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Abstract 10 

Dysfunction or death of pancreatic β cells underlies both types of diabetes. This functional decline 11 

begins with β cell stress and de-differentiation. Current drugs for T2D lower blood glucose levels, but do 12 

not directly alleviate β cell stress nor prevent, let alone reverse, β cell de-differentiation. We show here 13 

that Urocortin 3 (Ucn3), a marker for mature β cells, is down-regulated in the early stages of T2D in mice 14 

and when β cells are stressed in vitro. Using an insulin expression-coupled lineage tracer, with Ucn3 as a 15 

reporter for the mature β cell state, we screen for factors that reverse β cell de-differentiation. We find 16 

that a small molecule inhibitor of TGFβ receptor I (Alk5) protects cells from the loss of key β cell 17 

transcription factors and restores a mature β cell identity even after exposure to prolonged and severe 18 

diabetes. 19 

  20 
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Introduction  21 

Dysfunction or death of pancreatic β cells underlies all types of diabetes. In the case of Type 1 diabetes, 22 

it is unknown whether the initiating cause of β cell destruction is an immune attack or a β cell pathology 23 

that instigates autoimmunity. β cell failure in type 2 diabetes (T2D) is thought to begin as a 24 

compensatory response to peripheral insulin resistance and eventually results in the loss of a mature β 25 

cell phenotype, without necessarily leading to β cell death (Weir et al., 2013; Weir and Bonner-Weir, 26 

2004). The loss of a mature β cell phenotype, sometimes called de-differentiation, can result from 27 

exposure to high levels of glucose, lipids and inflammatory cytokines (Accili et al., 2010). De-28 

differentiation of β-cells in the context of diabetes has been shown in vivo with the genetic disruption of 29 

key transcription factors, including FoxO1 (Talchai et al., 2012) and NeuroD (Gu et al., 2010), and is also 30 

seen in isolated islets cultured in vitro on an adherent substrate (Bar-Nur et al., 2011; Bar et al., 2012; 31 

Gershengorn et al., 2004; Negi et al., 2012; Russ et al., 2008; Weinberg et al., 2007). In both the FoxO1 32 

knockout mice and obese diabetic (LeprDb/Db) mice, de-differentiating β-cells gradually lose insulin 33 

expression and begin to express progenitor-cell markers including Ngn3 and Sox9 (Talchai et al., 2012). 34 

Oxidative stress, also associated with T2D, inactivates the β cell specific transcription factors MafA, 35 

Nkx6.1 and Pdx1, again leading to the loss of mature β cell identity (Guo et al., 2013).  36 

β cell de-differentiation may represent a reversal of the normal ontogeny of β cells, or follow a different 37 

pathway, but it is clear that de-differentiation depletes the pool of functionally mature β cells in T2D 38 

patients (Weir et al., 2013; Weir and Bonner-Weir, 2004). It is not known whether there are stages of 39 

de-differentiation at which the cells can recover or re-differentiate back into fully mature β cells. The 40 

commonly used T2D drugs act by suppressing glucose production in the liver (e.g. Metformin), by 41 

enhancing peripheral insulin sensitivity (e.g. Rosiglitazone and other thiazolidinediones), or by forcing 42 

the secretion of more insulin from the already-stressed β cells (e.g. sulfonylureas such as Glyburide). 43 
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There is no evidence that any of these drugs reverse β-cell de-differentiation or restore the functionally 44 

mature β cell mass after β cell de-differentiation has occurred (Accili et al., 2010; Kahn et al., 2006). The 45 

availability of markers for early β cell stress (Akirav et al., 2011; Erener et al., 2013; Mahdi et al., 2012) 46 

allow one to test whether dysfunctional, stressed β cells can be revived or re-differentiated.  47 

The gene Urocortin 3 (Ucn3) is a marker for functionally mature β cells, cells capable of glucose 48 

stimulated insulin secretion (Blum et al., 2012). Ucn3 expression appears relatively late in postnatal 49 

mouse development and its expression levels correlates with functional β cell maturation in mice, and 50 

with the maturation of human pluripotent stem cell-derived β-cells after transplantation (Blum et al., 51 

2012; Hua et al., 2013; van der Meulen and Huising, 2014; van der Meulen et al., 2012). We 52 

hypothesized that Ucn3 expression may be lost or reduced early during β cell de-differentiation in T2D 53 

and if so, could be used to investigate the first steps of stress-induced β cell de-differentiation.  54 

 55 

Results 56 

Loss of Ucn3 expression is an early event in β cell de-differentiation in diabetes 57 

Ucn3 and insulin expression in β cells of T2D mice were examined by immunostaining on pancreata of 58 

obese diabetic (LepOb/Ob and LeprDb/Db) mice and from insulin-dependent diabetic mice (Ins2Akita), and 59 

compared to pancreata of age matched non-diabetic (C57BL/6) mice. The intensity of insulin staining in 60 

diabetic mice is indistinguishable from non-diabetic controls, but the immunoreactivity of Ucn3 is almost 61 

completely abolished in islets of diabetic mice (Figure 1A). Quantitative real-time PCR (qRT-PCR) showed 62 

that the expression Ucn3 mRNA levels are significantly (P>0.001) reduced in islets of mice from all three 63 

diabetic models (Figure 1B). Statistically significant reduction in Ins1 levels were only seen in the Ins2Akita 64 

mice, which also showed the highest fed blood glucose levels (Figure 1B). The disappearance of Ucn3 65 
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from β cells that still express high levels of insulin suggests that the loss Ucn3 is an early marker of β-cell 66 

stress in diabetes, occurring before reduction in insulin expression (Guo et al., 2013; Talchai et al., 2012).  67 

Insulin expression has been previously reported to be diminished in β cells of severely diabetic mice, 68 

those with blood glucose levels exceeding 500mg/dl (Guo et al., 2013). To confirm that loss of Ucn3 is an 69 

early marker of diabetes, we divided the diabetic mice from all three models (LepOb/Ob, LeprDb/Db and 70 

Ins2Akita) into groups according to the severity of their diabetes, regardless of the genetic cause. Thus, 71 

groups of mildly diabetic (blood glucose levels between 200-500mg/dL) and severely diabetic (blood 72 

glucose levels >500mg/dL) and compared the expression of Ins1 and Ucn3 mRNA in them to age-73 

matched non-diabetic controls (C57BL/6, blood glucose levels <200mg/dL). The average (non-fasting) 74 

blood glucose level was 381±18mg/dL in mildly diabetic mice, 588±8mg/dL in the severely diabetic mice, 75 

and 167±5mg/dl in the non-diabetic control mice. The expression level of Ins1 mRNA was slightly, but 76 

not significantly, higher in islets of mildly diabetic mice as compared to non-diabetic controls, but was 77 

reduced to 28% of control levels in islets of the severely diabetic group (P<0.001). In contrast to the late 78 

reduction in insulin expression, the levels of Ucn3 mRNA in the mildly diabetic group were already 79 

reduced 3 fold, to 34% of the level in the healthy control group (P<0.001), and by 10 fold, to 80 

approximately 10% of the control levels, in the severely diabetic group (P<0.001) (Figure 1C). We 81 

conclude that loss of Ucn3 mRNA is an early event in β cell de-differentiation.  82 

 83 

Using Ucn3 as a marker for the mature β cell state reveals reversibility of β cell de-differentiation  84 

Because Ucn3 expression is reduced early during β cell de-differentiation, its expression could be used 85 

to test whether β-cells at early or late stages of de-differentiation are able to regain a fully mature state. 86 

The hypothesis is that while late-stage de-differentiated β cells (negative for both insulin and Ucn3) may 87 

not be able to re-differentiate into fully mature β cells, cells at an earlier stage (negative for Ucn3, but 88 
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still expressing insulin) may be able to recover from their de-differentiation if the stress inducing factor 89 

(i.e. the diabetes) is removed.  90 

To test this hypothesis, we induced transient insulin resistance in healthy, lean wild-type mice with the 91 

insulin-receptor antagonist S961 (Vikram and Jena, 2010; Yi et al., 2013). Mice treated with S961 92 

develop acute insulin resistance and severe diabetes within one week, with non-fasting glucose levels of 93 

≥500mg/dL. Removal of S961 relieves the diabetes, and the mice restore their glucose control within 94 

one week. We thus induced transient hyperglycemia in wild type mice with S961 for one week; control 95 

animals were similarly treated with PBS. At the end of the first week, half of the animals were sacrificed 96 

for analysis, and half were taken off S961 treatment and allowed to recover from diabetes for another 97 

week by which time their blood glucose levels returned to normal (≤200mg/dL). Immunostaining of 98 

pancreata from all groups shows the levels of Ucn3 and insulin proteins (Figure 2A). As expected, 99 

animals treated with S961 developed diabetes (reaching blood glucose levels ≥460mg/dL) and show an 100 

increase in insulin staining, while Ucn3 staining was almost completely abolished. In the diabetic animals 101 

that recovered and showed normoglycemia following withdrawal of S961 for one week, there was a 102 

complete recovery of Ucn3 staining, with a staining intensity comparable to that of the PBS-treated 103 

controls (Figure 2A). Quantitative RT-PCR analyses on islets at different time point during the 104 

development of S961-induced diabetes and its subsequent recovery showed that the levels of Ucn3 105 

mRNA are significantly (P>0.005) reduced to about half of the levels in control mice as early as four days 106 

after S961 induction, and are down to about a third by day 7 (Figure 2B). A small reduction of the Ins1 107 

mRNA was also seen, but this was not statistically significant. The expression of both Ins1 and Ucn3 108 

increases to its normal levels (and even slightly higher) three days after pump removal, followed by a 109 

non-statistically significant decline 7-days after the withdrawal of the S961 pumps, which is not 110 

observed at the protein level (Figure 2B and 2A, respectively). A similar trend was seen with the 111 
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expression of MafA, Nkx6.1 and Pdx1, confirming the loss and re-gain of the mature β cell state in this 112 

model (Figure 2-Figure Supplement 1).  113 

We next tested whether more severely de-differentiated β cells can also return to a mature state after 114 

removal of the de-differentiation inducing stress. It has previously been reported that substantial β cell 115 

de-differentiation occurs when islets are cultured in vitro on an adherent substrate (Gershengorn et al., 116 

2004; Negi et al., 2012; Russ et al., 2008; Weinberg et al., 2007). Cells de-differentiated using this 117 

method can be analyzed for the loss of their functional character, and can be transplanted back into 118 

non-diabetic mice to test their differentiation state after being returned to a healthy environment (Bar-119 

Nur et al., 2011; Bar et al., 2012).  120 

In order to follow de-differentiated β cells, even after they cease to express insulin, we developed a 121 

lineage tracing system that marks cells that have expressed insulin (transcribed the insulin gene) in the 122 

past. Insulin2-Cre transgenic mice were crossed with mice carrying a floxed reporter of histone H2B 123 

fused to mCherry (R26H2BCherry), such that cells that had expressed insulin are marked with nuclear 124 

mCherry. These mice also contained a transgene driving cytoplasmic EGFP protein under the control of 125 

the Ucn3 promoter (Figure 3A). The consequence of this genetic system is that cells with nuclear 126 

mCherry have, at some time, transcribed the insulin gene, but need not be actively producing insulin 127 

protein, and the (reversible) expression of cytoplasmic GFP indicates whether the β-cell is fully mature 128 

(GFP positive) or de-differentiated (GFP negative). We labeled this genetic system “RCU”, for 129 

R26H2BmCherry; Ins2-Cre; Ucn3-GFP (Figure 3A).  130 

Triple hemizygous RCU progeny are healthy and euglycemic (data not shown). The frequency of 131 

cytoplasmic Ucn3-derived GFP staining in all Ins2-Cre derived H2BCherry labeled cells was determined 132 

by FACS to be 57±16% in both male and female mice, between one month to four months of age (data 133 

not shown). Confocal imaging of triple hemizygous progeny β cells from RCU mice show red nuclear 134 
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fluorescence in β cells that is easily distinguished from the cytoplasmic green fluorescence emitted by 135 

the Ucn3-GFP reporter (Figure 3-Figure Supplement 1).  136 

T2D-like symptoms were induced in RCU mice using the insulin antagonist S961 as described above. 137 

Ucn3-GFP levels are down-regulated in diabetic mice, treated with S961 for 6 days, but not in PBS-138 

infused controls (Figure 3B, left and middle panels). After removal of S961, the expression level of Ucn3-139 

GFP was up-regulated, returning to levels comparable to control animals (figure 3B, right panel), 140 

corresponding to the remission of hyperglycemia (figure 3B, right panel). These data show that loss of 141 

Ucn3 expression is not permanent and that β cells can return to a mature Ucn3-positive state after a 7 142 

day period of hyperglycemia.  143 

When RCU islets are plated on an adherent 804G matrix (a laminin-rich extracellular matrix produced by 144 

the 804G rat epithelial cell line  (Lefebvre et al., 1998)) and are cultured on the adherent matrix for 7 145 

days, the islets flatten, cells spread out, and β cells lose Ucn3-GFP expression (Figure 3C, left and middle 146 

panels). The levels of both Ins1 and Ucn3 in such adherent cultures of islets from wild-type mice were 147 

reduced to 4% and 29% of the levels in freshly harvested islets, respectively (Figure 3-Figure Supplement 148 

2). Consistent with the loss of the Ucn3 marker, these islets completely lose their ability for glucose-149 

stimulated insulin secretion (GSIS, Figure 3-Figure Supplement 3). Most notably, the β cells re-express 150 

Ucn3-GFP three weeks after transplantation into the kidney capsule of euglycemic SCID mice (Figure 3C, 151 

right panel). These data suggest that the β cell de-differentiation caused by culturing cells ex vivo on 152 

adherent culture is reversible.  153 

 154 

 155 

 156 
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Screen using de-differentiated RCU islets identifies roles for TGFβ pathway inhibitors and Artemin 157 

signaling in reversing β cell de-differentiation 158 

The reversion of de-differentiated β cells to a mature state after transplantation to a healthy in vivo 159 

environment prompted us to look for factors that can recapitulate this phenomenon, as these factors 160 

could be candidates for drug development aimed at reversing β cell de-differentiation in T2D. We used 161 

the RCU platform to screen an array of 114 growth factors representing most major signaling pathways 162 

(Supplementary File 1A). The experimental design, outlined in Figure 4A, employs healthy islets from 163 

adult RCU mice, isolated on day 1 and plated on an adherent 804G matrix in a 384-well plate format. 164 

The islets were first cultured for one week to achieve adequate de-differentiation (see Figure 3C and 165 

Figure 3-Figure Supplement 2). Test compounds were then added on day 7 for another week. Each 166 

compound was tested in duplicate at two or three concentrations (listed in Supplementary Files 1A and 167 

1B). Fresh un-manipulated RCU islets were used as a positive control, and DMSO- or non-treated 168 

cultures were used as a negative control. The islets were fixed on day 11 for automated imaging and 169 

subsequent analysis. Percentages of mCherry positive cells that co-express GFP were calculated for each 170 

well and used to identify conditions that significantly increased the number of GFP positive cells over 171 

negative (DMSO- or non-treated) controls (Figure 4A). Positive hits were selected according to their 172 

statistical significance (P value) over the negative control. Of the 114 tested factors, three growth factors 173 

restored Ucn3-GFP expression with a high statistical significance (P<0.01, figure 4B). These factors are 174 

BMP9, soluble TGFβ receptor 3 (TGFβ sRIII, also known as betaglycan), and the GDNF-family member 175 

Artemin. 176 

Both BMP9 and TGFβ sRIII signal through receptors of the TGFβ receptor family (David et al., 2007; 177 

Massague and Chen, 2000), whereas Artemin signals through RET and GFRα3 receptors (Airaksinen and 178 

Saarma, 2002). To delve deeper into the effects of BMP9, TGFβ sRIII and Artemin on β-cell re-179 
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differentiation, a second screen was performed using a library of 19 small molecule kinase inhibitors of 180 

TGFβ signaling and 18 small molecules effectors of RET/GFRα3 signaling (Figure 4C and Supplementary 181 

File 1B). In addition, we included a library of 42 known drugs for T2D (Figure 4C and Supplementary File 182 

1B).  183 

Among the 19 small molecules tested in the TGFβ receptor inhibitors group, Alk5 inhibitor I, Alk5 184 

inhibitor II and a SMAD3 inhibitor, restored Ucn3-GFP expression in de-differentiated β-cells (P>0.01; 185 

Figure 5C). Of the 18 RET/GFRα3 inhibitors two molecules with relatively low specificity to the RET 186 

kinase, namely PHA-739358 and VEGFR inhibitor V, induced Un3-GFP in the cells with P-values below 187 

0.01, and of the 42 known T2D drugs, only the two potassium-channels blockers, Repaglinide and 188 

Tolbutamide, gave marginal results.  189 

Alk5 inhibitor II showed the strongest effect among all molecules tested, both by its reproducibility (as 190 

measured by its statistical P value over DMSO treated controls) and on the levels of Ucn3-GFP 191 

expression, restoring Ucn3-GFP fluorescence of de-differentiated RCU islets to levels comparable to that 192 

of fresh islets (Figure 5A). A dose-response test showed that its effect on Ucn3-GFP expression in de-193 

differentiated RCU β-cells begins at nanomolar concentrations (Figure 5-Figure Supplement 1). 194 

To confirm the reviving effect of Alk5 inhibitor II, we performed qRT-PCR analyses on FACS-sorted 195 

mCherry-positive β cell from islets de-differentiated on 804G matrix for one week, followed by another 196 

week of culture on 804G matrix supplemented with Alk5 inhibitor II, and compared those cultures 197 

grown on 804G matrix without added Alk5 inhibitor II and those of freshly-isolated islets (Figure 5B). The 198 

expression levels of Ucn3, MafA, Nkx6.1, Pdx1 and insulin were severely reduced in cultures de-199 

differentiated for two weeks on 804G matrix. Strikingly, addition of Alk5 inhibitor II for one week after 200 

the initial first week of de-differentiation significantly (P<0.001) induced the expression levels of Ucn3, 201 

MafA, Nkx6.1 and Pdx1, and, in the case on MafA and Pdx1, to levels greater than those of freshly 202 
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isolated islets (Figure 5B). The recovery of the expression of Ins1 mRNA is also statistically significant, 203 

but its expression levels were still lower than those of fresh islets, perhaps because the experiment was 204 

done in low glucose medium. Immunostaining on islets from WT mice cultured as above confirmed the 205 

recovery of insulin and Ucn3 proteins in Alk5 inhibitor II re-differentiated β cells (Figure 5C). 206 

Nevertheless, the addition of Alk5 inhibitor II to 804G matrix-induced de-differentiated β cells was not 207 

sufficient to restore GSIS in vitro to a statistically significant level (data not shown), indicating that there 208 

is more to functionally mature GSIS than mature β cell gene expression.  209 

 210 

Alk5 inhibitor II up regulates expression of β cell transcription factors and prevents their loss under 211 

cytokine stress 212 

It has recently been shown that under diabetes-related stress, the expression and activity of key β-cell 213 

transcription factors, including MafA, Nkx6.1 and Pdx1, are compromised (Guo et al., 2013). We thus 214 

tested whether Alk5 inhibitor II is capable of preventing the down regulation in expression of these 215 

transcription factors. Islets harvested from lean, non-diabetic mice, were exposed to a diabetes-related 216 

cytokine challenge for 24 hours, with or without the presence of Alk5 inhibitor II, and the expression of 217 

several β cell genes was measured by qRT-PCR and compared to islets not treated with cytokines (Figure 218 

6).  219 

Islets exposed to 10ng/ml of either IL-1β, TNFα or IFNγ showed abrogated GSIS response (Figure 6-220 

Figure Supplement 1) and reduced expression of Ucn3, MafA, Nkx6.1 and Pdx1 mRNAs, whereas 221 

expression of Ins1 and FoxO1 was less affected (Figure 6). Addition of 1µM Alk5 inhibitor II with any of 222 

the cytokines prevented the diminution of expression levels for Ucn3, MafA, Nkx6.1 and Pdx1. In fact, 223 

the expression levels of the latter three genes remained at levels comparable to, and in some cases 224 

higher than, that found in control islets (those not exposed to cytokines) (Figure 6). However, as seen 225 
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with 804G de-differentiation, the addition of Alk5 inhibitor II to cytokine-treated islets was not sufficient 226 

to restore fully functional GSIS (data not shown).  227 

 228 

Alk5 inhibitor II can restore expression of β-cell transcription factors even in β cells that were exposed to 229 

extreme diabetic conditions for several months 230 

We asked whether Alk5 inhibitor II can restore the expression levels of specific β cell genes from 231 

severely diabetic mice, β cells that were exposed to an extreme diabetic environment for several 232 

months. To answer this question, gene-expression analyses were performed on islets from lean non-233 

diabetic C57BL/6 mice and from mice with advanced to severe diabetes (LeprDb/Db, LepOb/Ob and Ins2Akita; 234 

blood glucose levels of 406±39mg/dL, 527±48mg/dL and >600mg/dL, respectively). The islets isolated 235 

from these diabetic animals, and controls, were cultured in vitro for 24 hours with or without Alk5 236 

inhibitor II (Figure 7). Culturing control healthy islets for 24 hours with Alk5 inhibitor II results in a 1.5-237 

2.5 fold higher expression of Ucn3, MafA, Nkx6.1, Pdx1 and FoxO1 compared to DMSO treated controls 238 

(Figure 7A). We also observe an unexplained 2 fold decrease in Ins1 expression (Figure 7). Similarly, 239 

islets from mice with advanced diabetes (Figure 7B), and islets from mice with severe diabetes (Figure 240 

7C,D) responded to the Alk5 inhibitor II. The increase in Ucn3, Nkx6.1 and Pdx1 gene expression caused 241 

by Alk5 inhibitor II in severely diabetic mice was 1.5-2.5 fold, similar to the effect on non-diabetic islets. 242 

The induction of MafA expression by Alk5 inhibitor II in the severely diabetic islets increased to 5-6 fold 243 

over DMSO-treated controls (Figure 7C,D). This may reflect the early role of MafA disappearance in β 244 

cell stress (Guo et al., 2013). We conclude that Alk5 inhibitor II can induce mature gene expression in β 245 

cells that were exposed to extreme diabetic conditions for several months. 246 

 247 
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We also tested whether the Alk5 inhibitor II is effective in restoring specific β cell gene expression in 248 

human islets. Primary human islets were treated with Alk5 inhibitor II for 24 hours, and subjected to 249 

gene transcript analyses (Figure 7E). Similar to results with mouse islets, human islets treated with Alk5 250 

inhibitor II show an increase in mRNA expression for Insulin, MafA, Nkx6.1 and Pdx1 mRNAs, but not for 251 

FoxO1 (Figure 7E).  252 

 253 

Discussion  254 

The response of β cells to the progression of T2D begins with an adaptive stage, in which the cells 255 

compensate for insulin resistance by over-production and over-secretion of insulin, as well as increasing 256 

β cell replication (Guo et al., 2013; Weir and Bonner-Weir, 2004; Yi et al., 2013). This adaptation is 257 

reversible, as can be seen when β-cell function returns with the remission from T2D after bariatric 258 

surgery (Bradley et al., 2012). However, if the metabolic stress persists, β cells succumb to the metabolic 259 

overload and de-differentiation occurs. De-differentiation begins with translocation of the transcription 260 

factor FoxO1 to the nucleus, and continues with an inactivation of β cell-specific transcription factors 261 

including MafA, Nkx6.1 and Pdx1 and consequently, a reduction in insulin production and secretion. All 262 

together, these changes result in the escalation of the disease and eventually to a non-recoverable loss 263 

of a functionally mature β cell mass (Guo et al., 2013; Talchai et al., 2012; Weir and Bonner-Weir, 2004).  264 

Our results put the loss of Ucn3 expression as an early event in β cell stress, occurring at the 265 

compensatory stage, before reduction in insulin expression and deterioration to frank diabetes. Ucn3 266 

protein and mRNA were dramatically down regulated even in mildly diabetic mice, some of which had 267 

blood glucose levels that were just slightly above normal. This is further demonstrated by the loss of 268 

Ucn3 in S961-treated mice, exposed to insulin resistance and hyperglycemia for only a week. In severely 269 
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diabetic mice, we observed a dramatic reduction in insulin expression indicative of advanced β cell de-270 

differentiation and the expression of Ucn3 mRNA was almost completely abolished.  271 

Ucn3 is a small neuropeptide hormone, expressed mainly in the Islets of Langerhans (where, in the 272 

mouse, it is restricted to β cells), the small intestine, the skin, and specific brain regions such as the 273 

hypothalamus, amygdala, and brainstem (Benner et al., 2014; Lewis et al., 2001; Li et al., 2003; van der 274 

Meulen and Huising, 2014). Ucn3 has been suggested to regulate GSIS in response to high blood glucose 275 

(Li et al., 2007) and was linked to peripheral glucose homeostasis and food intake behavior (Jamieson et 276 

al., 2011; Kuperman and Chen, 2008; Kuperman et al., 2010). The precise role of Ucn3 in the pancreatic 277 

islets is not yet clear, but the expression of its receptors in mouse and human islets suggests an islet-278 

autonomous autocrine and/or paracrine action (Huising et al., 2011). It is noteworthy, however, that 279 

loss of expression of Ucn3 per se is not a driver of diabetes, but is rather caused by it, as mice 280 

homozygous for a Ucn3-null allele are not diabetic, and even show slightly better glucose tolerance 281 

under high-fat feeding and aging (Li et al., 2007). 282 

To utilize the finding that Ucn3 is an early marker of β cell de-differentiation, we developed triple-283 

transgenic mice, in which a sensitive Ucn3-regulated GFP reporter is combined with β-cell lineage 284 

tracing. This genetic system allows one to trace β cells even after profound de-differentiation. Using this 285 

system, we show that β cell de-differentiation can be reversed after one week of S961 treatment in vivo 286 

or after one week of adherent culture in vitro. A screen for pathways that can rescue β cells from de-287 

differentiation identified three growth factors that restored Ucn3-GFP expression, namely BMP9, TGFβ 288 

sRIII and Artemin, all belonging to the TGFβ superfamily. Of those, only BMP9 had previously been 289 

identified as having an active role in glucose homeostasis (Chen et al., 2003). The gene encoding TGFβ 290 

receptor III has been shown to be up regulated in pancreata from obese human patients compared to 291 
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lean subjects (Muharram et al., 2005), while Artemin and its receptor GFRα3 have, to the best of our 292 

knowledge, not been described in pancreatic islet function.  293 

Tests on small molecule mediators of BMP/TGFβ and Artemin signaling identified Alk5 inhibitor II as a 294 

potent compound able to restore mature β-cell identity even in islets from severely diabetic mice. This 295 

inhibitor also blocked the loss of specific β cell gene expression under cytokine-induced stress. Alk5 296 

inhibitor II, identified using mouse β cells, can induce the expression of key β cell transcription factors in 297 

human islets. While human UCN3 is a marker of the functional maturation for both β and α cells (Benner 298 

et al., 2014; van der Meulen et al., 2012), and despite evidence that UCN3 is not a faithful marker for 299 

functional β-cell maturation in human islets during human pancreas development (Hrvatin et al., 2014), 300 

the signals that reverse β cell de-differentiation (i.e. inhibition of Alk5 signaling) may be conserved 301 

between mouse and human. 302 

Alk5 inhibitor II has been previously identified by Rezania and colleagues in an independent screen 303 

aimed at inducing functionally mature endocrine cells from human embryonic stem cells  (Rezania et al., 304 

2011). Ichida and colleagues showed that this inhibitor can replace Sox2 in cell reprogramming  (Ichida 305 

et al., 2009). Interestingly, it was recently reported that β cells of mice carrying a conditional deletion of 306 

both Alk5 (referred to as TGFβ receptor I) and TGFβ receptor II do not proliferate in response to 307 

inflammatory cytokines (Xiao et al., 2013). In our results, Alk5 inhibitor II restored specific β-cell gene 308 

expression in de-differentiated β cells, blocked cytokine-induced β cell stress, and stimulated over-309 

expression of these genes in β cells from healthy, non-diabetic mice and humans. It is noteworthy that 310 

the up regulation of SMAD7, a downstream mediator of TGFβ signaling, promotes β cell proliferation  311 

(Xiao et al., 2014). Inhibition of Alk5 would inhibit SMAD7-induced proliferation. This may hint on the 312 

intriguing idea that β cell proliferation, at least under inflammatory stress, may require a phase of de-313 

differentiation. Taken together, these results suggest that Alk5 signaling may be constitutively active in β 314 
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cells, that sustaining mature β-cell phenotype depends on constant inhibition of this signal, and that the 315 

inhibition of Alk5 signaling may confer its effect by inducing expression of β cell transcription factors 316 

including MafA, Nkx6.1 and Pdx1. This postulated inhibition of Alk5 signaling in mature β cells develops 317 

during the first postnatal weeks, when the cells reach their fully mature state (Blum et al., 2012), and is 318 

reduced under diabetic stress or when the cells are taken out of their proper niche and grown in vitro. If 319 

inhibition of Alk5 signaling is not restored, the β cells will evidently de-differentiate and disappear. Alk5 320 

is a broadly expressed protein, and its activity is required in many other tissues besides β cells. Indeed, 321 

our preliminary attempts to inject high dosage of Alk5 inhibitor II to diabetic mice resulted in overall 322 

poor health without significant reduction of blood glucose. We therefore suggest that screening for 323 

compounds that inhibit Alk5 signaling specifically in β cells may yield compounds that, in combination 324 

with traditional blood-glucose lowering medicines, will delay, prevent or perhaps restore the loss of 325 

healthy, mature β cell function in T2D patients.  326 

 327 

Experimental Procedures 328 

Animals 329 

Animal experiments were performed in compliance with the Harvard University International Animal Care and Use 330 

Committee (IACUC) guidelines. Mouse strains used were C57BL/6, LepOb/Ob (Zhang et al., 1994), LeprDb/Db (Chen et 331 

al., 1996), Ins2Akita (Wang et al., 1999), Insulin2-Cre transgenic mice (Postic et al., 1999), Ucn3-GFP transgenic mice 332 

(Gong et al., 2003), SCID-beige mice, R26H2BCherry mice and RCU mice. R26H2BCherry mice (carrying a floxed 333 

nuclear-labeling reporter composed of histone H2B fused mCherry) were generated by genetic targeting of the 334 

Rosa26 locus of V6.5 mouse ES cells with the construct Rosa26-Puro-p (A)-CAGS-lox-PGK:neo-p (A)-lox-H2BCherry-335 

p (A). Targeted ES cells were injected into BDF1xB6 blastocysts, and germline transmission was detected through 336 

breeding of chimeras with C57BL/6 females. To generate RCU mice, mice homozygous for both R26H2BCherry and 337 

Ucn3-GFP were crossed with homozygous Insulin2-Cre mice. All RCU progeny are triple hemizygous at all three 338 



16 
 

alleles. Induction of transient insulin resistance by S961 was done with an osmotic pump as previously described 339 

(Yi et al., 2013). Blood glucose levels were measured in non-fasted animals using OneTouch Ultra2 glucometer 340 

(LifeScan). For islet isolation, adult pancreata were perfused through the common bile duct with 0.8mM 341 

Collagenase P (Roche) and fetal and neonatal pancreata were dissected wholly without perfusion. Pancreata were 342 

digested with 0.8mM Collagenase P (Roche) and purified by centrifugation in Histopaque gradient (Sigma). 343 

 344 

Immunostaining 345 

Pancreata were fixed by immersion in 4% paraformaldehyde overnight at 4�°C. Samples were washed with PBS, 346 

incubated in 30% sucrose solution overnight and embedded with optimal cutting temperature compound (Tissue-347 

Tek). 10µm sections were blocked with 10% donkey serum (Jackson Immunoresearch) in PBS/0.1% Triton X and 348 

incubated with primary antibodies overnight at 4°C. Secondary antibodies were incubated for 1hr at room 349 

temperature. Antibodies and dilutions used include rabbit anti-mouse Ucn3 (1:600-1:800, Phoenix 350 

Pharmaceuticals), Guinea Pig anti-insulin (1:800, DAKO), Alexa Fluor 488 donkey anti-rabbit (1:400, Invitrogen) and 351 

DyLight 649 donkey anti-guinea pig (1:400, Jackson Immunoresearch). Nuclei were visualized with DAPI. Images 352 

were taken using an Olympus IX51 Microscope or Zeiss LSC 700 confocal microscope. 353 

 354 

Automated screen 355 

Islets from adult RCU mice were isolated and plated on 804G matrix (Lefebvre et al., 1998) for one week in a 384-356 

well plate format. Compound libraries were added on day 7, and islets were cultured for an additional week in the 357 

presence of compounds. Each compound was tested in duplicates of two or three concentrations. A list of all 358 

compounds and concentrations appears in Supplementary Files 1. Fresh un-manipulated RCU islets were used as a 359 

positive control, and DMSO- or untreated islets were used as a negative control. The islets were fixed on day 11 for 360 

automated image acquisition and analysis using a Cellomics ArrayScanVTI. Cell nuclei of target cells were identified 361 

by nuclear mCherry expression and a 2 pixel cytoplasmic mask was drawn around each nucleus. The GFP 362 
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fluorescence in the cytoplasmic mask of freshly isolated islets was used as a control to identify fluorescence 363 

intensity thresholds that enabled automated calls on each individual cell. Cells that displayed GFP fluorescence 364 

equal or greater than found in control cells were identified as being positive for the Ucn3-GFP reporter. 365 

Percentages of mCherry positive cells that co-express GFP were calculated for each well and used to identify 366 

conditions that significantly increased the number of GFP positive cells over negative controls. Positive hits are 367 

selected according to their statistical significance (P value by t.test) over the negative control. 368 

 369 

Quantitative real-time PCR and cytokine treatment 370 

Total RNA from fresh or cytokine treated whole islets was isolated using RNeasy Plus Mini Kit (Qiagen). cDNA was 371 

prepared with random primers using SuperScript III reverse transcriptase (Life Technologies). For cytokine 372 

treatment, isolated islets were recovered overnight in islet media (DMEM containing 1gr/L glucose, 10% v/v FBS, 373 

0.1% v/v Penicillin/Streptomycin), followed by 24 hours incubation with 10ng/ml of either mouse IL-1β, mouse 374 

TNFα or mouse INFγ (R&D Systems), with the addition of Alk5 inhibitor II (1µM, Axxora) or vehicle (DMSO) at the 375 

same dilution. Relative expression of Ucn3, Ins1, Nkx6.1, Pdx1 and FoxO1 were determined using gene-specific 376 

TaqMan probes with TaqMan® Fast Universal PCR Master Mix (Life Technologies) on an ABI 7900 Real-Time PCR 377 

machine. Relative expression of mouse MafA was determined using Brilliant III Ultra-Fast SYBR® Green QPCR 378 

Master Mix (Agilent) on the same machine. Primers for mouse MafA were 5’-AGCGGCACATTCTGGAGAG-3’ forward 379 

and 5’-TTGTACAGGTCCCGCTCCTT-3’ reverse. Levels of gene expression were normalized to the expression of Ubc 380 

or Eif2A genes.  381 

 382 

Human Islets 383 

Institutional review board approval for research use of human tissue was obtained from the Harvard University 384 

Faculty of Arts and Sciences. Human islets were obtained from NDRI (The National Disease Research Interchange). 385 

Donor anonymity was preserved, and the human tissue was collected under applicable regulations and guidelines 386 
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regarding consent, protection of human subjects and donor confidentiality. Human islets were grown in CMRL 387 

1066 Supplemental medium (Mediatech), 10% v/v HyClone FBS (Thermo Scientific), 1% v/v Penicillin/Streptomycin 388 

(Corning Cellgro) for 4 days before treatment for 24h with Alk5 inhibitor II (Axxora).  389 
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Figure legends 582 

Figure 1: Loss of Ucn3 expression as an early marker for β cell de-differentiation in.  583 

 (A) Immunostaining with antibodies against insulin (red) and Ucn3 (green) in pancreata from T2D 584 

(LepOb/Ob and LeprDb/Db), insulin-dependent diabetic (Ins2Akita) and healthy control (C57BL/6) mice. Ucn3 585 

protein, but not insulin protein is down regulated in diabetic pancreata compared to the healthy control. 586 

(B) Quantitative Real-Time PCR analysis of Ins1 and Ucn3 gene expression in islets from C57BL/6 (n=10, 587 

LepOb/Ob (n=9), LeprDb/Db (n=8) and Ins2Akita (n=11) mice. Ucn3 mRNA is significantly reduced in all 588 

diabetes models, while insulin mRNA is significantly reduced only in the most diabetic model (Ins2Akita). 589 

(C) Quantitative Real-Time PCR analysis of Ins1 and Ucn3 gene expression in islets from non-diabetic 590 

control mice (n=10; average blood glucose 167±5mg/dL), mildly diabetic (n=16; average blood glucose 591 

381±17mg/dL) and severely diabetic mice (n=11; average blood glucose 588±8mg/dL). Error bars 592 

represent ± SEM. ***P<0.005. 593 

 594 

Figure 2: Insulin resistance-induced β cell de-differentiation is reversible. 595 

 (A) Immunostaining with antibodies against insulin (red) and Ucn3 (green) in pancreata from wild-type 596 

C57BL/6 mice treated with either vehicle (PBS) or S961 (insulin receptor antagonist) for 7 days (upper 597 

and middle panels) or treated with S961 for 7 days followed by a 7 day recovery period in the absence of 598 

S961 (lower panel). Ucn3 protein expression is down regulated in β cells following 7-days S961 599 

treatment, but returns to normal expression levels upon remission to normoglycaemia (see text). Nuclei 600 

are stained with DAPI (blue). (B) Quantitative Real-Time PCR analysis of Ins1 and Ucn3 gene expression 601 

in islets from ICR lean mice taken at different tome points during S961-induced de-differentiation and 602 

post S961 withdrawal recovery (n=3 mice for each stage). S961 osmotic pumps are transplanted on day 603 

0 and removed on day 7. Control designates mice not treated with S961). Error bars represent ± SEM. * 604 

P<0.05; ***P<0.005.  605 

 606 

 607 

 608 
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Figure 2-Figure Supplement 1: Expression of β cell genes during S961-induced de-differentiation and 609 

subsequent recovery. 610 

 Quantitative Real-Time PCR analysis of MafA, Nkx6.1 and Pdx1 gene expression in islets from ICR lean 611 

mice taken at different tome points during S961-induced de-differentiation and post S961 withdrawal 612 

recovery (n=3 mice for each stage). S961 osmotic pumps are transplanted on day 0 and removed on day 613 

7. Control designates mice not treated with S961). Error bars represent ± SEM. * P<0.05; ***P<0.005.  614 

 615 

Figure 3: Adherent culture-induced β cell de-differentiation is reversible. 616 

 (A) RCU reporter mice are made by crossing mice homozygous for the Insulin2-Cre transgene with mice 617 

doubly-homozygous for Rosa26-lox-stop-lox-H2BmCherry and Ucn3-GFP. Insulin expression in RCU 618 

progeny is permanently marked by red nuclear fluorescence, and Ucn3 expression is marked by green 619 

cytoplasmic fluorescence. (B) Pancreas sections of PBS-treated control and S961-treated diabetic RCU 620 

mice. Ucn3-GFP is reduced in diabetic mice, but not in controls, and Ucn3 expression returns after 621 

remission from diabetes. All images show live (unstained) reporter fluorescence. (C) De-differentiation 622 

and re-differentiation of RCU islets cultured in vitro. Islets from adult RCU mice were isolated and plated 623 

on 804G matrix for one week (left and middle panel). Note islet spreading and loss of Ucn3-GFP in the 624 

de-differentiated islets (middle panel). After 7-days, the de-differentiated islets were transplanted into 625 

euglycemic SCID mice for three weeks (right panel) after which time the transplants show the return of 626 

Ucn3 expression in β cells. 627 

 628 

Figure 3-Figure Supplement 1: RCU mice show nuclear insulin expression-coupled mCherry and Ucn3- 629 

derived cytoplasmic GFP. 630 

Shown are confocal images of an islet from an adult RCU mouse. Note co-localization of nuclear 631 

H2BmCherry (red) and cytoplasmic GFP (green). 632 

 633 

Figure 3-Figure Supplement 2: Ucn3 and insulin expression are down regulated in islets grown in 634 

adherent culture. 635 
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Shown are quantitative Real-Time PCR analyses of Ins1 and Ucn3 from islets of wild-type C57BL/6 mice 636 

grown on 804G matrix for one week. Each bar represents average gene expression in three independent 637 

experiments. 638 

 639 

Figure 3-Figure Supplement 3: β cells lose glucose-stimulated insulin secretion upon de-differentiation 640 

in culture. 641 

Shown are static GSIS analyses of adult islets de-differentiated on 804G for one week. Each bar 642 

represents average insulin secretion of three biological repeats. 643 

 644 

Figure 4: TGFβ pathway inhibitors and Artemin signaling reverse β cell de-differentiation.  645 

 (A) Islets from adult RCU mice are isolated and plated on 804G matrix for one week in a 384-well plate 646 

format during which time the β cells de-differentiate. A compound library is added on day 7, and islets 647 

are cultured for an additional week in the presence of compounds. Each compound is tested in 648 

duplicates of two or three concentrations. Fresh un-manipulated RCU islets are used as a positive 649 

control, and DMSO- or untreated islets are used as negative controls. Islets are fixed on day 11 for 650 

automated imaging and subsequent analysis. Percentages of mCherry positive cells that co-express GFP 651 

are calculated for each well and used to identify conditions that significantly increase the number of GFP 652 

positive cells over negative (DMSO- or non-treated) controls. Positive hits are selected according to their 653 

statistical significance (P value) over the negative control. (B) Results of screen with 114 growth factor 654 

proteins. Factors are ordered from left to right based on the P-value of their Ucn3-GFP fluorescence over 655 

the negative (non-treated) control. For convenience, values on the Y axis are presented as 1/P-value. 656 

Red bar represents the threshold for statistical significance (P<0.001). (C) Results of screen with 19 TGFβ 657 

pathway inhibitors, 18 RET/GFRα3 inhibitors and 42 known T2D drugs. Factors are ordered from left to 658 

right based on the statistical P-value of their Ucn3-GFP fluorescence over the negative (DMSO-treated) 659 

control as above. For convenience, values on the Y axis are presented as 1/P-value. Red bar represents 660 

the threshold for statistical significance (P<0.001). A full list of the factors tested is presented in the 661 

Supplemental Materials.  662 

 663 
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Figure 5: Alk5 inhibitor II restores β cell maturation in 804G-induced β cell de-differentiation.  664 

 (A) Islets from adult RCU mice were isolated and plated on 804G matrix for 14 days with or without the 665 

addition of Alk5i at day-7 (right and middle panels, respectively). Live fluorescence images of 666 

H2BmCherry and Ucn3-GFP were taken on day 14, and compared to fresh RCU islets cultured on 804G 667 

for 24h. (B) H2BmCherry-positive cells from the above cultured were sorted by FACS and subjected to 668 

qRT-PCR analysis for the expression of various mature β cell genes. Statistical significance relates to the 669 

difference between Alk5i-treated and non-treated islets for each gene. Expression levels are normalized 670 

to the levels of freshly isolated islets (dashed line). Error bars represent ± SEM of three biological 671 

repeats. ***P<0.005. B.G. (C) Immunostaining with antibodies against insulin (red) and Ucn3 (green) in 672 

islets from ICR mice treated as above.  673 

 674 

Figure 5-Figure Supplement 1: Alk5 inhibitor II induces Ucn3-GFP in RCU islets in a dose-dependent 675 

manner. 676 

Shown is a dose-curve for the induction of Ucn3-GFP in RCU islets de-differentiated on 804G matrix for 677 

one week, following by one week treatment with the indicated concentration of ALk5 inhibitor II. Bars 678 

represent ±S.D. 679 

 680 

Figure 6: Alk5 inhibitor II induces expression of mature β cell transcription factors and prevents their 681 

reduction under cytokine stress. 682 

Quantitative Real-Time PCR analysis of gene expression in wild-type islets treated with cytokines as 683 

shown. Each bar represents average gene expression in three independent experiments. Expression 684 

levels are normalized to the levels of control islets not treated with any cytokine (dashed line). Statistical 685 

significance relates to the difference between Alk5i-treated and DMSO-treated islets for each gene. 686 

Error bars represent ± SEM. *P<0.05; ***P<0.005.  687 

 688 

Figure 6-Figure Supplement 1: β cells lose glucose-stimulated insulin secretion upon cytokine 689 

treatment. 690 



27 
 

Shown are static GSIS analyses of adult islets treated with a combination of IL-1β, TNFα and INFγ 691 

(10ng/ml each). Each bar represents insulin secretion in three biological repeats. 692 

 693 

Figure 7: Alk5 inhibitor II induces expression of mature β cell transcription factors even in β cells that 694 

were exposed to extreme diabetic conditions for several months. 695 

 (A-D) Alk5 inhibitor II (Alk5i) induces expression of specific β cell genes in islets from healthy and 696 

severely diabetic mice. Shown are quantitative Real-Time PCR analysis of gene expression in islets of 697 

healthy control (C57BL/6) and diabetic mice (LeprDb/Db, LepOb/Ob and Ins2Akita). Each bar represents 698 

average gene expression in three independent experiments for each group. Statistical significance 699 

relates to the difference between Alk5i-treated and DMSO-treated islets for each gene. Expression levels 700 

are normalized to the levels of C57BL/6 islets treated with DMSO (dashed line). Error bars represent ± 701 

SEM. *P<0.05; ***P<0.005. B.G. = Blood glucose level at time of sacrifice. (E) Alk5 inhibitor II (Alk5i) 702 

induces expression of specific β-cell transcription factors in human islets. Shown are quantitative Real-703 

Time PCR analyses of gene expression. Error bars represent three technical repeats on islets from a 704 

single donor. Error bars represent ± SEM. 705 

 706 

Supplementary File 1: A list of all compounds used in the automated screen. 707 

 (A) Listed are all growth factors used in the initial screen (Figure 4B) (B) Listed are all small molecules used in the 708 

secondary screen (Figure 4C). Working concentration (ng/ml for growth factors and µM for small molecules), 709 

percentage of Ucn3-GFP positive cells and P. value of all replicates are listed for each compound.  710 

 711 

 712 
















