2000).

Beta-cell proliferation and apoptosis in the developing normal human

pancreas and in hyperinsulinism of infancy. Diabetes 49, 1325–1333.
nc.

http://refhub.elsevier.com/S1550-4131(15)00616-6/sref1
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref1
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref1
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref2
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref2
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref2
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref3
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref3
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref3
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref4
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref4
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref4
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref5
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref5
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref5
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref5
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref6
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref6
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref7
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref7
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref7
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref7
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref8
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref8
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref8
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref9
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref9
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref9
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref10
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref10
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref10
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref11
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref11
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref11
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref11
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref12
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref12
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref12
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref12
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref13
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref13
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref13
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref13
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref14
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref14
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref14
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref15
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref15
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref15
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref15
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref16
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref16
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref16
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref55
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref55
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref17
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref17
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref17
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref17
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref18
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref18
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref18
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref19
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref19
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref19
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref19
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref20
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref20
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref20
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref20
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref20
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref21
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref21
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref22
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref22
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref22
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref22
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref23
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref23
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref23
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref23
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref24
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref24
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref24
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref24
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref25
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref25
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref25
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref26
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref26
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref26
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref27
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref27
http://refhub.elsevier.com/S1550-4131(15)00616-6/sref27


Kawabata, K., Suzuki, M., Sugitani, M., Imaki, K., Toda, M., and Miyamoto, T.

(1991). ONO-5046, a novel inhibitor of human neutrophil elastase. Biochem.

Biophys. Res. Commun. 177, 814–820.
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