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Abstract

Agents that stimulate human pancreatic beta cell proliferation are needed to improve diabetes 

mellitus treatment. Recently, a small molecule, WS6, was observed to stimulate human beta cell 

proliferation. However, little is known about its other effects on human islets. To better understand 

the role of WS6 as a possible beta cell regenerative therapy, we carried out in-depth phenotypic 

analysis of WS6-treated human islets, exploring its effects on non-beta cell proliferation, beta cell 

differentiation, and islet cell viability. WS6 not only stimulated beta cell proliferation in cultured 

human islets (in agreement with previous reports), but also human alpha cell proliferation, 

indicating that WS6 is not a beta cell-specific mitogen. WS6 did not change the proportion of 

insulin-positive beta cells or the expression of beta cell-specific transcription factors, suggesting 

that WS6 does not alter beta cell differentiation, and WS6 had no effect on human islet cell 

apoptosis or viability. In conclusion, WS6 stimulates proliferation of both human beta and alpha 

cells while maintaining cellular viability and the beta cell differentiated phenotype. These findings 

expand the literature on WS6 and support the suggestion that WS6 may help increase human islet 

mass needed for successful treatment of diabetes.
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Methods to replace pancreatic beta cells for the treatment of diabetes, both type 1 and type 

2, are substantially hindered by the quiescent nature of these cells. Unlike rodent pancreatic 

beta cells, which can be stimulated to proliferate through a number of means including 

mitogen exposure, human beta cells have shown a resistance to most methods attempted to 

force proliferation [1, 2]. Adenoviral vectors used to overexpress components of the cell 
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cycle machinery in the human beta cell, in particular CDK6, cyclin D1, and E2F3, have 

resulted in beta cell proliferation [3, 4]. However, attempts to stimulate human beta cell 

proliferation with exogenous mitogens have yielded minimal results. Parathyroid hormone-

related peptide (PTHrp) and Nodal have been shown to stimulate modest human beta cell 

proliferation; however, substantial proliferation of these cells in response to exogenous 

mitogens remains an unmet goal [5, 6]. The identification of proteins or small molecules that 

can directly stimulate human beta cell proliferation would be advantageous to allow 

endogenous replication of existing beta cells in individuals with diabetes, but also to expand 

beta cell mass in vitro prior to islet transplantation.

Recently, WS6, a small molecule identified through a high-throughput screen, was 

determined to be a human beta cell mitogen [7]. WS6 stimulated human beta cell 

proliferation both in dissociated human islets as well as whole human islets. The IκB kinase 

pathway and the Erb3 binding protein-1 (EBP1) appeared to be involved in the mechanism 

of action of WS6. In vivo studies of WS6 in RIP-DTA mice revealed improvement in blood 

glucose levels, an increase in beta cell proliferation, but no difference in overall beta cell 

mass. However, it is unknown if WS6 stimulates proliferation of other cell types in the islet 

or if this compound adversely impacts differentiation status or viability of human islet cells.

Compounds that stimulate human beta cell proliferation could, in theory, also stimulate other 

cell types within the islet to replicate. Many studies focus solely on beta cell proliferation as 

the end point, but examining the effects of mitogens on other cell types in islets is important 

given the multicellular makeup of pancreatic islets. Furthermore, confirming that mitogenic 

compounds are not deleterious to cellular viability is crucial. Finally, determining the effect 

of mitogens on the differentiation status of beta cells is crucial as loss of beta cell-specific 

transcription factors has been linked to reduced beta cell function, a factor that may also play 

a role in the pathogenesis of type 2 diabetes [8–10]. To date, beyond the proliferative effect 

on beta cells, the effects of WS6 on human islets is otherwise unknown.

In the current study, we sought to understand the effects of WS6 on human islet cell 

proliferation, viability and beta cell differentiation. Our study confirms the ability of WS6 to 

stimulate human beta cell proliferation. However, our work reveals that WS6 is not a beta 

cell-specific mitogen as we have identified this compound to also stimulate alpha cell 

proliferation. Finally, we have identified that WS6 does not adversely affect human islet cell 

viability or beta cell differentiation status. Our work advances the knowledge of WS6, one of 

the only small molecule human beta cell mitogens identified to date.

Materials and Methods

Islet culture

Human islets were obtained from Prodo Laboratories (Irvine, CA) and the National Disease 

Research Interchange (NDRI, Philadelphia, PA) (Table 1). Full and ethical informed 

consent, allowing for use of the donor pancreatic islets for research, was obtained at the time 

of pancreas organ procurement. The islets were washed immediately upon arrival, and re-

suspended in CMRL media (5.5 mM glucose, GIBCO) containing 10% fetal bovine serum 

(FBS), glutamine, and penicillin/streptomycin. Islets were cultured in ultra-low adherence 
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plates (Corning) at a concentration of 0.75 to 1 islet equivalent (IEQ) per μL of media. Islets 

were cultured at 37° C, 5% CO2 and allowed to recover overnight. The next day, WS6 1.0 

μM (Sigma) or DMSO was added to the wells. Media and WS6/DMSO were replaced after 

48 hours.

Flow cytometry

Human islets were harvested from culture, washed with PBS, and incubated with 0.25% 

Trypsin (GIBCO) at 37° C with gentle agitation for 5 to 10 minutes. The islets were then 

gently dispersed by pipetting with a 1000 μL pipette. Trypsinization was stopped with 

CMRL media + 10% FBS. The dispersed cells were filtered with a 40 μm cell strainer. The 

resultant single-cell suspension was incubated in Live-Dead Fixable Stain (Invitrogen), fixed 

and permeabilized (Fix/Perm, BD Biosciences), and incubated with a fluorochrome-

conjugated antibody (allophycocyanin-Anti-insulin, R&D) for 30 minutes. The cells were 

washed and subsequently analyzed on a Becton Dickinson FACStarPlus flow cytometer at 

the University of Nebraska Medical Center Flow Cytometry Core Facility. Data analysis was 

performed utilizing FlowJo software (Tree Star, Inc).

Immunofluorescence

At the end of the culture period, islets were harvested, washed with PBS, and fixed in 4% 

paraformaldehyde (PFA) for 24 hours. PFA was removed and the islets were embedded in 

1.5% agarose, subsequently embedded in paraffin, and sections made at 4 μm. After 

deparaffinization and rehydration, antigen retrieval was performed by microwaving slides in 

sodium citrate (0.01 M, pH 6.0). Sections were blocked with 5% donkey serum for one hour 

and incubated in primary antibody overnight at 4° C. Secondary antibodies were applied for 

1 hour and nuclei were subsequently stained with DAPI (VECTASHIELD, Vector 

Laboratories). Slides were visualized with an Axio Imager (Carl Zeiss, Oberkochen, 

Germany). Overlay and cell counting were performed with ImageJ software (available at 

http://rsb.info.nih.gov/ij). Primary antibodies utilized in this study included: Guinea Pig anti-

insulin, mouse anti-Ki67 (Dako), mouse anti-glucagon (Sigma), rabbit anti-Ki67, goat anti-

PDX1 (Abcam), and goat anti-NKX6.1 (R&D). Secondary antibodies included: donkey 

Alexa Fluor-488 and -594 conjugates (Life Technologies and Jackson ImmunoResearch).

Western blot

Islets were stored at −80° C at the end of the culture period. For protein lysate extraction, 

islets were thawed and lysed in cell lysis buffer for 30 minutes. The protein lysate was 

centrifuged at 20000 g for 20 minutes to pellet residual cellular materials. A standard 

Bradford method (BioRad) was used to determine protein concentrations. Proteins were 

separated on a 4–20% SDS-polyacrylamide gel and transferred to a nitrocellulose 

membrane. Membranes were blocked with 5% milk for 30 minutes and primary antibodies 

then added for overnight incubation at 4° C. Membranes were washed and HRP-conjugated 

secondary antibodies (Jackson ImmunoResearch) were added for one hour. After wash, 

membranes were developed with ECL (Thermo Scientific). Primary antibodies utilized 

included: goat anti-NKX6.1 (R&D), rabbit anti-GAPDH, rabbit anti-PDX1, mouse anti-

Insulin, and rabbit anti-NeuroD1 (Cell Signaling).
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TUNEL staining

Slides were prepared from paraffin-embedded islets and TUNEL assay performed using a 

fluorescein In Situ Cell Death Kit (Roche), per the manufacturer’s instructions. Imaging and 

counting were performed with ImageJ software.

Statistical analysis

Values are presented as mean ± standard error of the mean (SEM). A two-tailed student’s t-

test and one sample t-test were used to compare between treatment groups. A P-value <0.05 

was considered significant.

Results

WS6 stimulates substantial proliferation of human islet cells

WS6 has been shown to stimulate proliferation of human beta cells [7]. We first strove to 

confirm the proliferative capacity of WS6 on human islet cells. As noted in Fig. 1A, WS6 

stimulated a seven-fold increase of general cellular proliferation in human islets. This 

confirmed the earlier report that WS6 is a pro-proliferative factor for human islet cells. 

Given the substantial number of cells proliferating and the rates of WS6-induced, beta cell 

specific proliferation previously reported, we felt that other islet cell types may also be 

stimulated to proliferate in response to WS6 treatment.

WS6 stimulates proliferation of human beta cells and alpha cells

Next, we sought to investigate whether, in our hands, WS6 could stimulate human beta cell 

proliferation, as reported by Shen et al [7]. Intact human islets cultured in the presence of 1.0 

μM WS6 for four days did show a significant, four-fold increase in beta cell proliferation as 

noted by incorporation of Ki67 (p < 0.05, Fig. 1B). However, a significant number of the 

proliferating cells were non-beta cells, confirming our assumption that WS6 is not a beta 

cell-specific mitogen.

Glucagon-producing alpha cells of the pancreas are, like beta cells, a quiescent cell 

population that has been shown to proliferate in response to certain stimuli [11–13]. Given 

the pronounced cellular proliferation we observed with WS6 administration in both beta 

cells and non-beta cells, we hypothesized that alpha cells would also undergo increased 

proliferation in response to WS6. As shown in Fig. 1C, alpha cell proliferation, as measured 

by Ki67 expression, was significantly enhanced with WS6 compared to control. Similar to 

beta cells, alpha cell proliferation was increased four-fold in response to WS6 compared to 

control (p < 0.05). This finding suggests that WS6 is a non-specific endocrine cell mitogen.

WS6 does not affect differentiation status of human beta cells

Beta cell proliferation is thought to occur by the direct replication of existing beta cells [14]. 

The exact mechanism whereby previously quiescent beta cells are stimulated to replicate is 

not well understood [1]. Studies utilizing cell lines have suggested that immature beta cells 

may be more prone to replication than mature beta cells [15]. With the knowledge that WS6 

stimulated beta cell proliferation, we sought to investigate the effect of WS6 on beta cell 

maturity. By flow cytometry, WS6 did not alter the proportion of insulin positive cells in 
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human islets compared to control, suggesting no overt impact on absolute beta cell number 

(Fig. 2A). Similarly, the mean fluorescence intensity (MFI) of insulin positive beta cells was 

no different in WS6 treated islets compared to control (MFI ratio of WS6 to DMSO = 0.78 

± 0.12, p = 0.22) suggesting WS6 did not alter insulin expression in beta cells. Confirmation 

of similar insulin expression in WS6-treated islets compared to control islets was shown by 

western blot (Fig. 2B).

However, even with intact beta cell insulin expression, in certain models, insulin-positive 

beta cells can lose expression of other beta cell transcription factors with subsequent 

reduction in beta cell function [8, 16, 17]. With this information in mind, we compared the 

levels of beta cell specific transcription factors after exposure of human islets cells to WS6, 

or vehicle control. We observed that WS6 treatment did not affect expression of PDX1, 

NeuroD1, or NKX6.1 in isolated human islets (Fig. 2B). By immunofluorescence, control 

and WS6-treated islets both showed only rare examples of insulin-positive beta cells lacking 

expression of NKX6.1 or PDX1 (Fig. 2C). These results indicate that WS6 does not overtly 

affect the differentiation status of human beta cells.

WS6 does not affect viability of human islet cells

Though WS6 is a human endocrine cell mitogen, we next sought to ensure this compound 

did not adversely affect viability or stimulate apoptosis. We first quantitated cellular viability 

by flow cytometry utilizing a Live/Dead stain. The viability in WS6 treated human islet cells 

was no different than DMSO treated islet cells (Fig. 3A). We then measured the number of 

cells undergoing apoptosis by TUNEL staining and again found that WS6 did not stimulate 

increased levels of apoptosis, compared to controls (Fig. 3B). These results confirm that 

WS6, at the dose and duration used in this study, does not adversely affect human islet cell 

viability.

discussion

Identifying methods that stimulate proliferation of functional human beta cells for the 

treatment of diabetes remains an unmet need. Customized human islet and beta cell culture 

methods have been developed to promote chemical library screens in an attempt to identify 

small molecules that may be efficacious in stimulating beta cell proliferation [18–21]. Small 

molecules would be ideal as these molecules may be developed into drug therapy without 

the issues inherent in the synthesis and delivery of peptide molecules. WS6 has recently 

been identified to stimulate human beta cell proliferation in vitro, both in dispersed and 

whole human islets [7]. This small molecule was also shown to improve blood glucose levels 

in a mouse model of diabetes. Due to its importance as a potential diabetes therapy, we 

sought to test the effects of WS6 on human islet cell proliferation, differentiation, and 

viability. Our results have revealed that WS6 is a not a beta cell-type specific mitogen in 

human islets, as it also stimulates proliferation of alpha cells. We have also shown that WS6 

does not appear to induce significant dedifferentiation of human beta cells, as noted by 

proportion of insulin-positive cells per islet, and expression of insulin and key beta cell 

transcription factors.
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Documentation of the non-beta cell activity of beta cell mitogens is crucial to understanding 

the over-all effects these mitogens may have on islet structure and function. Though islet 

alpha cell-to-beta cell ratios clearly vary amongst individuals, significant alpha cell 

proliferation may alter islet function, as is seen with animal models of type 2 diabetes [22, 

23]. Furthermore, hyperglucagonemia plays a role in hyperglycemia development in type 1 

and type 2 diabetes [24–26]. Therefore, excess alpha cell proliferation compared to beta cell 

proliferation in response to a mitogenic signal may be deleterious. In our hands, WS6 

stimulated similar rates of proliferation of both alpha and beta cells suggesting this 

compound should not significantly disturb the intrinsic beta cell-to-alpha cell ratio. Though 

WS6 appears to be a non-specific endocrine cell mitogen in human islets, the effect of WS6 

on delta and PP cells is unknown and requires additional investigation, as does the potential 

effects on proliferation of endothelial cells within the islet.

The maturity state of beta cells after exposure to a pro-proliferative factor is another 

important consideration. Some level of dedifferentiation may be a requirement for beta cell 

proliferation, as noted in human in vitro studies and some models of in vivo rodent beta cell 

proliferation [27, 28]. If dedifferentiation is required for beta cell proliferation, re-

differentiation of these expanded cells into functional beta cells is crucial for appropriate 

function as immature beta cells have a reduced capacity for glucose-stimulated insulin 

secretion [15, 29, 30]. Importantly, WS6 does not appear to cause a significant reduction in 

the expression of beta cell transcription factors in human islets. Further studies are needed to 

investigate whether WS6 has any effect on islet endocrine cell function as noted by glucose-

stimulated insulin secretion (GSIS) and glucagon stimulation assays.

Finally, we have shown that WS6 does not adversely affect beta cell viability or stimulate 

beta cell apoptosis in standard culturing conditions. This is vital knowledge when 

considering any potential pro-proliferative agent. Whether WS6 can potentially impart a 

protective role against beta cell toxins (e.g. fatty acids, hyperglycemia, cytokines) in the 

setting of diabetes is unknown. This point should be studied further to determine if this 

compound might provide additional protective beta cell benefits in the form of an anti-

apoptotic compound.

In conclusion, we have shown WS6 to be a non-specific mitogen for human islet cells, 

stimulating not only beta cell but also alpha cell proliferation, while maintaining the 

differentiated beta cell phenotype. Our study expands the current knowledge of the effects of 

WS6 on human islets and re-affirms the potential this agent may have for use in human beta 

cell regenerative protocols. Our study also emphasizes the importance of studying other cell 

types, cellular differentiation, and viability in the islet when investigating potential beta cell 

mitogens.
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Fig. 1. 
WS6 stimulates proliferation of both human pancreatic beta and alpha cells. 

Immunofluorescent analysis of human islets exposed to WS6 1.0 μM or DMSO (control) for 

96 hours.

A. Ki67 (red) staining of human islets with quantification of total Ki67 cells per islet. B. 

Insulin (green) and Ki67 (red) staining of human islets with quantification of Ki67+ beta 

cells. White arrow shows Insulin+/Ki67+ double-positive cell.

C. Glucagon (green) and Ki67 (red) staining of human islets with quantification of Ki67+ 

alpha cells. White arrow shows Glucagon+/Ki67+ double-positive cell. (DAPI staining in 

blue. n = 4 from four different donors. Bars indicate mean ± SEM. Scale bar = 50 μm. *p < 

0.05, **p < 0.01)

Boerner et al. Page 9

Endocr J. Author manuscript; available in PMC 2016 May 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
WS6 does not impact human beta cell number or beta cell differentiation. Analysis of human 

islets exposed to WS6 1.0 μM or DMSO (control) for 96 hours.

A. Flow cytometry analysis. Gating strategy for insulin positive cells (left) and 

quantification of the proportion of insulin positive cells (right) (n = 3 from three different 

donors, p = NS). B. Western blot analysis of human insulin and beta cell transcription 

factors, with representative images (left) and quantification (right, n = 3 to 4 from four 

different donors, p = NS for all). C. Immunofluorescent analysis showing similar NKX6.1 

and PDX1 expression in DMSO and WS6 treated islets (ADU = Arbitrary density units. 

Bars indicate mean ± SEM. Scale bar = 50 μm). Representative images from Figs. 2A and 

1B come from different donors.
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Fig. 3. 
WS6 does not adversely affect human islet viability. Analysis of human islets exposed to 

WS6 1.0 μM or DMSO (control) for 96 hours.

A. Viability of human islet cells as assayed by flow cytometry Live/Dead assay. Gating 

strategy (left) and quantification of viable cells (right, n = 3 from 3 different donors, p = 

NS.) B. Analysis of apoptosis by immunofluorescent TUNEL assay. Left - Arrows indicate 

TUNEL+ cells (Green = TUNEL staining, Blue = DAPI). Right – Quantification of TUNEL

+ cells per islet (n = 3 from 3 different donors, p = NS). (Bars indicate mean ± SEM. Scale 

bar = 50 μm)
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Table 1

Donor demographics for human islets used in the current study

Gender Ethnicity Age BMI Cause of death

Male Caucasian 36 33.8 Gun shot wound

Male Caucasian 29 23.5 Head trauma

Female Caucasian 38 33.1 Seizure

Male Asian 30 32.9 Myocardial infarction

Male Caucasian 46 29.7 CVA

Female Black 43 28.7 Gun shot wound

Female Caucasian 29 23.5 CVA

Male Hispanic 20 21.3 Head trauma

Female NativeAmerican 48 31.2 CVA

(BMI = body mass index, CVA = Cerebrovascular accident)
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