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I. Abstract 
 

Diabetes mellitus rapidly becomes an epidemic disorder. According to the international 

diabetes federation (IDF) report, 387 million people suffer from the disease and every 

7 seconds a person dies from diabetes in the world. Type 1 diabetes mellitus (T1D) is 

caused by autoimmune-mediated destruction of β-cells, leading to an absolute 

deficiency of insulin and development of hyperglycemia. Type 2 diabetes mellitus 

(T2D) is characterized by a combination of β-cell failure (loss of mass and function) 

and insulin resistance. Loss of functional β-cell mass is central to the pathogenesis of 

both types of diabetes. So far, transplantation of the cadaver pancreas or of purified 

islets is the only clinically applicable strategy to replace the missing islet cells in T1D, 

this could also be therapeutically valuable in a T2D individual with a profound 

reduction of β-cell mass. However, the necessary immunosuppressive therapy, 

limitations in donor supply, quality of islets and limited survival of transplanted islets 

remain a barrier to islet transplantation. There is a critical need to develop therapeutic 

strategies aiming for restoration of functional β-cell mass in both types of diabetes. 

Making new β-cells by induction of human β-cell proliferation and/or β-cell neogenesis 

from other cell types such as hepatocytes, alpha or acinar cells as well as multipotent 

stem cells like mesenchymal stromal cells (MSC) represent a promising therapeutic 

approach to the treatment of diabetes.  

MSCs are an attractive tool in transplantation and regenerative medicine due to the 

lack of human leucocyte antigen (HLA) class II as well as anti-inflammatory and anti-

apoptotic properties. They are easily accessible from bone marrow and rapidly expand 

in the cell culture system. MSCs possess a broad differentiation potential to form other 

cell types as well. On the other hand, cell-cell fusion is a natural process and tightly 

regulated from the fertilization and development in the embryonic stage to tissue repair 

in adults. Bone marrow MSCs are circulating throughout the body and their 

spontaneous fusion with injured cells has a significant role in in vivo-regeneration.  
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Here, I aimed to establish a fusion protocol of human bone marrow derived MSCs with 

the rat β-cell line (INS1E) as well as with dispersed human islets in order to generate 

β-MSCs as a cell-based treatment for diabetes. Human MSCs are characterized 

based on the expression of CD73, CD105 or CD90 or lack of CD34, CD45 and MHC 

II. MSCs and INS1E cells were infected with the eGFP-puromycin or mCherry-zeocin 

lentiviral gene ontology (LeGO) viruses and selected with puromycin or zeocin, 

respectively in order to generate eGFP+MSCs or mCherry+INS1E expressing stable 

cells. mCherry+ INS1E or human dispersed islet cells were mixed and cultured with 

eGFP+ MSCs and treated with phytohemagglutinin (PHA-P) and polyethylene glycol 

(PEG) to induce fusion. MSCs and fused cells were further selected by puromycin 

treatment. 

We observed 1.44 ± 0.18% spontaneous fusion between human MSCs and rat INS1E 

cells in culture, which increased to 4.72 ± 0.56% after PEG–fusion induction. 

83.04 ± 5.77% of these cells are stable polyploid heterokaryons. With the improved 

fusion protocol, 29.79 ± 2.92% of all MSCs were fused β-MSC heterokaryons based 

on double positivity for mCherry and eGFP. Such better MSC/ -cell fusion efficiency 

was reached by an increased number of -cells in the mixture at a ratio of 1:11 

MSC/INS-1E cells, by pretreatment with 33.3 mM glucose for 8 hours at the PHA-P 

concentration of 100 μg/ml and by a 2nd addition of 50% W/V PEG to the cell mixture. 

After fusion and puromycin selection, human NKX6.1 and insulin as well as rat 

NeuroD1, Nkx2.2, MafA, Pdx1 and Ins1 mRNA were highly elevated in fused 

MSC/INS1E cells, compared to the mixed control population. Indeed, our optimized 

protocol showed higher levels of the β-cell marker expression, compared with the 

standard fusion protocol (MSC/INS1E cells ratio of 1:2, 100 μg/ml PHA-P, 50% W/V 

PEG). Such induction of β-cell markers was confirmed in fused human MSC/human 

dispersed islet cells, which showed elevated NEUROD1, NKX2.2, MAFA, PDX1 and 

insulin mRNA compared to mixed control. Fused cells had higher insulin content and 

insulin positive β-MSCs also expressed nuclear PDX1.  
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In conclusion, in this doctoral project I established a rapid and virus-free optimized 

PEG fusion protocol in adherent culture for MSCs and β-cells and show fused β-MSCs 

which express β-cell markers. 
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II. Zusammenfassung 
 

Diabetes mellitus ist zu einer Krankheit mit epidemischen Ausmaßen mit steigender 

Inzidenz und Mortalität avanciert. Nach einer Studie der Internationalen Diabetes 

Federation (IDF) sind weltweit 387 Millionen Menschen erkrankt und alle 7 Sekunden 

stirbt ein Mensch an Diabetes. Diabetes mellitus vom Typ 1 (T1D) basiert auf einer 

autoimmun gesteuerten Zerstörung der β-Zellen und resultiert in einen vollständigen 

Mangel an -Zellen und führt somit zum Verlust der körpereigenen Insulinsekretion 

und Entwicklung einer Hyperglykämie. Typ 2 Diabetes mellitus (T2D) tritt in etwa 90-

95% der Diabeteserkrankungen auf und ist durch eine Insulinresistenz sowie einen 

Insulinmangel (Verlust von β-Zellmasse und Funktion) gekennzeichnet. Beide 

Hauptgruppen des Diabetes sind durch einen Verlust der funktionellen β-Zellmasse 

charakterisiert. Nach heutigem Stand ist die Transplantation des Pankreas oder 

isolierter Insellzellen von Organspendern die einzige Chance, die verlorenen 

Betazellen im T1D sowie in Fällen von massivem Verlust funktioneller β-Zellmasse bei 

T2D, zu ersetzen. Die Nebenwirkungen der Immunsuppression sowie die völlig 

unzureichende Anzahl an Spenderorganen, oft eine zu geringe Qualität der isolierten 

Inseln und nur kurze Überlebenszeiten nach der Transplantation erfordern neue 

Strategien zur kausalen Therapie des Diabetes zur Wiederherstellung der 

funktionellen β-Zellmasse.  

Mesenchymale Stammzellen (MSCs) wurden bereits erfolgreich bei Transplantationen 

sowie in der regenerativen Medizin aufgrund ihrer anti-inflammatorischen sowie anti-

apoptotischen Eigenschaften und dem Fehlen der humanen Leukozyten Antigene 

(HLA) Klasse II, die oft für die Abstoßungsreaktionen verantwortlich sind, eingesetzt. 

MSCs können aus dem Knochenmark gewonnen und stabil in vitro kultiviert werden. 

Sie besitzen ein breites Differenzierungsspektrum in andere Zelltypen. Die Zell-Zell 

Fusion ist ein natürlicher Prozess, welcher von der Befruchtung über die embryonale 

Entwicklung bis hin zu Gewebsreparationsmechanismen streng reguliert wird. MSCs 

aus dem Knochenmark zirkulieren im Körper und können durch ihre Fähigkeit zur 
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spontanen Fusion verletze Zellen heilen und spielen daher eine wichtige Rolle bei der 

in vivo Regeneration von Zellen und Organen.  

Ziel meiner Arbeit war es, ein Protokoll zur Fusion von MSCs aus humanem 

Knochenmark mit der Ratten β-Zell Zelllinie INS1E und mit isolierten humanen 

Langerhansschen Inseln zu etablieren, um funktionelle insulinproduzierende β-MSCs 

herzustellen als zellbasierte Behandlungsmethode für Diabetes. Die humanen MSCs 

sind aufgrund ihrer Expression von CD73, CD105 und CD90 sowie das Fehlen von 

CD34, CD45 und MHC II charakterisiert.  

Im Rahmen dieser Arbeit wurden MSCs mit eGFP-Puromycin und INS1E Zellen mit 

mCherry-zeocin LeGO Viren infiziert und mittels Pyromycin bzw. Zeocin selektioniert, 

um stabile Zelllinien zu etablieren. Diese eGFP+MSCs wurden mit mCherry+INS1E 

oder humanen Inselzellen mittels phytohemagglutinin (PHA-P) und Polyethylen Glycol 

(PEG) fusioniert und eGFP+ Zellen im Anschluss über eine Pyromycin Behandlung 

selektiert. 

Es konnte eine spontane Fusionsrate von 1,44 ± 0,18% zwischen humanen MSCs 

und Ratten INS1E Zellen ermittelt werden, wohingegen die Fusionsrate in der 

behandelten Gruppe auf 4,72 ± 0,56% erhöht werden konnte. 83,04 ± 5,77% dieser 

Zellen wiesen stabile polyploide Zellkerne auf und belegen die Möglichkeiten der im 

Rahmen dieser Arbeit weiterentwickelten Methode. Weitere Anpassungen konnten die 

Fusionsrate insgesamt auf 29,79 ± 2,92% mCherry und eGFP positive β-MSCs 

erhöhen. Dies wurde unter anderem durch ein erhöhtes Mischungsverhältnis von 1:11 

MSC/INS1E und eine achtstündige Vorbehandlung mit 33.3 mM Glukose erreicht. 

Zusätzlich wurde die PHA-P Konzentration auf 100 μg/ml erhöht und die Zellen 

zweifach mit 50% w/v PEG behandelt. Dadurch wurde eine verstärkte Produktion der 

Betazellmarker erreicht; humane NKX6.1 und Insulin sowie rattenspezifische 

NeuroD1, Nkx2.2, MafA, Pdx1 und Ins1 mRNAs waren stark erhöht in den fusionierten 

Zellen. Diese Induktion der Expression der β-Zellmarkergene konnte unter 

Verwendung von humanen MSCs und humanen Inselzellen bestätigt werden. Hier 

wurde eine verstärkte Expression von NEUROD1, NKX2.2, MAFA, PDX1 und Insulin 

mRNA in der nach optimiertem Protokoll behandelten Gruppe erzielt. Des Weiteren 
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konnte ich nachweisen, dass diese fusionierten Zellen einen höheren Insulingehalt 

und eine größere Anzahl insulinproduzierender β-MSCs, welche auch positiv für PDX1 

waren, aufwiesen. 

Zusammenfassend ist es mir gelungen, ein schnelles und virenfreies verbessertes 

PEG Fusionsprotokoll in adhärenten Zellkulturen von MSCs und β-Zellen zu 

etablieren, wobei die fusionierten Zellen β-Zellmarker exprimieren. 
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III. Abbreviations 
 

APC Antigen presenting cells  

ATP Adenosine triphosphate  

BCM β-cell mass  

BMDC Bone marrow derived cell 

MSC Bone marrow mesenchymal stromal cell 

CAT Catalase 

cDC Classical dendritic cells  

C–peptide Connecting peptide 

CVB Coxsackieviruses B  

CX3CL1 CX3C ligand 1 

CX3CR1 CX3C receptor 1  

CXCL12 CXC ligand 12  

CXCR12 CXC receptor 12  

ER Endoplasmic reticulum  

ESCs Embryonic stem cells  

FA Fatty acid  

FFA Free fatty acids  

FVIIa Low–molecular mass factor VIIa  

G6P Glucose-6-phosphate  

Gal Galactose–α1,3–galactose  

GLUT–1/2 Glucose transporter–1/2  

Glut4 Glucose transporter type 4  

GSIS Glucose–stimulated insulin secretion  

HDAC Histone deacetylase  

HFD High-fat diet  
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IAPP Islet amyloid polypeptide  

IBMIR Blood mediated inflammatory reaction  

IFN– γ Interferon– γ  

IFN– ) Interferon–gamma  

IL–12 Interleukin–12  

IL–1β Interleukin–1 beta  

iNKT Invariant natural killer T cells  

INS1E Rat insulinoma cell line  

IPC Insulin–producing cell 

iPGTT Intraperitoneal glucose tolerance test  

iPSC induced pluripotent stem cells  

IRS2 Insulin receptor substrate 2  

LeGO Lentiviral gene ontology 

MHC Autoantigen molecules  

Mn2+ Manganese ions  

MSC Mesenchymal stromal cells  

MST1 Mammalian sterile 20–like kinase 1  

NGN3 Neurogenin3  

NKX2.2 Nk family homeobox locus 2 

NKX6.1 Nk family homeobox locus 1 

NOD Non–obese diabetic  

PANC–1 Pancreatic carcinoma, epithelial-like cell line  

PAX4 paired box gene 4 

pDC Plasmacytoid Dendritic cell  

Pdx1 pancreatic duodenal homeobox 1 

PGE2 Prostaglandin E 2  

ROS Reactive oxygen species  
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SOD Superoxide dismutase  

STZ Streptozotocin  

T1D Type 1 Diabetes  

T2D Type 2 Diabetes  

TCA Tricarboxylic acid cycle  

Th1 T helper type 1 cell 

TLR Toll–like receptors  

TNF– α Tumor necrosis factor–alpha  

TNF–α Tumor necrosis factor–α  

Treg Regulatory T cell  

TSG–6 TNF–stimulated gene 6 protein  

Utf1 Chromatin–associated protein  
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1. Introduction 
1.1. Pancreas: structure and function 

The pancreas is a yellowish–pink elongated shaped organ, which is attached to the 

distal two third of the duodenum from the head and overlaid on the stomach. The tail 

of the pancreas ends close to the splenic hilus and it is softness varies largely. The 

pancreas as an exocrine and endocrine gland has two distinct functions: 

(1) The exocrine function of the pancreas is performed by grape–like clustered cells, 

called acinar cells, accumulated around ducts. Acinar cells mainly produce a group of 

inactive digestive enzyme precursors (zymogens). These precursor enzymes are 

secreted into lumen of acinus and then accumulate in the pancreatic ducts and finally 

reach the first segment of intestine, called duodenum, where the zymogens cleaved 

and activate by enteropeptidase.  

(2) The endocrine function of the pancreas is formed by a cluster of cells, called the 

islets of Langerhans, which constitute about one to two percent of the whole pancreas 

in vertebrates. Microscopically, the pancreatic islets are well vascularized and are 

surrounded by mesodermal derived stromal cells. Pancreatic islets contain five major 

type of cells: β–cells, α–cells, –cells, –cells and PP–cells that secret insulin, 

glucagon, somatostatin, ghrelin and pancreatic polypeptide, respectively (Figure 1). All 

of these are glucoregulatory hormones; they regulate glucose homeostasis and 

metabolic fuels in the body.  

β–cells secrete other hormones such as islet amyloid polypeptide (IAPP) or amylin 

and C–peptide (Connecting peptide), which are both co–secreted with insulin [1-3]. 
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Figure 1 adapted from [1, 2]: Histology of the pancreas: The pancreatic acinar 

cells secret digestive enzymes like amylase, protease and lipase into duodenum of 

small intestine via pancreatic duct. The pancreatic islet cells secret insulin (β–cells), 

glucagon (α– cells), somatostatin ( –cells), pancreatic polypeptide (pp–cells) and 

ghrelin ( –cells). These hormones regulate glucose metabolism in the body. 

 

1.2. Endocrine Pancreatic organogenesis in mammals 
Pancreatic organogenesis has three major stages in mammals including primary, 

secondary and tertiary transitions where progenitor cells differentiate into endocrine 

committed pancreatic cells. 

In the first transition step, the foregut endoderm gets thick and begins to make two 

buds into surrounding mesenchyme (8.5 to 12.5 days of mouse embryonic day / 2 to 3 

weeks of human fetal age [4, 5]). These two buds contain the first pancreatic 

multipotent progenitor cells (MPCs). MPCs express homeodomain transcription factor 

pancreatic duodenal homeobox 1 (Pdx1) (4 week in humans) [5]. In humans, the first 

PDX1+ Insulin+ cells are observed at 7 weeks [5]. At this stage, bud cells form the first 

small clusters of secreting islet+ cells (10–12 weeks in human [6]). The main hormone 
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is glucagon in this stage [4]. However, some cells are positive for insulin as well. This 

is the first wave of endocrine cell differentiation (E11 in mouse [4], 14–15 weeks in 

human [5]) including “trunk” domain that differentiate into exocrine ducts (express 

Nkx6.1 [7]) or islet cells (transiently express Neurogenin3 (NGN3) [8] ) as well as “tip” 

domain including multipotent pancreatic progenitor cells ( express sox9 [9]) that give 

rise to proacinar cells [10, 11]. 

During the second transition step, cells in the tip domain loose multipotency and 

differentiate into acinar cells [12]. In the trunk domain, NGN3+ endocrine precursors 

(expressed from E8.5 to E15.5in the mouse [4]) differentiate into five different types of 

committed endocrine islet cells [11] during this phase (E13.5–E14.5 in mouse) [4]. 

NGN3+ progenitor cells are detectable for many weeks during pancreas development 

in humans [13].  

NGN3 expression switches on the expression of other transcription factors, such as 

NeuroD1, Pax4, NKX6.1 and NKX2.2. NGN3+ endocrine progenitor cells move toward 

a single hormone expressing islet cell [14]. Nk family homeobox locus 2 (NKX2.2), 

plays an important role in the differentiation into the β-cell fate. NKX2.2 expression is 

initiated in the dorsal pancreatic epithelium and preserves in mature β- and α-cells. 

Additionally, Nk family homeobox locus 1 (NKX6.1) and paired box gene 4 (PAX4) are 

initiated to express in both pancreatic buds and NKX6.1 expression becomes limited 

to β-cells. It has been shown that the expression of NKX6.1 is essential for proper 

insulin secretion. The PAX4 expression is also necessary for specification into – and 

β-cell lineages and becomes restricted to β-cells [15, 16]. Additional factors such as 

PAX6, ARX, and MAFB (for α-cells) and MAFA (for -cells) control later phases of 

differentiation into mono-hormone mature islet cells. For instance, the expression of 

MAFA, the basic leucine-zipper transcription factor, and NeuroD1 is critical for β-cell 

maturation which persists in mature β-cells [17, 18]. Additionally, the expression of 

NeuroD1 is required for β-cell glucose responsiveness [19]. It is important to mention 

that the signal transduction steps for differentiation into β-cells are very similar 

between β-cell development in the pancreas and the generation of insulin- producing 

cells in culture [13, 20-23]. 
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The final phase of transition is proliferation and migration of differentiated cells to form 

the final pancreas structure, which occurs from E16.5 to birth (mouse) or the second 

trimester of pregnancy in humans (Figure 2) [4, 13, 24].  

 

 
 
Figure 2 [24]: Mouse pancreas morphogenesis: The schematic picture in the upper 

panel; it shows the formation of pancreas in three major transition steps and in the 

lower panel; it depicts the tissue development towards duct (green), acinar (red) or 

endocrine (blue) lineages in secondary transition step via tip–trunk polarization. 

 

1.3. Insulin: history, structure and secretion 

Insulin is the only peptide hormone that can decrease the blood glucose level and is 

essential to maintain glucose homeostasis in the body. Insulin is a 51–amino acid 

polypeptide and its localization was detected by immunohistochemistry in pancreatic 

β–cells by Lacy [25]. The lack of the pancreas results in diabetes; this was the first 

discovered by group of scientists including Oskar Minkowski, Joseph von Mering and 

Emmanuel Hédon (1869). Later, Eugen Opie (1901) showed the possible connection 

of damaged pancreatic islets and human diabetes. Insulin polypeptide is isolated and 
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used in the market only since 1923, and is one of the most successful scientific 

achievements of the 20th century, introduced by Banting and Best [26]. 

Insulin is derived from an inactive precursor proinsulin which undergoes maturation by 

the prohormone convertases PC1/2 and carboxypeptidase E during a proteolytical 

process. PC1/2 convertases cleave proinsulin into C–peptide fragment as well as two 

polypeptide chains A and B which bound together by two disulfide bonds. Mature 

insulin is finally produced by removing of few amino acids at C–terminal by 

carboxypeptidase E. The C–peptide has a role, similar to insulin, in maintaining the 

nutrient levels in the blood plasma. Mature insulin is packed into secretory granules 

together with C–peptide (ratio of 1:1), stored in the cytoplasmic secretory vesicles near 

the plasma membrane and will be secreted in response to metabolic signals such 

increased glucose concentrations (higher than 3mM) into the blood circulation. 

Glucose enters the β–cells via the glucose transporter–1/2 (GLUT–1/2) and 

undergoes glycolysis, yielding two pyruvates that reach the mitochondria. Pyruvate is 

transformed to acetyl–CoA by pyruvate dehydrogenase complex. Acetyl–CoA entry 

into tricarboxylic acid cycle (TCA) cycle stimulates mitochondrial oxygen consumption 

to increase production of adenosine triphosphate (ATP), closure of ATP–sensitive 

potassium (K+) channels and cell membrane depolarization. This process leads to a 

flux of calcium ions (Ca2+) through the voltage–dependent calcium channels as well as 

their release from the smooth endoplasmic reticulum (ER). Ca2+ release triggers 

exocytosis of insulin granules, insulin release and activating metabolic amplifying 

pathway. This process is called glucose–stimulated insulin secretion (GSIS) (Figure 3) 

[27]. A mature β–cell contains about 13 000 secretory granules, which are ready to 

release insulin to the blood vessels according to changes in nutrient, hormone and 

transmitter levels to maintain glucose homeostasis [28].  
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Figure 3 adapted from [27]: Mechanism of GSIS in β–cells: Glucose uptakes 

through GLUT–2 in a β–cell. Then, glucokinase phosphorylates glucose to produce 

glucose–6–phosphate (G6P). G6P undergoes glycolysis (energy–releasing pathways) 

which produces two pyruvates. 1) Pyruvates reach the mitochondria and transformed 

to acetyl–CoA which entry into TCA cycle and increase the production of ATP. 2) 

Closure of ATP–sensitive potassium (K+) channel. 3) Cell membrane depolarization. 4) 

Influx of extracellular Ca2+ ions through the voltage–dependent Ca2+–channel. 5) 

Insulin granules exocytosis. 
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1.4. Diabetes Mellitus 

Diabetes Mellitus is one of the major disorders in the 21st century. 387 million people 

in the world suffer from diabetes. The international diabetes federation (IDF) has 

reported that the number of diabetic patients will be about 592 million by 2035 [29]. 

Diabetes mellitus is a complex metabolic disorder characterized by abnormalities in 

insulin secretion and action, which leads to progressive deterioration of glucose 

tolerance and hyperglycemia. Diabetes is also a heterogeneous disorder and the role 

of genetic susceptibility and environmental factors in determining diabetes has been 

reported before [30] .  

Two common forms of diabetes are known as Type 1 Diabetes (T1D) and Type 2 

Diabetes (T2D). T1D results from the selective destruction of pancreatic β–cells by the 

autoimmune system and T2D is caused by β–cell failure (loss of mass and function) 

as well as decrease in insulin sensitivity in the peripheral tissues such as liver, 

muscles and fat [30, 31] . 

 

1.4.1. Type 1 Diabetes  
T1D, also known as insulin–dependent diabetes, is a multifactorial disease 

characterized by hyper–activation of the autoimmune system resulting in immune cell 

infiltration into pancreatic islets, local inflammation and –cell destruction. In T1D, β–

cell demise is a non–linear procedure and progression rate of T1D is variable in 

individual patients [32]. In long-standing T1D patients, no β-cell mass (BCM) is 

remained [33]. It is possible that a very small subpopulation of proliferative β-cells 

exist, which -after birth- divide to compensate for insulin demands in the body. 

However, their expanding rate would not be enough to compensate in severe β-cell 

failure [34, 35]. 

Despite genetic factors, the inheritance pattern of T1D is so complicated and this 

disease rarely develops due to a single gene mutation such as in the HLA locus, 

PTPN22, IL-2Ralpha, CTLA-4, IFIH [35], Foxp3 transcription factors (which is express 

in the regulatory T cell (Treg) [36]) or the insulin region on the chromosome [35]. 
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For instance, the susceptibility of T1D in monozygotic twins is much higher ( 50%) in 

compare to zygotic twins (6–10%) [35].  

Environmental factors such as lack of vitamin D, enteroviruses especially 

coxsackieviruses B (CVB) infection and the composition of the gastrointestinal 

microbiota have been suggested to contribute in the development of T1D [37, 38]. 

Interestingly, a recent study shows a link between CVB infection and T1D in European 

countries [37]. It has also been reported that gastrointestinal microflora alterations by 

antibiotics increased the susceptibility to T1D [38]. Multiple complex environmental 

factors increase the chance of T1D development [35] . 

In T1D patients, the immune system detects β–cells as non–self cells and chronically 

destroys them by autologous cytotoxic T cells that is mainly observed in children but 

also affect adolescents [35]. Obtained cytotoxic CD8+T cells from non–obese diabetic 

(NOD) mice, an established model of T1D, showed more than 60% of these T cells 

detect G6P catalytic subunit–related protein or insulin [40]. Major targets in 

autoreactivation of B and T cells in β–cells are glutamic acid decarboxylase–65 /–67, 

islet antigen–2, islet cell autoantigen of 69 kDa and proinsulin [41, 42]. β–cell 

autoantigens are released by β–cells through cellular turn–over mechanism or 

damaged β–cells which will be processed and presented to T cells by Antigen 

presenting cells (APCs). APCs, such as dendritic cells (DCs) and macrophages are 

the first cells that are infiltrating to pancreatic islets and present β–cell antigens to 

Treg cells [43], which are a subgroup of T cells that prevent exceedingly respond of 

immune system via shut down immune reaction [32]. Finally, pancreatic β–cells 

become infiltrated by multiple immune cells and these cells are responsible for islet 

inflammation (insulitis) [35, 44], which leads to β–cell destruction and development of 

T1D. These infiltrated cells release inflammatory mediators including free oxygen 

radicals and pro–inflammatory cytokines resulting in β–cells apoptosis [44, 45]. 

Two mechanisms are proposed for β–cell destruction in T1D: 1) cell–cell contact or 

recognition–dependent and 2) cytokine activation or recognition–independent [46]. In 

the cell–cell contact mechanism, autoantigen molecules (MHC) of pancreatic β–cells 

activate CD8+ T cells, through direct interaction of β–cell MHC and TCR located on T 
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cells. Such deleterious interaction initiates Fas/FasL interactions and/or the 

perforin/granzymes system, which induces β–cell apoptosis [35, 47, 48]. In the 

recognition–independent mechanism, local APCs which have already infiltrated the 

islets take up pancreatic β–cell autoantigens by phagocytosis and go to pancreatic 

lymph nodes to recruit activated T cells into islets ultimately leading to β–cell death 

[35, 45]. In response, β–cells begin to produce high concentration of pro–inflammatory 

cytokines like interleukin–1 beta (IL–1β), interferon–gamma (IFN– ) and tumor 

necrosis factor–alpha (TNF– α) which enhance the recognition of pancreatic β–cells 

due to cytotoxicity [49].  

Furthermore, CD4+ and CD8+ T cells secrete TNF–α or IFN–  and local APCs produce 

IL–1β resulted in the acceleration of cell death [50]. In non–diabetic individuals, Treg 

constantly check potential diabetogenic T cells [43, 49] (Figure4) and it is a claim that 

T cell mediated–T1D is resistance to response to Treg cells [35, 51].  
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Figure 4 [49]: Different Phases in initiation of T1D: Apoptosis is initiated in β–cells 

due to viral infection of oxidative stress. Classical dendritic cells (cDC) cells develop 

the beta–cell antigens in the pancreas resulting in activated cDCs. These cells present 

β–cell antigens to diabetogenic T cells in the lymph node and the macrophages 

accelerate this process by interleukin–12 (IL–12) secretion. CDCs can be inhibited via 

different mechanisms resulted in the suppression loop back of diabetogenic T cells. 

For instance, invariant natural killer T cells (iNKT) can expand Treg cells via 

tolerogenic cDCs or plasmacytoid DC (pDC). In the Langerhans islets, the 

macrophage kills β–cells through secretion of nitric oxide, TNF and IL–1β in addition to 

IFNγ, perforin and granzymes produced by NK cells and diabetogenic T cells. β–cell 

destruction loop can be inhibited by Treg. 
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1.4.2. Type 2 diabetes  

T2D is the most common disorder (approximately 90%) among different forms of 

diabetes, and has a large impact on middle–aged people. T2D is multifactorial disease 

characterized by combination of β–cell failure (insufficient secretion of insulin due to 

progressive reduction of β–cell function and mass) as well as insulin resistance (failure 

of response to the normal action of insulin)[30].  

Some factors, such as obesity and the lack of physical activity as well as family history 

and islet inflammation, strongly contribute towards the development and progression 

of T2D [30, 52]. The adipose tissues, liver and hypothalamic inflammation promotes 

insulin resistance and only develops T2D in subjects that are incapable to sustain the 

β–cell insulin production through compensatory response[30].  

Inflammation and elevated free fatty acids (FFA) in T2D individuals inhibits peripheral 

tissues such as fat and muscle to uptake glucose by blocking cellular insulin signaling 

which is crucial for insulin–induced glucose transporter type 4 (Glut4) membrane 

recruitment and localization [53, 54]. Additionally, inflammation decreases glycogen 

storage and enhances glucose synthesis from non–carbohydrate molecules 

(gluconeogenesis) and lipogenesis in the liver contributing to hyperglycemia and 

hyperlipidemia during progression of T2D [53]. In parallel, pro–inflammatory cytokines 

induce lipolysis in adipose tissues, which results in high concentrations of FFAs in the 

blood. All of these factors elevate the plasma glucose level, the body demands more 

insulin to maintain glucose homeostasis and the β–cells try to compensate by 

increasing their mass and insulin production [55].  

Pancreatic β–cells are dynamic cells (Figure 5) and can modulate their mass 

according to pathophysiological or physiological stages [56, 57] such as obesity, 

insulin resistance [53] or puberty/pregnancy [58]. β–cell mass adapts in response to 

high demand of insulin in the body which occurs in two major phases that occur when 

the body needs to regulate the glucose level.  
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The First stage (compensation): In order to compensate for higher insulin demand, β–

cell increases their mass and/or secretory function. β–cell duplication (hyperplasia) 

[56], increase in β–cell size (hypertrophy) as well as β–cell neogenesis (forming β–cell 

from other cell lineages, including duct originated progenitor cells, acinar cells and 

non–β cells in pancreatic islets, as well as bone marrow cells [57, 59]) are contributing 

to β–cell boosting in response to metabolic demand. Multiple studies clearly showed 

such compensatory mechanisms in β–cell adaptive response in rodent models of T2D 

[60]. But, this still needs to be confirmed in humans (Figure 5). 

The Second stage (de–compensation): β–cells produce and secrete high amounts of 

insulin as a reaction towards hyperglycemia in the early stage of the disease. β–cell 

failure occurs when islets are unable to maintain β–cell compensation. This functional 

defect is progressive, particularly after hyperglycemia is established, which ultimately 

leads to the loss of BCM by apoptosis [57] or de–differentiation [61]. Multiple 

detrimental factors are involved in the process of β–cell decompensation and loss 

such as glucotoxicity [62, 63], lipotoxicity [63, 64], proinflammatory cytokines [31, 52], 

ER stress and oxidative stress [57].  

Glucotoxicity or chronically elevated glucose reduces response to stimulus to secrete 

insulin, and activates ER stress, oxidative stress as well as modifying the gene 

expression pattern [62, 64]. Extensive metabolism of glucose in the mitochondria can 

lead to reactive oxygen species (ROS) that damage the cell. ROS are potentially 

harmful superoxides, which contribute to oxidative stress. Normally, cellular ROS 

levels are reduced by cellular antioxidant defense system. In chronic hyperglycemia, 

however, the high amount of glucose in β–cells and overstimulation of the 

mitochondrial metabolism pathway results in exceedingly high levels of ROS. 

Therefore, the antioxidant defense system cannot withstand the ROS level and the β–

cells undergo damage via lipid peroxidation (oxidative degradation of lipids), protein 

oxidation and DNA damage [65, 66] as well as the activation of pro–apoptotic 

cascades [55]. Unlike other cell types like liver cells that can overcome exceedingly 

high levels of ROS, β–cells are susceptible to oxidative stress mainly because of low 

expression of antioxidant enzymes like superoxide dismutase (SOD) and catalase 
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(CAT) [65, 67, 68]. Since, β–cells are almost non–proliferating cells, their apoptosis 

results in the decrease of total BCM over time (Figure 5) [57]. 

Chronically high levels of FFAs cause lipotoxicity contributing to the β–cell damage, 

loss of insulin secretory response and β–cell apoptosis. A high level of intracellular 

FFAs leads to a higher concentration of fatty–acyl–CoA, malonyl–CoA and fatty acid 

(FA) peroxidations, as well as ER stress [63, 69]. Unlike of other cell types, such as 

adipocytes [70] or hepatocytes [71] that can overcome exceedingly high concentration 

of FFAs, β–cells are sensitive to high levels of FFAs, because β–cells are not 

specialized cells for metabolizing or sorting lipids [72].  

At this stage, insulin biosynthesis and insulin secretion (exocytosis) becomes 

insufficient in response to glucose stimulus, resulting in imbalanced blood metabolism 

and hyperglycemia [55, 63, 64]. Patients are fully diabetic when this phase is reached. 

Other factors such as pro–inflammatory cytokines such as IL–1β are contributing to β–

cell dysfunction and apoptosis [31, 52].  

 

 

 

Figure 5 adapted from [57]: BCM changes via different mechanisms: β–cell 

destruction occurs via apoptosis, necrosis or atrophy, which leads to β–cell loss. On 

the other hand, BCM can increase via neogenesis, proliferation or hypertrophy. 
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β-cell failure by apoptosis directly leads to insulin deficiency and development of both 

types of diabetes (T1D, T2D) [35, 57]. Therefore, apoptosis plays a critical role in the 

regulation of BCM. Therapeutic strategies aiming for apoptosis blockade would be 

important in order to restore β-cell function and mass, glucose homeostasis and 

prevent hyperglycemia in diabetic patients. Therefore, this thesis also aimed to find 

pharmacological targets for the therapy to maintain BCM and function, since all current 

drugs in T1D and T2D are only deviating the symptoms and not acting towards the 

cause of diabetes; the destruction of the –cells. We identified a pro-apoptotic kinase 

mammalian sterile 20–like kinase 1 (MST1) as a central target for protecting BCM and 

function at disease state. 

1.5. Mammalian sterile–20 like kinase1 (MST1) 
MST1 is a serine/threonine kinase, which regulates cell proliferation, morphogenesis, 

apoptosis and stress response. This protein is central in apoptotic pathways and acts 

as a substrate for caspases, through a vicious cycle, MST1 is further activated by 

cleaved caspase. MST1 autophosporylation activates MST1 resulted in induction of 

apoptotic machinery including caspase signaling pathways. Upon cleavage, N-terminal 

fragment of kinase MST1 translocates from cytoplasm to nucleus resulting in 

phosphorylation of transcription factors that are involved in the apoptotic pathway. The 

outcome would be DNA fragmentation and apoptosis [73]. 

Our results show that MST1 is hyperactivated in β–cells under multiple diabetic 

stimuli, which resulted in activation of mitochondrial–dependent pathway of apoptosis 

by modulating pro-and anti-apoptotic mitochondrial proteins. We have also discovered 

that transcription factor PDX1 as a specific MST1 substrate which is ubiquitinated and 

degraded after activation of MST1 under diabetic conditions. MST1 deletion in vivo 

protects β–cells from STZ-induced hyperglycemia and development of diabetes. The 

beneficial role of MST1 deletion on β–cell function and survival was further confirmed 

in HDF mouse model of T2D diabetes. In conclusion, our data showed the strong 

correlation between MST1 activation and β–cell destruction in diabetic states. 

Therefore, MST1 inhibition (maybe by developing chemical MST1 inhibitors) would be 

a good strategy to reduce apoptosis and restore BCM in diabetes [74]. 
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1.6. Diagnosis of Diabetes Mellitus 
Diabetes patients are diagnosed with excessive thirst, urination and fatigue [35]. It is a 

gap between the initiation of β–cell destruction and the appearance of diabetic 

symptoms. At the time of diagnosis of diabetes, approximately 65% (T2D) or all (T1D) 

the BCM is lost [33, 75]. Therefore, early diabetes diagnosis is essential to save the 

remaining β–cells. The best efficient and practical detection tool would be direct 

measurement of the functional β–cells in the pancreas. Magnetic resonance imaging 

(MRI) can be a non–harmful tool to scan functional β–cells in the pancreas via the 

usage of manganese ions (Mn2+) as a contrast agent [76]. Similarly to Ca2+ in the β–

cells, Mn2+ enters through Ca2+ voltage–dependent channels [77]. Therefore, the Mn2+ 

signal is glucose dependent in the β–cells and the comparison of Mn2+–enhanced MRI 

signals before and after glucose injection leads to measurement of functional BCM. 

For the first time, Antkowiak et al. showed the decrease in Mn2+ signals, 5 min after 

glucose injection in streptozotocin (STZ) mice as a harsh model of BCM loss [78].  

In this thesis, we present a significant correlation between functional BCM and Mn2+–

enhanced MRI signal shown by GSIS, intraperitoneal glucose tolerance test (iPGTT) 

and BCM and Mn2+ signal in MRI during diabetes development (β–cell compensation 

and failure stages) in the high–fat diet (HFD) mouse model of T2D. These data were 

further confirmed by the reduction of MRI signals in STZ induced β–cell destruction. 

Already after 1 week of HFD a significant increase of MRI signal was measurable in 

the pancreas suggesting early adaptive response by increasing in the functional BCM. 

However, the functional BCM measurement needs to be optimized due to the 

pancreas position in the body and their low contrast between pancreatic islets and 

peripheral tissues. In conclusion, we establish Mn2+–enhanced MRI in vivo imaging as 

a reliable technique to detect early functional β–cell failure during diabetes 

progression. This would open the possibility to practically monitor fluctuations of 

functional BCM during disease and also under therapy. In addition, this method will 

allow longitudinal studies on the same animals and thus reduce the animals in 

experiments [79] in accordance with the RRR (replace-reduce-refine) rules of animal 

experimentations.  
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1.7. Current therapy of Type 1 diabetes 
To date insulin injection is the main treatment for T1D patients. Ideally, personally 

well–adapted insulin treatment regimen reaches normolglycemia and thus inhibits the 

risk of hyperglycemia related secondary disorders (neuropathy, retinopathy and 

nephropathy), but there is a high risk of hypoglycemic events (seizures and coma).  

Despite recent efforts on close–loop systems, which can adapt glucose levels to 

insulin injections, exogenous insulin injections are unable to tightly regulate glucose 

levels as our body can do under physiologically healthy conditions. Cadaver 

pancreases or islet cell transplantation is not a feasible cure for these patients. Novel 

therapeutic strategies have to be used to achieve the goal to restore glucose 

homeostasis and prevent hyperglycemia in diabetic patients (Figure 6) [80].  

 

 

 

 
Figure 6 [80]: The combination of different strategies toward treatment of T1D 

patients. 
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1.7.1. Pancreas and islet cells transplantation 
Pancreas or islet transplantation is a therapeutic tool especially for T1D patients. In 

2000, Shapiro and his colleagues reported that two–third of islet transplanted patients 

were independent from insulin injection for one year by using an improved 

immunosuppressive regimen after islet cell implantation [81, 82]. They introduced a 

procedure called “Edmonton protocol” for islet allotransplantation to T1D patients [81]. 

This approach improves the quality of diabetes patient`s life because they have 

continuous normoglycemia without insulin injection, at least for some time [83, 84]. 

However, this curative approach is limited since it needs a large amount of human 

cadaveric islets (2 cadavers pancreatic islets for one recipient) and ~50% of grafted 

islets lose their functions in early stage after transplantation due to blood mediated 

inflammatory reaction (IBMIR) [82]. Autoimmune reactions in T1D patients are high 

due to autoreaction of lymphocytes to same antigens which express in grafted islets 

[42]. Follow–up islet treated patients gradually showed a dramatic reduction in insulin 

independence in most cases during five years [85]. 

Of note, the Edmonton protocol has been improved by using compounds such as 

immunosuppressive regimens (everolimus and cyclosporine) and TNF–α blockade 

(ATG plus etanercept) in the last decade [35, 81]. However, these drugs have a wide 

range of side effects such as post–transplant neoplasms especially skin cancers in 

recipients [86]. It has also been shown that autoreactive T cells expand after some 

immunosuppressive medications, which took place after islet transplantation [35, 87]. 

Therefore, screening T cell response after islet transplantation is essential to prolong 

islet transplantation efficiency. Further progress to optimize transplant setting before 

(isolation, purifications, preparations of islets transplantation procedure, 

overexpression or suppression of specific genes, which have an impact on negative 

feedback loop to control insulin–signaling pathway or decrease immune response or 

treatment of islets with stimuli to maintain cell survival) (Figure 7) [88] and after 

transplantation (immunosuppression regimen, post graft screening) would be 

necessary to achieve higher islet post–implantation efficiency [82, 88, 89]. For 

instance, it has been reported that overexpression of insulin receptor substrate 2 
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(IRS2) in islets improved the efficiency of transplantation in the mouse model [90]. In 

another study, in vitro data showed that the inhibition of low–molecular mass factor 

VIIa (FVIIa) reduced IBMIR by inhibiting the activation of 47 kDa transmembrane 

glycoprotein tissue factor [91, 92]. 
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A. Isolation of human pancreatic islets  

 
 

B. Islets purification by density–gradient separation 
 

 
Figure 7 [82]: current automated method to prepare human pancreatic islet 
clusters for transplantation: A) after injection of enzymes blend such as librase, 

continuous flow in the digestion chamber improves the efficiency. Blocking the 

digestion process via cooling, results in less fragmented islet clusters. B) Islet 

purification is achieved by density–gradient separation (COBE2991 cell processor). 
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1.7.2. Xenotransplantation  
Xenotransplantation is transplantation of living cells or organs from one species to 

another. Islet xenotransplantation from animals such as pig (Sus scrofa) into humans 

provides an alternative source for patients with T1D [41, 93]. The instant blood 

mediated inflammatory reaction (IBMIR) is the main obstacle in both xenografted 

pancreas as well as adult, neonatal or fetal islet cells [41]. For instance, galactose–

α1,3–galactose (Gal) is the most problematic antigen in xenotransplantation rejection 

since humans naturally have antibodies against Gal. It is expressed in high levels in 

porcine endothelial cells and neonatal islets. One advantage is that it is lower in 

mature pig islet cells [94, 95]. Notably, grafted Gal–knockout pig islets to nonhuman 

primate results in less immune response [41, 95, 96].  

Mature pig islets isolation is more difficult than human islets especially then they are 

younger than two years due to smaller size which makes them susceptible to 

fragmentation during isolation [97]. Neonatal pig islets have some advantages 

compared to mature ones such as higher resistance under hypoxic conditions and 

higher rate of proliferation as well as more successful purification. However, necessity 

of at least four weeks to become fully functional cells after transplantation is their 

disadvantage [41, 93].  

Alternative places have been tried for islet transplantation in order to minimize IBMIR. 

These include portal veins [41], gastric submucosal space [98], intramuscular 

transplantation [99] and abdominal muscle site which showed efficient metabolic 

improvement in allotransplantation [100]. However, the preferable transplantation site 

is still under debate. Recent studies have focused on multiple line of studies such as 

suitable anatomical place for transplantation, local immunosuppression via genetic 

manipulation as well as reduction of humoral rejection (due to the stimulation of anti–

pig antibodies or encapsulation of islets) to overcome some challenges such as 

capsule degradation and prolonging viability of encapsulated islets. 

Xenotransplantation is still in trial phase and further studies need to done for possible 

future application [41, 93, 101]. 

 



Introduction  

Page | 30    

1.7.3. Cell–based therapy  
The limitations of accessible islet sources as well as side effects of 

immunosuppression regimen bring a new idea: “cell–based therapy” in this field. Stem 

cells are the main source to reach insulin–producing cells (IPCs). However, different 

cell sources can be used to achieve this goal (figure 8). There are three distinct 

experimental methods for achieving this aim: overexpression of transcription factors, 

addition of chemical compounds like growth factors and cell–cell fusion or cell fusion 

[102, 103] in which, not terminally differentiated cells will be committed into IPCs [102].  

 
 

 
Figure 8 adapted from [102]: Scheme of strategies to generate IPCs in vitro: A) 

Differentiation of pluripotent cells into IPC. B) Transdifferentiation of multipotent cells 

(MSCs) as well as somatic cells into IPC. C) The aim is the expansion of IPCs in the 

culture. 
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1.7.3.1. Stem cells  
“The stem cell is the origin of life”.1 Stem cells are unspecialized cells that can 

unlimitedly proliferate (self–renewal character). Based on their origins, there are two 

main stem cells: embryonic stem cells (ESCs) (originated from Morula or Blastula 

stages), or adult stem cells (originated from each adult tissue like mesenchymal or 

hematopoietic bone marrow stem cells and adult–derived pancreatic stem cells) 

(figure 9) [104]. Based on their plasticity, stem cells are classified to three main 

categories: totipotent stem cells (can differentiate into all kinds of cells in the body plus 

extra–embryonic placenta), pluripotent stem cells (can differentiate into all kinds of 

cells in the body like ESCs and induced pluripotent stem cells (iPSC) and multipotent 

stem cells (can differentiate into several kinds of cells in the body like mesenchymal 

stromal cells (MSCs)). Although, high plasticity makes ESCs a powerful tool for 

regenerative medicine, they have some ethical concern (due to their embryo origin) as 

well as immunological rejection concern (due to difference in immunogenicity between 

ESCs donor and recipient) [104, 105]. Therefore, many scientists focused on 

pluripotent and multipotent stem cell studies to avoid these obstacles in ESCs. 

Here, I review the two most commonly used “stem cells” in cell–based therapies: 

iPSCs and bone marrow MSCs.  

MSCs are mesenchymal cells, since they origin from the mesoderm and act as 

connective tissue. They are stromal cells because they form the supportive structure 

for the other cells in the tissue. Finally, they are multipotent cells, because they cam 

differentiate into various cell types, but they are not pluripotent, because they can not 

form an entire organ Of note, there is still a debate on whether MSCs should be called 

mesenchymal stem cells, or mesenchymal stromal cells,since they are not fully 

defined as stem cells and it is still a question mark whether they are able to 

transdifferentiate into nonmesenchymal cells [106]. 

                                                                 1 Stewart Sell 
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Figure 9 adapted from [104]: Human stem cells categories.  
 

1.7.3.1.1. Induced pluripotent stem cells (iPSCs) 
In 2006, Takahashi and Yamanaka first reported that adult mouse fibroblast cells 

reprogram into iPSCs via the overexpression of specific transcription factors [107]. 

This report made a new hope for making pluripotent cells from differentiated adult 

cells. IPSCs are an ideal source of pluripotent stem cells that are derived from any cell 

types and transplantable without immune rejection in autologous recipient. In parallel, 

individual patient derived–iPSCs are a useful tool for disease modeling in order to 

investigate cellular and molecular mechanisms of diseases. 

Over the last few years, various range of cells reprogrammed via introducing a 

combination of transcription factors to make iPSCs. For instance, Stadtfeld et al. 
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introduced iPSCs derived pancreatic β–cells in 2008 [108]. IPSCs are generated by 

delivery of three/four genes or microRNA (miR) clusters (which are essential for 

maintenances of pluripotency and self–renewal such as Sox2, c–Myc, Klf4, Nanog, 

Oct3/4, Lin28 and/or miR302/367) to push somatic cell reprogramming [107, 109].  

There are some critical issues regarding iPSCs. The first issue is the efficiency of 

iPSCs generation since higher number of efficient iPSCs potentially lead to higher 

number of efficient differentiated colonies. Different methods were applied for delivery 

of reprogramming factors into somatic cells which are plasmid [107], virus [110], 

miRNA [111], protein [112] and chemical compounds [113]. Plasmid transfection is an 

inefficient method (≤0.0002%) compared to viral infection (≤0.2%). Indeed, this 

efficiency is 10-fold lower than the same method applied for human fibroblast cells 

compared to mouse fibroblast cells [114]. Although non–integrated strategies were 

less efficient before, recent studies reported much improved non–integrated protocols 

[114, 115]. Rais, in 2013, reported that nearly 100% of somatic cells are 

reprogrammed to iPSCs via depletion of Mbd3 (a molecule that is involved in 

nucleosome remodeling and deacetylation) in both human and mouse in 5 days [115]. 

Furthermore, some other factors like cell types, origins and age directly affect the 

quality and efficiency of the reprogramming and differentiation stages [116]. 

 Safety is the second important issue in using iPSCs for clinical applications. Chang 

and Sommer independently provided poly–cistronic lentiviral vectors in which all four 

reprogramming factors were introduced in a single lentiviral vector construct, since 

infection with a single lentiviral is safer than four vectors [110, 117]. Furthermore, safe 

transgene–free iPSCs were generated via a cocktail of novel molecules or chemical 

compounds such as histone methyltransferase inhibitors (BIX01294, BayK8644) [113], 

histone deacetylase inhibitors (valproic acid [118], butyrate [119]) or chromatin–

associated protein (Utf1) as well as anti–p53 specific siRNA combinations [111, 112]. 

Some of these inhibitors switch on epigenetic regulators like G9a histone 

methyltransferase inhibitor [113, 116, 120] and deacetylase inhibitors [116, 121, 122] 

resulted in the high plasticity of iPSCs with the low quality of iPS–differentiated cells 

[123].  
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The third issue for using of iPSCs in clinics is immunogenicity. Recently, Araki and 

Guha independently found that transplantation of differentiated iPSCs to autologous 

recipients can be tolerated in some tissues due to negligible immunogenicity [124-

126]. In another study, transplanted differentiated cells derived from iPSCs provoked 

immune response in a synergic mouse model due to abnormal gene expression in 

differentiated iPSCs, compared to ESCs [127].  

 The fourth major issue is tumorigenicity. Oncogenes such as C–Myc, Klf4 or the loss 

of tumor suppressor p53 are the oncogenic key factors to make iPSCs and they are 

being used to maintain survival and proliferation of iPSCs. It has been reported that 

simultaneous overexpression of C-Myc and KLf4 together with p53 knockdown 

resulted in a synergistic induction in reprogramming efficiency in fibroblasts-but all 

those are the factors which potentially make tumors [114, 128, 129]. iPSCs have been 

proposed but still have a long way to be clinically used in cell therapies. 

 

1.7.3.1.2. Bone marrow mesenchymal stromal cells (MSCs) 
For the first time, Friedenstein et al. introduced and characterized mouse bone marrow 

derived cells in 1966 [130]. They showed a group of bone marrow cells that have a 

potential to differentiate into multilineages and they are called “bone marrow 

mesenchymal stromal cells” based on their origins in bone marrow, fibroblast–shaped 

in the culture and no evidence of self–renewal properties in vivo [130]. Recent studies 

showed that MSCs can be found in the most of tissues such as skin, muscle, pancreas 

and adipose tissues [104, 131, 132]. Current studies also showed that MSCs have the 

capacity of self–renew in vivo [133, 134]. MSCs are easily accessible from the bone 

marrow. Plastic–adherence and colony forming unit–fibroblasts are the first MSCs 

characters in the culture. Bone marrow has approximately 0.01–0.001% MSCs that it 

is not enough for most research purposes [135]. However, these cells rapidly 

proliferate in the culture and their proliferation rate even accelerates using a platelet 

lysate instead of preselected FCS [136] or low oxygen tension due to the mimicry of 

their native microenvironment [137].  
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In 2006, the international society for cellular therapy has introduced minimal criteria to 

recognize MSCs by the positivity for surface antigens CD73 (identified by the MAb 

SH3 and SH4), CD90 and CD105 (identified by the MAb SH2) or the negativity for 

surface antigens CD34 (primitive hematopoietic progenitors marker), CD45 (pan–

leukocyte marker), CD19 and CD79a (B cells marker), CD14 and CD11b (monocytes 

and macrophages marker) and HLA class II markers as well as the possibility of 

differentiation into chondrogenic, osteogenic and adipogenic lineages [138].  

MSCs circulate through the body via blood stream, migrate and home into injured 

tissues. Multiple studies showed that the transplantation of MSCs in injured mice 

improves their recovery [139-141] by the modulation of immune response as well as 

transdifferentiation (more evidence) or fusion (less evidence) with target cells in 

injured tissues [141, 142]. MSCs have not only the potential to transdifferentiate into 

different lineages in vitro [143, 144], but also, they can fuse with somatic cells in vitro 

as well as in vivo [145-147].  

 

1.7.3.2. MSCs and immune system  
MSCs have been proposed as an immunomodulator through direct mechanisms by 

cell–cell contact, or indirectly, by secretion of growth factors and cytokines [148]. The 

interaction between MSCs and immune cells affect both innate and adaptive immune 

response through inhibition of monocyte maturation, T/B lymphocytes proliferation and 

switching pro– to anti–inflammatory state by modulation of cytokine production [149]. 

Activated MSCs terminate proinflammatory signals by two mechanisms: 1) Activated 

MSCs change the phenotype of “killer” M1 macrophage to “healer” M2 macrophage 

via secretion of prostaglandin E2 (PGE2). 2) Activated MSCs produce a TNF–

stimulated gene 6 protein (TSG–6) that interacts with a glycoprotein (CD44) on the 

surface of M1 macrophages to decline TLR2/NF–kappaB signaling pathway results in 

reduction of proinflammatory molecules. The outcome is decreasing inflammation 

[150]. Additionally, the lack of donor antigens, low level of HLA class I and the 

absence of HLA class II make allogeneic MSCs a suitable source for transplantation 

[135, 151, 152].  
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1.7.3.3. MSCs in clinic  
In 2002, Bartholomew et al. reported that the skin graft survives for a longer time by 

allogeneic MSCs injection in primates [152]. Later, Yuehua and coworkers showed 

that injected BMDCs into blastocyst could proliferate and differentiate into all organs in 

response to the tissue´s specific signals. Unlike ESCs, they did not observe any 

teratomas after intravenous MSC injection into immunodeficient mice [153]. Another 

report showed that BCM increase after MSC injection in STZ-induced diabetic mice 

[154]. Other studies showed that BMDCs circulate and home in different tissues after 

transplantation. For instance, this has been proven by detection of green fluorescent 

labeled BMDCs detected in pancreatic islets after injection of GFP+ bone marrow 

[155]. Co–transplantation of MSCs with different cells improves and prolongs the 

transplantation efficiency. For instance, transplantation of pancreatic islets with MSCs 

prolonged islet survival and improved their functions in a diabetic mouse model [156]. 

The impact of MSC co–transplantation with islets are summarized in figure 10. Further 

studies showed MSCs express a set of chemokine receptors such as CX3C receptor 1 

(CX3CR1) and CXC receptor 12 (CXCR12), which are attracted by pancreatic islets by 

expression of CX3C ligand 1 (CX3CL1) and CXC ligand 12 (CXCL12) [157]. 

Therefore, MSCs would be an attractive vehicle for effective drug, gene or protein 

delivery to targeted cells [158]. For example, Wu et al. showed that co–transplantation 

of HGF+IL–IRa+ MSCs with islets improved the efficiency of islet transplantation [159]. 
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Figure 10 adapted from [160]: The positive impact of MSCs on grafted islets in 
diabetic mouse model: the co–transplantation of MSCs and islets results in 

significantly improvement of islet transplantation via graft remodeling and 

immunomodulation. 

 

 

Although, Melton and his colleagues showed that the proliferation of β–cells is the 

main source of new β–cells rather than cell differentiation [56], other studies showed 

the capacity of MSCs transdifferentiation into β–cells in vitro [161, 162] as well as in 

vivo [59, 163]. In summary, MSCs are important cells in clinics because of multiple 

advantages such as:  

1- Source accessibility  

2- Anti-inflammatory and, anti– apoptotic properties  

3- Capability to differentiate into multilineages like adipocytes, neurons and 

pancreatic β–cells. 

4- Lack of teratomas formation in vivo [164]. 

 

1.7.3.4. MSCs in regenerative medicine  
Over the last three decades, many studies showed that MSCs are an important tool in 

regenerative medicine [142, 165]. Blau and her coworkers showed transplanted bone 
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marrow cells which contain different cell types including MSCs (BMDC) contribute to 

generate myoblast cells in injured mice. In this process, BMDCs first acquire the 

muscle diploid stem cell fate called satellite cells and later they contribute to generate 

mature polyploid myofibers [166]. In another study, Hess et al. showed lower blood 

glucose levels in BMDCs injected nonobese diabetic mice; they reported more 

pancreatic β–cells in BMDCs injected mice suggesting that BMDCs indirectly 

transdifferentiate into vascular endothelial cells which resulted in higher rate of 

pancreatic progenitor cell proliferation [162, 163]. Indeed, PDX1–expressing MSCs 

could be transformed into –cells and displayed insulin content, glucose–stimulated 

insulin secretion and reduced hyperglycemia in diabetic mice [165]. Prockop and his 

colleagues reported a sub-population of differentiated epithelium like cells in the 

mixture of injured epithelial cells and MSCs in the culture. This result confirmed this 

idea that some of MSCs transdifferentiated into epithelium like cells. Interestingly, they 

demonstrated that fusion was a frequent phenomenon and up to 1% of the MSCs 

were epithelial+ polyploid cells [142]. Therefore, it is possible that BMDCs 

transdifferentiate directly or indirectly after cell fusion with impaired cells in injured 

tissue in vivo. 

 

1.8. Cell fusion as a unique tool  
One of the first cell fusion reports was by Sorieul and Ephrussi in 1961. These 

scientists co–cultured two mouse cell lines constantly. After three months, they 

observed approximately 10% derived hybrid cells according to chromosome variations 

due to spontaneous fusion [167]. Later on, Harris et al. discovered that UV– 

inactivated Sendai virus could induce fusion phenomenon in the culture. They fused 

the mammalian Hela cells with chicken erythrocytes. The chromosome of birds’ 

erythrocytes is condensed and inactive. Interestingly, they observed that interspecies 

heterokaryons express chicken specific RNA. Therefore, DNA and RNA synthesis had 

been activated in the chicken nuclei after fusion [168]. 

Three fundamental methods induce cell fusion in culture; (1) inactivated viruses, (2) 

chemical agents including PEG and (3) electric pulse [168-170]. Fusion can happen 
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between the same or different cells and results in transient homokaryons or 

heterokaryons. Cell fusion has three distinct outcomes; heterokaryon or homokaryon, 

synkaryon and hybrid (Figure 11). During fusion, the plasma membranes of cells (two 

or more) that are in contact to each other are merged; cytoplasms distribute, and 

make a cell with two or more nuclei and one cytoplasm called heterokaryon (in case of 

different nuclei in 1 cell) or homokaryon (in case of two or more identical nuclei in 1 

cell). This cell is a polyploid non–dividing cell and frequently transient, if their nuclei 

fuse resulting in a polyploid synkaryon (a cell with one nucleus). The nucleus of a 

synkaryon is a combined chromosome pool of all nuclei. Proliferative synkaryons 

make hybrids. During cell fusion, epigenetic and genetic information of different cell 

types would be combined which would lead to modification of the cell expression 

pattern. This event starts in few hours in the heterokaryon state by remodeling in the 

chromatin resulting in switch on trans–acting regulators at key loci [171, 172]. Fusion 

between some interspecies cells, like rat and human, significantly increases the 

formation of stable interspecies heterokaryons. So that, the nuclei in interspecies 

heterokaryons would not be combined. This phenomenon brings a unique opportunity 

to trace the variation of chromosome pool in an intact nucleus after the fusion event. 

Therefore, these cells are used extensively in epigenetic studies, iPSCs generation 

[171, 173] as well as in the differentiation field [174]. Studies revealed that the cell fate 

could be bidirectional after fusion; however, cell fate is fixed to only one of the parental 

cell fate finally [175]. The dominant cell fate after fusion of one pluripotent with one 

somatic cell is pluripotency [103]. The dominant cell fate after fusion of two somatic 

cells depends on cell types; always one of these fates overcomes the other. For 

instance, Blau and her colleagues indicated that heterokaryons derived from human 

keratinocytes and mouse myotubes have a more keratinocyte fate [175]; though, 

subcloning of mouse melanoma–rat hepatoma hybrid produced melanin and albumin 

but not at the same time [176]. The new cell fate in heterokaryons is determined by the 

change of structural information in the chromosomes such as DNA methylation and 

demethylation patterns lead to repression and activation of specific genes. The 

dominant cell type nuclei would transfer this information to recessive cell type nuclei 
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via cytoplasm. Moreover, mouse myotubes/human B–lymphocytes heterokaryons are 

expressing both of these phenotypes in the presence of histone deacetylase (HDAC) 

inhibitor resulted in blocked gene suppression. It means that dominant and recessive 

fates ratio is changeable after fusion [177].  
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Figure 11: Cell fusion outcomes in vitro: Fusion occurs between one cell type or 

more resulting in homokaryons or heterokaryons. If the nuclei of polyploid cells 

combine, synkaryons will be generated. Finally, proliferative synkaryons produce 

hybrids. 
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1.8.1. BMDCs and cell fusion in vivo: A new opportunity for tissue 
regeneration 
Life begins with cell fusion. During fertilization, the membrane of sperm and egg fuse. 

Fusion is happening repeatedly during developmental process. Later, this 

phenomenon happens in adults such as macrophage fusion at infectious conditions 

[172]. In early 2002, Terada et al. reported the spontaneous fusion of mouse BMDCs 

with other cell types in the culture and they also showed that fused cells adopt their 

phenotype to the recipient cells [178]. 

Unlike two reports that have not observed any evidence of transdifferentiation via cell 

fusion to β-cells in vivo in humans [179] or in mice [180], many studies indicated 

BMDCs turn into a new phenotype mainly via cell–fusion in vivo. For instance, 

BMDSCs transdifferentiation was traced by Cre–loxP system in mice after bone 

marrow transplantation. Data showed that bone marrow cells transdifferentiate into 

cardiac, lymphatic and kidney tissues and surprisingly, cell fusion was the ubiquitous 

phenomenon. Monitoring these cells for five months indicated that fused cells do not 

show any cancer signs [181]. However, spontaneous cell fusion is a rare phenomenon 

in vivo unless under inflammatory conditions within injured tissues [142, 147, 172] and 

the ratio of spontaneous fusion increases with age and with time after transplantation 

[182]. Therefore, cell fusion can be a vehicle to transfer an intact chromosome to a 

damaged cell, which leads to tissue regeneration.  

After BMDCs transplantation, the frequency of fusion towards purkinje neurons, 

skeletal myotubes, cardio myocytes and hepatocytes is higher due to larger 

cytoplasmic volume of these cells in compare to BMDCs [172]. The outcome is 

reprogrammed stable heterokaryons [182]. However, the most in vivo–cell fusion 

reports used rodent as a model organism [147, 182-184]. The first report in human is 

from a woman cerebellar tissue autopsy who received a man and woman bone 

marrow transplants. Confocal microscopy showed 0.1% of her purkinje neurons were 

tetraploid (XXXX) or contained both X and Y chromosome (XXXY) resulted in cell 

fusion between male bone marrow samples and her neurons [182]. Butler and 
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colleagues indicated the same results. They analyzed 11 individuals’ human pancreas 

sections who received mismatch–sex cord blood cells. They observed that 1.5% of 

insulin+ cells are diploid with opposite sex cells resulting from differentiation of 

transplanted cord blood cells to β–cells. Indeed, 0.76% of these insulin+ cells were 

polyploid cells with three or more sets of sex chromosomes due to fusion of donated 

cord blood cells and recipient’s β–cell [179]. 

Other studies observed more heterokaryon cells after apoptosis induction [146] or 

chronic inflammation [147]. But the molecular evidence of reprogramming of 

transplanted BMDCs still needs to a final proof. The first evidence of in vivo 

reprogramming after fusion was based on condensed or uncondensed chromatin. 

Blau and coworkers injected GFP+ BMDCs into mice and they observed BMDCs–

purkinje binucleated heterokaryons in mouse brain sections. BMDCs chromatin is 

more compact than purkinje neurons, however, BMDCs nuclei are less compact in 

binucleated heterokaryons. In support of this, they used L7–GFP–PCP2 BMDCs from 

transgenic mice. L7 is a specific purkinje neuron promoter that controls PCP2 gene 

expression. Therefore, when the l7 promoter reactivates via reprogramming in 

BMDCs, it expresses GFP as well. They injected l7/GFP BMDCs in four mice. The 

analysis of brain sections showed GFP+ purkinje neurons in each mouse. All GFP+ 

purkinje cells are binucleated cells [182]. In parallel, a number of studies presented 

the presence of functional heterokaryons in vivo [182, 184]. The full scenario is still 

unknown. 

 

 

1.8.2. BMDCs and cell fusion in vitro: mimicry of nature for tissue 
regeneration 
Since 1960, different methods were established to induce fusion [168-170] to achieve 

higher fusion efficiency than spontaneous fusion in vitro, but currently the yield is still 

poor. In 2009, Voldman and his colleagues presented a microfluidic device to improve 

fusion efficiency in suspension culture [185]. Nevertheless, cell fusion efficiency 

depends on cell types, in vitro age of cells as well as microenvironmental conditions 
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like TNF–α /INf–  cytokine pretreatment [183] or apoptotic such as H2O2 pretreatment 

[146]. For example, the fusion of ESCs/MSCs is at least 10x or 50x more efficient than 

ESCs/neural stem cells or ESCs/adipose tissue–derived cells in the mouse model 

respectively [186]. 

The number of fused embryonic fibroblasts is approximately 16 times more in early 

passages compared to late passages [186]. Yang et al. showed that apoptosis 

induction increase the number of fused cells up to five times. This brings up this idea 

that fusion can be a main phenomenon to rescue cells in damaged tissues in vivo 

[146]. Flatt and his colleagues introduced a functional human cell line (1.1B4) from the 

fusion of the epithelial–like cell line, human pancreatic carcinoma, (PANC–1) with 

human pancreatic islet cells by electrofusion. These studies showed that 1.1B4 hybrid 

cells have stable characteristics in culture and secrete insulin upon glucose 

stimulation. Furthermore, the implantation of 1.1B4 cells into STZ–diabetic mice 

decreases glucose level and resulted in improvement of diabetes [174].  
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1.9. Aim of the Thesis: 

The aim of this thesis is to produce fully functional -cells by fusion of -cells with 

MSCs, which show both cell characteristics to provide a novel transplantable source 

for -cell therapy. 

Successful reports of the pancreatic islets transplantation bring a new hope to cure 

both types of diabetes [81-83, 85, 88]. However, human cadaveric islets are a limited 

source and the side–effects of immunosuppression drugs are risky for patients [187]. 

Regenerative medicine can overcome these barriers by making new β-cells from 

patient`s own cell types such as MSCs. Recent studies indicated that co–

transplantation of pancreatic islets with MSCs prolongs islet survival due their 

immunomodulatory effect after transplantation [156, 188] and their potential to 

differentiate into various cell types [142, 165]. MSCs are also an easily accessible 

source from the bone marrow and rapidly proliferate in the culture.  

Cell-cell fusion is a natural phenomenon which happens in embryonic stages or adults 

[172, 189] and transplanted bone marrow cells circulate throughout the body and their 

spontaneous fusion with injured cells makes them an attractive tool for in vivo-

regeneration [142, 147, 172, 182, 183]. By combining the tissue repair, anti–apoptotic, 

transdifferentiational, self–renewal, and immunogenic capacity of MSCs [133, 134, 

138, 140, 141, 146, 150] with the –cell characteristics of insulin secretion, I aimed to 

mimic the fusion phenomenon from the nature and generate a fused human -cell with 

a MSC ( -MSC) in vitro. 

In the first step, I generated polyploid non–dividing β–MSC heterokaryons by fusion of 

human MSCs and the rat -cell line INS1E. The formation of these interspecies 

heterokaryons helped me to precisely count the number of β-MSC fused cells and to 

optimize the PEG–fusion protocol. Then, rat/human β-MSCs were characterized 

according to the expression of β-cell markers; human NKX6.1 and insulin as well as 

rat Neurod1, Nkx2.2, MafA, Pdx1 and insulin and insulin content and co-positivity of 

insulin and PDX1 in insulin+ β-MSCs. In the next step, I have used the optimized 

protocol to fuse human pancreatic dispersed cells with human MSCs to generate 
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human insulin+ β-MSCs which were characterized by the expression of NEUROD1, 

NKX2.2, MAFA, PDX1 and insulin as well as insulin content and co-positivity of PDX1 

in insulin+ β-MSCs. I established a rapid virus free fusion protocol of MSCs and –

cells to generate insulin+ β-MSCs.  
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β-MSCs: successful fusion of MSCs with β-cells results in a -cell like 
phenotype 
 

Bone marrow mesenchymal stromal cells (MSC) have anti-inflammatory, anti-

apoptotic and immunosuppressive properties and are a potent source for cell therapy. 

Cell fusion has been proposed for rapid generation of functional new reprogrammed 

cells. In this study, we aimed to establish a fusion protocol of bone marrow derived 

human MSCs with the rat -cell line (INS-1E) as well as isolated human pancreatic 

islets in order to generate functional insulin producing -MSCs as a cell-based 

treatment for diabetes. 

Human eGFP-puromycin+ MSCs were co-cultured with either stably mCherry-

expressing rat INS-1E cells or human dispersed islet cells and treated with 

phytohemagglutinin (PHA-P) and polyethylene glycol (PEG) to induce fusion. MSCs 

and fused cells were selected by puromycin treatment.  

With an improved fusion protocol, 29.79 ± 2.92% of all MSCs generated β-MSC 

heterokaryons based on double positivity for mCherry and eGFP.  

After fusion and puromycin selection, human NKX6.1 and insulin as well as rat 

Neurod1, Nkx2.2, MafA, Pdx1 and Ins1 mRNA were highly elevated in fused human 

MSC/INS-1E cells, compared to the mixed control population. Such induction of -cell 

markers was confirmed in fused human MSC/human dispersed islet cells, which 

showed elevated NEUROD1, NKX2.2, MAFA, PDX1 and insulin mRNA compared to 

mixed control. Fused cells had higher insulin content and insulin positive -MSCs also 

expressed nuclear PDX1.  

Our results show an efficient protocol for fusion of human MSCs and -cells, which 

resulted in a -cell like phenotype. This could be a novel tool for cell-based therapies 

of diabetes. 
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INTRODUCTION 
 

Diabetes has become a worldwide health problem in our society and causative 

therapies to restore the insulin producing -cells are urgently needed. Destruction and 

failure of pancreatic -cells to produce sufficient amounts of insulin to maintain 

normoglycemia are the main reasons for type 1 diabetes (T1D) as well as type 2 

diabetes (T2D). Islet transplantation together with an improved immunosuppressive 

therapy [1] is one source for new -cells and a way to restore euglycemia in patients 

and evades the essential need for exogenous insulin injection, although only for a 

limited time because of the decline in islet survival with time. Donor islet cells are 

limited and insufficiently available for diabetes therapy and the necessary 

immunosuppression is often too risky to justify transplantation in patients with long 

standing T1D, where infections often occur with increased severity [2].  

Current studies show that co-transplantation of MSCs with pancreatic islets prolongs 

islet survival after transplantation due MSC unique hypo-immunogenic, 

immunomodulatory, and anti-apoptotic effects [3-5]. MSCs differentiate into 

mesodermal lineages like osteocytes, chondrocytes, adipocytes, and tenocytes in vitro 

[6] and do not form teratomas in vivo [7]. They have been recently suggested as a 

potential cellular source for regenerative therapy also for diabetes with various 

mechanisms to support -cell protection [8, 9]. On the other hand, their 

immunomodulatory effect through paracrine factors with minimal evidence for homing 

and no transdifferentiation has been defined in several studies to be the main mode of 

action [4, 10-12]. 

MSCs are identified by their cell membrane markers (CD105+, CD90+, CD73+) and by 

the lack of hematopoietic surface markers and those which activate the host immune 

system (HLA-DR−, CD14−, CD80−, CD86−, CD45−, CD34−, CD79−) [13]. They are easy 
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to isolate from the bone marrow and rapidly expandable in vitro. After transplantation, 

MSCs act as suppressors of immune responses by producing anti-inflammatory 

cytokines and growth factors which inhibit monocyte maturation and T-/B-cell 

proliferation but also modulate mitogenesis, apoptosis and cell growth [14-17].  

The immunomodulatory effect has been shown in MSC/islet co-transplantation 

increasing the number of regulatory T cells (Tregs) in rodents and nonhuman primates 

[3, 19]. 

Induction of insulin-producing cells out of MSC without gene transfer was observed in 

vitro leading to reduced blood glucose levels after transplantation [20].  

Co-transplantation of MSCs together with islets into diabetic mouse models 

successfully improved islet function and graft survival as well as glycemia [4, 19, 21-

25], which were induced by MSC-enhanced tissue repair and improved re-

vascularization. MSCs also improved -cell survival, insulin secretion and insulin 

sensitivity in a T2D model, mainly through their paracrine effects [26]. Together, these 

studies show the potential of MSCs for -cell repair in the pancreas for diabetes 

therapy. There is still the open question of a possible advantage of -cell fusion with 

MSCs. 

Cell-cell fusion, when two cells are fused into one, initiates a rapid differentiation 

process [27]. This phenomenon naturally occurs during development, e.g. the 

formation of polyploid muscle (myocyte) or bone (osteoclast) cells [28, 29], or in adult 

tissue repair as well as in immune response [30]. 

The fusion event is induced through three different methods; physically (electric 

pulses), chemically (polyethylene glycol; PEG) with random pairing and low efficiency 

or biologically (inactivated virus) [31-33]. Cell fusion results in three distinct outcomes; 

heterokaryon or homokaryon, synkaryon and hybrid cells. Heterokaryons are polyploid 

non-dividing cell and often in a transient state, their nuclei will fuse later resulting in a 

polyploid synkaryon in which a cell has a nucleus with a combined chromosome pool 

of all nuclei. Proliferating synkaryons make hybrids. Heterokaryons offer a unique 

opportunity to trace the variation of chromosome pools in an intact nucleus after the 

fusion event [34] . 
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During cell fusion, epigenetic and genetic information of different cell types are 

combined. When two distinct types of cells fuse, the encoding of a group of genes 

activates resulting in a modified cellular expression pattern. This event starts within a 

few hours in the heterokaryon state by remodeling chromatin and switching on trans-

acting regulators at key loci [27, 35, 36].  

By combining the multipotent, anti-apoptotic, immunogenic and tissue repair capacity 

of the MSCs with the -cell specific insulin production, we aimed to establish a stable 

novel -cell type. In our study, we established an optimized virus-free cell fusion 

protocol and produced β-MSC heterokaryons by fusion of human MSCs with rat INS-

1E cells or with dispersed human islet cells to generate differentiated β-MSCs. 
 
EXPERIMENTAL PROCEDURES  
Cell Culture  
Human healthy bone marrow cells from three female donors were isolated at the 

University Hospital Hamburg-Eppendorf (UKE) and human mesenchymal stromal cells 

were isolated and purified as described previously [37]. Approval was granted by the 

UKE ethical committee. Concisely, bone marrow cells were cultured in AlphaMEM 

medium (Lonza, Basel, Switzerland) supplemented with 5% Platelet lysate [37], 10 

I.U./mL heparin (Ratiopharm GmbH, Ulm, Germany) and 1% glutamax (Lonza, Basel, 

Switzerland). Medium was changed after two days and adherent cells were washed 

twice with phosphate-buffered saline (PBS) to omit other bone marrow cells. Then, 

growth medium was changed twice weekly. To identify colony forming unit fibroblasts 

(CFU-F), cells have been plated in low density, fixed with methanol for 3 min and 

stained with 1% crystal violet for 5 min after 14 days. Confluent cells (passage 0) were 

seeded in new plastic adherent flasks till passage 3 and stained for antigen surface 

marker expressions by flow cytometry or immunostaining. To confirm their capacity of 

differentiation potential into mesodermal lineages, MSCs were induced to differentiate 

to adipocytes and osteocytes as described [49]. 

Human islets and the rat insulinoma cell line (INS-1E) [38] were cultured in their 

respective medium (CMRL (Invitrogen, Carlsbad, CA, USA), RPMI1640 (PAA)) 
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supplemented with 10% FCS, 1% L-glutamine and 100 U/ml penicillin/100mg/ml 

streptomycin (all PAA). INS-1E medium was supplemented with 50 μM β-

mercaptoethanol (Merck) and 1 mM sodium pyruvate (GIBCO, Carlsbad, CA, USA) 

and 10 mM HEPES (Sigma-Aldrich). Human islets were isolated from 8 pancreases of 

healthy organ donors at the University of Lille and Prodo Laboratories (Irvine, CA, 

USA) as described before [39] and cultured in suspension dishes for 48h. Informed 

consent was obtained from all subjects. Islet purity was greater than 95% as judged by 

dithizone staining (if this degree of purity was not achieved by routine isolation, islets 

were handpicked). To disperse islets into single cells, accutase (Invitrogen) was added 

at 37°C for 15min and cell suspension mixed.  

Amplification of mCherry/eGFP LeGO virus, virus infection and stable cells 
EGFP-puromycin and mCherry-zeocin plasmids were used as described previously 

(http://www.LentiGO-Vectors.de, [40]). To produce the lentiviruses, HEK 293T cells 

were co-transfected with cell marker drug-resistance vectors (eGFP-puromycin / 

mCherry-zeocin), Gag/ Pol (viral capsid), Rev (reverse transcriptase) and envelope 

plasmid via lipofectamine 2000 (Invitrogen) according to the manufacturer’s 

instruction. After 12h incubation, medium was replaced with fresh medium, and 

supernatant was harvested 12h later. Virus was concentrated by centrifugation for two 

rounds at 50,000 xg for 2h. MSC or INS-1E cells were infected with eGFP-puromycin 

(green fluorescence) or mCherry-zeocin (red fluorescence) respectively. 

MSC and INS-1E adherent cells were infected with multiplicity of infection (MOI) of 

10/20 eGFP-puromycin /mCherry-zeocin lentiviruses respectively in the presence of 8 

μg/ml Polybrene (Sigma-Aldrich). Plates were centrifuged at 1000 xg for 1h and 

cultured. After 24h, media was changed and 72h later, MSCs were treated with 0.5 to 

2.5 μg/ml puromycin (Sigma-Aldrich) and INS-1E with 20 to 100 μg/ml zeocin 

(Invitrogen) antibiotics gradually to obtain eGFP+ or mCherry+ stable cells.  

 

Cell fusion 
Cell fusion protocol was adapted from previous standard protocol [41]. 

Phytohemagglutinin (PHA-P, Sigma-Aldrich) diluted in serum free RPMI1640 at 10 
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and 100 μg/ml, was added for 30 min and 37°C prewarmed-PEG (Sigma-Aldrich) was 

added dropwise in the dark at concentrations of 12.5, 25 and 50%W/V for 40s. PEG 

was diluted gradually by adding drop-by-drop serum free RPMI1640 medium to 

diminish the effect of osmotic pressure variations on cells. In some experiments, PEG 

was added another time after 30 min (2XPEG). 

Stable eGFP+MSCs were mixed with dispersed human islets and treated with PEG 

added for 30 min and 37°C prewarmed-PEG (Sigma-Aldrich) was added dropwise in 

the dark at concentrations of 50%W/V for 50s. To select β-MSC heterokaryons and 

MSCs, non-fused INS-1E cells/human dispersed islets were eliminated at 36h after 

PHA-P/PEG treatment by adding 2.5 or 10 μM puromycin to the media for 4 or 7days 

respectively. 

Immunofluorescence  
To evaluate the surface antigen expression, MSCs were Bouin-fixed, pelleted in 1% 

agarose and paraffin-embedded as described before [42]. After deparaffinization and 

high pH antigen retrieval solution (vector labs, CA, USA), MSC sections were stained 

with rabbit anti-CD105  or anti-CD 90, mouse anti-CD73, rabbit anti-IgG or mouse anti-

IgG1 (all Abcam, Cambridge, UK) followed by secondary Cy3 donkey anti-rabbit or 

FITC donkey anti-mouse (all Jackson, ImmunoResearch Laboratories, West Grove, 

PA). 

For characterization of β-MSCs, puromycin selected cells were fixed with 4% 

paraformaldehyde in PBS for 30 min and permeabilized by 0.5% Triton X100 for 4 min 

at room temperature. Immunostaining with guinea pig anti-insulin (DAKO, Hamburg, 

Germany), rabbit anti-PDX1 (Abcam) or rabbit anti-glucagon antibody (DAKO) and 

Cy3 donkey anti-guinea pig or Cy3 donkey anti-rabbit (all Jackson) was performed as 

described previously [42]. Nuclei were visualized with 6-diamino-2-phenylindole 

(DAPI) (Vector labs). Fluorescently stained cells were analyzed with a Nikon 

MEA53200 microscope (Nikon GmbH, Düsseldorf, Germany) /Zeiss confocal laser 

scanning microscope (CLSM) 780 with ELYRA PS.1 (Zeiss, Oberkochen, Germany), 

and images were recorded using NIS-Elements software (Nikon)/ ZEN2011black 

edition (Zeiss). 
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Insulin content 
Puromycin-selected cells were washed with 1XPBS and insulin extracted with 0.18N 

HCl in 70% ethanol for 12h at 4°C. Insulin was measured by ultrasensitive mouse 

insulin ELISA kit (ALPCO Diagnostics, Salem, NH, USA) for MSC-INS-1E and by 

human insulin ELISA kit (ALPCO) for MSC-human islets. Insulin content was 

normalized to total protein measured by BCA protein assay kit (Pierce, Rockford, IL, 

USA) from lysed islets in lysis buffer (20 mM Tris acetate, 0.27 M sucrose, 1 mM 

EDTA, 1 mM EGTA, 50 mM NaF, 1% Triton X-100, 5 mM sodium pyrophosphate, 10 

mM β-glycerophosphate plus protease and phosphatase inhibitors (Pierce)) as 

described before [43]. 

Quantitative RT-PCR analysis 
After puromycin selection, total RNA was extracted with TRIzol (Invitrogen) according 

to the manufacturer’s protocol and RT-PCR performed as described previously [44]. 

Rat and human-specific primers were designed using vector NTI advanced ™ 11 

Software (Invitrogen) and RT-PCR performed for SYBR Green using 2X PCR Master 

Mix (Applied Biosystems, Darmstadt, Germany). Primers used were 5/ 

AAACGGTTCCTTAGGGCAAT3// 5/CAGTCTCACTGCCCCAACTT3/ (rat Taf1) and 

5/CCTGTCCCCTCAGTTCATGT3// 5/CCCATGGTCTTCTTCTGCAT3/ (mCherry). 

TaqMan® Real-time RT-PCR was performed using the 2X TaqMan Universal PCR 

Master Mix with an ABI StepOne Plus Cycler (Applied Biosystems). Reactions were 

performed in technical duplicates in a volume of 10 μl with specific primers and 

probes. TaqMan® primers used were of PPIA (Hs99999904_m1), INS 

(Hs02741908_m1), PDX1 (Hs00426216_m1), NEUROG3 (Hs01875204_s1), NKX6.1 

(Hs00232355_m1), NKX2.2 (Hs00159616_m1), NEUROD1 (Hs01922995_s1), MAFA 

(Hs01651425_s1), PAX4 (Hs00173014_m1), Ppia (Rn00690933_m1) , 2 

(Rn02121433_g1), Pdx1 (Rn00755591_m1), Slc2a2 (Rn00563565_m1), Gck 

(Rn00688285_m1), Neurog3 (Rn00572583_s1), Nkx6.1 (Rn1450076_m1), Nkx2.2 

(Rn04244749_m1), Neurod1 (Rn00824571_s1), MafA (Rn00845206_s1), Pax4 

(Rn00582529_m1) for human/ rat respectively (Applied Biosystems). Results were 

calculated with the ΔΔCT method. All gene expression data sets were normalized to 
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the corresponding puromycin selected non-treated mixed cells or treated dispersed 

islets and normalized to housekeeping genes human PPIA or rat Ppia/Taf1. Samples 

were analyzed in duplicates for each transcript. In MSC/INS-1E experiments, it was 

not possible to measure the target gene in each control mix condition; therefore, we 

normalized to one single randomly chosen sample. Control experiments were 

performed with human islet and rat INS-1E cells to confirm rat or human primer 

specificity. 

Fluorescence-activated cell analysis (FACS) 
MSCs were trypsinized, washed with PBS and 105 cells in each condition were 

incubated with FITC conjugated anti-CD105, FITC conjugated anti-CD90 and PE 

conjugated anti-CD73 (positive markers) as well as FITC conjugated anti-MHCII, FITC 

conjugated anti-CD45, PE conjugated anti-CD34 (negative markers). FITC conjugated 

anti-IgG1, FITC conjugated anti-IgG2a and PE conjugated anti-IgG1 were used as 

negative isotype control (all Becton Dickinson Biosciences, Franklin Lakes, New 

Jersey, USA). 72h after LeGO Virus infection, the number of eGFP positive MSCs was 

quantified using a 488nm laser and 530/30 bandpass filter by FACS analysis. 

To quantify the number of rat/human β-MSC interspecies heterokaryons, live cells in 

different conditions plus non-infected control MSCs, INS-1E and human islet cells 

were trypsinized and evaluated by eGFP/mCherry double color on LSRFortessa 

(Becton Dickinson Biosciences) using 488nm laser and 530/30 bandpass filter (eGFP) 

and 561nm laser and 610/20 bandpass filter (mCherry) respectively. 

For polyploidy FACS, cells were fixed by drop-by-drop adding cold 70% ethanol 

(106 cells/ml) at 4°C overnight. Cells were washed two times with PBS and incubated 

with 2 μg/ml DAPI plus 5 μg/ml RNase in PBS solution for 30min at 37°C in the dark. 

Cells were measured with an UV laser (450/50 bandpass filter). The numbers of cells 

in different samples were counted by LSRFortessa (Becton Dickinson Biosciences). 

Data were analyzed by BD FACSDiva™ software 6.0 or Cyflogic 1.21.  

Statistical analysis: 
Data evaluation was done in a randomized manner by a single investigator (ZA) and 

statistical analyses were performed from at least three independent experiments from 
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three individual human MSC batches, three different human islet organ donors. Values 

are presented as means ± SEM. Data were analyzed by student’s t-tests. Significance 

was set at p < 0.05. 

 

RESULTS 
 
Generation of rat-human β-MSC heterokaryon cells by PEG-mediated cell fusion 
Cell-cell fusion has been established with the aim to reprogram MSCs to β-cells. 

MSCs from human bone marrow showed CFU-F activity based on crystal violet 

staining (Suppl.Fig.1A), expressed cluster of differentiation CD105, CD90 and CD73, 

lacked expression of CD45, CD34 and MHC-II (Suppl.Fig.1A,B) and could differentiate 

into osteoblasts and adipocytes (Suppl.Fig.1C). To identify and select cells, we 

infected human MSCs with eGFP-puromycin and INS-1E cells with mCherry-zeocin 

lentiviral gene ontology (LeGO) viruses and made stable MSCs by puromycin and 

INS-1E by zeocin mediated antibiotic selection. Percentages of eGFP+/mCherry+ cells 

were detected with flow cytometry at 3 weeks after antibiotic selection. 

Microscopic and flow cytometry analyses both showed that cells were eGFP labeled 

MSCs or mCherry labeled INS-1E (Fig.1B, Suppl.Fig.1D). EGFP+MSCs stained 

positive for CD105, CD73 and CD90 (Suppl.Fig.1E) and mCherry+INS-1E for insulin 

(not shown). To generate interspecies heterokaryons, we established an optimized cell 

fusion protocol of MSCs isolated from human bone marrow and the rat INS-1E -cell 

line (Fig.1A). We co-cultured (“MIX”) eGFP+ human MSCs and mCherry+ rat INS-1E 

cells in INS-1E medium (Suppl.Fig.1F). After 36 hours, adherent co-cultured cells were 

induced (”TREAT”) with 100 μg/ml PHA-P for 30 min and 50% W/V PEG for 40 

seconds to fusion, which resulted in three cell populations; eGFP+MSCs, 

mCherry+INS-1E and double positive heterokaryons (Fig.1C) 

Another 36 hours later, puromycin was added to treated or mixed cells for 4 days 

(Suppl.Fig.1F) in order to select MSCs and -MSC fused cells. This resulted in the two 

main populations; eGFP+MSC and fused eGFP+MSC/mCherry+INS-1E cells. Again, 

double eGFP+/mCherry+ cells were seen in the treated but only few in mixed control 
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cells (Fig.1D). This was confirmed by FACS analysis for eGFP/mCherry, which 

showed 3-fold more eGFP/mCherry double positive cells (Fig.1E, 2A). The level of 

mCherry expression was significantly higher in TREAT compared to MIX (Fig.1F). 

When the same experiment was performed in suspension culture, cells only had a 

limited capacity to attach to the culture dish and to survive after treatment (not shown). 
To investigate whether the generated fused cells are polyploid heterokaryons and to 

confirm the efficiency of fusion, cells were fixed and labeled with DAPI. In contrast to 

single eGFP+MSCs or mCherry+INS-1E cells, where the majority of cells were diploid, 

83.04 ± 5.77% of the treated eGFP/mCherry double positive cells were polyploid 

based on FACS analysis (Fig.1G). Polyploidy of cells in culture was further confirmed 

by confocal microscopy (Fig.1H, Suppl.Fig.1G). 

 

Optimization of the PEG-mediated cell fusion for rat-human β-MSC 
heterokaryons 
Because of the known important effects of the ratio of nuclear and cytoplasmic factors 

[27], we hypothesized that a higher ratio of INS-1E to MSCs may increase the number 

of puromycin selected fused heterokaryons. Therefore, we co-cultured MSC/INS-1E 

cells at an increasing ratio (1:2; 1:5 and 1:11) at the control glucose concentration for 

INS-1E cells. This strategy resulted in a 2-fold further increased number of fused cells 

at a ratio of 1:11 compared to 1:2, based on eGFP/mCherry double positive cells 

analyzed by FACS analysis (Fig.2A upper panel, Suppl.Fig.2A), which was confirmed 

by counting the double positive cells under the microscope (3-fold increase; Fig.2A 

lower panel). In the next step, we further optimized the fusion protocol at the 1:11 

MSC/INS-1E ratio by applying different concentrations of PHA-P, PEG and glucose. 

30-min pretreatment of 10 μg/ml PHA-P had no effect, but 100 μg/ml PHA-P resulted 

in 3-fold increase in eGFP/mCherry double positive cells, compared to control without 

PHA-P, analyzed by FACS (Fig.2B upper panel, Suppl.Fig.2B), and microscopical 

analysis (Fig.2B lower panel). The number of eGFP/mCherry double positive cells was 

further increased by 8-hour pre-treatment with elevated 33.3 mM glucose 

concentrations compared to 5.5 mM glucose (Fig.2C, Suppl.Fig.2C). Increasing the 
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concentration of PEG to 50% W/V induced a 4-fold increase in heterokaryons, 

compared to 12.5% PEG (Fig.2D, Suppl.Fig.2D) and two times 50% W/V PEG 

treatment further increased the number of double positive cells significantly (Fig.2D, 

Suppl.Fig.2D).  

We chose mild cell starvation before fusion and reduced the FCS concentration from 

10% to 3% for 8 hours. This resulted in no change of eGFP/mCherry heterokaryons at 

3 compared to 10% FCS pre-culture, nor at 3% FCS under 33.3 mM glucose. But we 

constantly confirmed the effect of PHA-P as well as 1X and 2XPEG treatment in all 

conditions, which constantly showed a higher percentage of eGFP/mCherry double 

positive cells analyzed by FACS analysis (Fig.2E upper panel, Suppl.Fig.2E) and by 

counting (Fig.2E lower panel), compared to the mix condition. FACS analysis indicated 

that 29.79 ± 2.92% eGFP/mCherry co-positive MSC in our optimized condition at the 

MSC/INS-1E cells ratio of 1:11, 100 μg/ml PHA-P, 2X 50% W/V PEG, indicating a 6-

fold more heterokaryons compared to the first “standard” fusion protocol (MSC/INS-1E 

cells ratio of 1:2, 100 μg/ml PHA-P, 50% W/V PEG; Fig.2F).  

Our optimized condition resulted in a shift from diploid state (2-4n) in mixed control 

cells to polyploid state (≥4n) in treated cells (histogram, Fig.2G, Suppl.Fig.2F). In order 

to investigate all cells, we did not select the cells by puromycin. While almost all 

untreated cells were diploid, 72.76 ± 9.86% of MSCs, and 85.64 ± 6.47% of INS-1E 

cells and 44.10 ± 6.02% of the whole cell population (eGFP+MSCs/mCherry+INS-

1E/eGFP+-mCherry+ -MSC) were polyploid after treatment (Fig.2G). At our optimized 

conditions of 100 μg/ml PHA-P, 2X 50% W/V PEG, we did not identify any increased 

cleaved caspase 3, as an apoptotic cell death marker, in the non-selected whole cell 

population at 8h after fusion (not shown). This indicates that PEG did not induce cell 

death under the applied conditions and also whole protein content in mixed and PEG 

treated cells were unchanged (not shown).  

 

Characterization of insulin+human/rat β-MSC heterokaryon cells revealed the 
expression of human as well as rat beta cell markers 
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To further characterize the β-MSC heterokaryons, human eGFP+MSCs were mixed 

with INS-1E cells and treated with standard or optimized protocol. Puromycin selection 

enabled isolating human MSCs and human/rat β-MSC heterokaryons (Fig.3A).  

Although under the optimized 2XPEG fusion protocol we did not see improved fusion 

by elevated glucose (Fig.2E), the combination of 8-hour pre-culture with 33.3 mM 

glucose and 10% FCS before fusion under the optimized protocol resulted in higher 

expression of MAFA and insulin in human MSC/islet cells (Suppl.Fig.3A) compared to 

11.1 mM glucose at 3% or 10% FCS. In order to apply the same pre-culture/fusion 

protocol to both MSC/INS-1E and MSC/human islets, we selected the glucose pre-

culture with the optimized fusion protocol (MSC/ -cell ratio 1:11, 100 μg/ml PHA-P, 2X 

50% W/V PEG) for all subsequent experiments as the best condition. 
Our results showed eGFP and insulin co-positive heterokaryons (Fig.3B, 

Suppl.Fig.3B). Staining for PDX1 in red and insulin and DAPI in blue showed 

quadruple-positive eGFP+DAPI+insulin+PDX1+ cells or triple positive 

eGFP+DAPI+insulin-PDX1+ (Fig.3C), but no eGFP+DAPI+insulin+PDX1- cells. All 

heterokaryons were eGFP+glucagon- (Fig.3D). 

Next, we compared human and rat -cell gene expression patterns [45] in the fused 

rat-human β-MSCs subjected to 100 g/ml PHA-P/ 50% W/V PEG (standard protocol) 

or to 33.3 mM glucose pre-treatment /100 g/ml PHA-P/ 2X 50% W/V PEG (optimized 

protocol). Data from three MSC donors are shown separately in order to see the inter-

individual differences (Fig.3E, F, Suppl.Fig.3C,D). β-cell gene expression was not 

detected in eGFP-MSCs (not shown). 

Higher expression of the human -cell genes NKX6.1 and insulin were observed under 

optimized compared to standard protocol conditions in all 3 experiments (Fig.3E). 

Higher mRNA levels of human PAX4 were detected in two and Neurogenin3 (NGN3) 

in one isolation, while rat Pax4 and Ngn3 was not detected in any samples. This 

suggests the induction of early -cell markers by human MSCs (Suppl.Fig.3C,D).  

Rat Nd1, MafA, Nkx6.1 and Pdx1 as well as Slc2a2, Ins1 and Gck mRNA was 

increased under the optimized fusion protocol, suggesting that MSCs increased INS-

1E-originated markers (Fig.3F, Suppl.Fig.3D; in two out of three experiments). Taken 
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together, screening of -cell gene expressions under the optimized fusion condition 

showed higher expression of -cell markers compared to the standard protocol. The 

higher production level of insulin was confirmed by the increased insulin content 

(Fig.3G) in treated compared to mixed control. 

 

Characterization of insulin+ human β-MSCs  
To extend this fusion protocol to fully human β-MSCs, human eGFP+MSCs were 

cultured with dispersed human islet cells on the 804G matrix [46] with the same 

optimized fusion protocol (pre-treatment with 33.3 mM glucose and fusion with 100 

g/ml PHA-P/ 2X 50% W/V PEG). 36 hours later, cells were exposed to 10μg/ml 

puromycin for 7 days which resulted in two main populations; MSCs and fused 

MSC/islet cells (Fig.4A). 

Successful fusion was observed by double-positivity for insulin and eGFP (Fig.4B). 

Labeling of MSC/islet cells for eGFP, PDX1, insulin and DAPI showed quadruple-

positive eGFP+DAPI+insulin+PDX1+ cells or triple positive eGFP+DAPI+insulin-PDX1+, 

but no eGFP+DAPI+insulin+PDX1- cells (Fig.4C). These quadruple or triple positive 

cells appeared as synkaryons which consisted of one single nucleus. We rarely 

observed insulin+eGFP+ polyploid cells (Fig.4D), which was in contrast to human/rat 

fused cells, where almost all insulin+eGFP+ were polyploid. Some of them formed islet 

like clusters (Fig.4E); such structures were observed in all human islet preparations 

from different donors. Insulin/eGFP double positive cells within the cluster were 

confirmed by confocal microscopy (Fig.4E). We also observed CD105+insulin+ cells in 

treated MSC/islet cell sections (Suppl.Fig.4A), while some CD105+insulin- cells were 

observed in non-treated human islets (not shown). 

We compared expression of human β-cell markers [45] under optimized and standard 

protocol conditions and observed higher induction of ND1, NKX2.2, MAFA and INS 

under the optimized fusion protocol (Suppl.Fig.4B).  

When human -cell gene expression patterns in the treated conditions were compared 

with mixed controls, higher expression of the -cell specific genes NEUROD1, 

NKX2.2, MAFA, PDX1 and insulin (Fig.4G) as well as increased insulin content (Fig.4I) 
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was observed in all three independent experiments from different MSCs and islet 

donors. In order to compare -cell specific gene expression to mature islets, mRNA of 

the 3 batches of mixed MSC/islet cells was also normalized to the respective mature 

control islet expression. Again, data from three MSC and three islet donors are shown 

separately and are fluctuating in their gene expression. Because of the inter-individual 

changes in the absolute gene expression as well as the stimulated conditions among 

the donors, data do not allow any further interpretation. Fused cells under the 

optimized conditions have a comparable amount of PDX1 as well as insulin mRNA to 

mature islets, while NEUROD1 and MAFA were increased in two out of three 

experiments (Fig.4H).  

 

DISCUSSION 
 
Recent investigations have revealed that MSCs have the potential to generate insulin-

producing cells [20, 47, 48]. Here, we developed a fusion protocol of human MSCs 

with rat INS-1E cells and human islet cells. This approach resulted in β-MSC fused 

cells, which carried -cell markers. Newly generated insulin-producing polyploid cells 

expressed nuclear PDX1 and cytoplasmic insulin. Better MSC-rat -cell fusion 

efficiency was achieved by an optimized protocol of an increased number of -cells in 

the mixture at a ratio of 1:11 MSC/INS-1E cells at PHA-P concentration of 100 g/ml 

and a 2nd addition of 50% W/V PEG to the cell mixture. This protocol resulted in 6-fold 

more heterokaryons.  

The improved MSC-rat -cell fusion highly correlated with increased polyploidy, 

human -cell marker expression as well as higher insulin content. In all experiments of 

fused MSC/rat INS-1E cells or MSC/human islet cells, increased fusion efficiency 

increased PDX1 and insulin expression. 

PDX1 is expressed as the first determination factor towards endocrine lineages. 

PDX1-expressing cells can differentiate into all pancreatic cell types; exocrine, 

endocrine and pancreatic ducts and thus serve as multipotent pancreatic progenitor 

cells [49]. Importantly, PDX1 positive cells have the capacity to proliferate [50]. The 2nd
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important factor, which stimulates development into all islet cells, is NGN3 [51]. NGN3 

drives expression of additional transcription factors such as PAX4, NEUROD1, 

NKX6.1, NKX2.2 and MAFA leading to the specific -cell fate [52-54]. Adult -cells 

express all of these factors except NGN3 and PAX4 [45]. 

NGN3 is only temporarily activated and often expressed at low levels. This could be 

one reason why we have only detected NGN3 expression in one single experiment, 

where its expression was driven by MSCs, as specifically human and not rat Ngn3 

was detected in the optimized protocol. In the same experiment, also elevated PAX4 

expression was observed. 

Fusion of rat/human islet cells with hMSCs using the optimized protocol induced 

human -cell transcription factor expression NKX6.1 and MAFA, which originated from 

the human MSCs. Additionally, -cell transcription factors from rat -cells (Neurod1, 

Nkx2.2, MafA, Pdx1) and genes related to -cell function (insulin, Glut2 and 

Glucokinase) were detected [54, 55].  

The optimized protocol showed elevated levels of NEUROD1, NKX2.2, MAFA and 

insulin together with increased cellular insulin content also in fused human MSC with 

dispersed islet cells. The overall -cell marker expression reached levels of mature 

islets confirming a human -cell like phenotype of the fused MSC/islet cells. 

In addition, -cell transcription factor PDX1 was higher in fused MSC/ dispersed islet 

cells than in mature islet cells. PDX1 plays a role in transition waves of developmental 

process as well as in mature -cells as the promoter for glucose induced insulin 

transcription [54, 55]. The combination of markers for developmental factors together 

with those of mature -cells suggest a mixed population of immature and mature -like 

cells. This hypothesis was strengthened by immunostaining of PDX1 and insulin, 

which also showed two cell populations: insulin-PDX1+ cells and insulin+PDX1+ cells, 

considered as immature and mature -like cells, respectively.  

The difficulty in our study was the high variation of -cell marker expression levels in 

the individual mixed/fused samples from different MSC and islet cells, which did not 

allow us to obtain a robust transcription marker analysis and conclusions on the cell 

differentiation state [56]. Nevertheless, our optimized protocol provides a high ratio of 
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stable interspecies also from human islet cells, which has wide applications for further 

investigation. While human MSC/rat INS-1E cells showed polyploid heterokaryons, 

fused human MSC/dispersed islet cells showed more synkaryons, suggesting the 

possibility of already fused nuclei and development of islet like cluster cells as hybrids. 

Such hypothesis needs further proof in long-culture experiments as well as in vivo by 

characterization of transplanted fused human -MSC in healthy and diabetic mice. 

The high number of rat-human polyploid cells as stable interspecies heterokaryons 

provides a model for further investigation of epigenetic and genetic variation during 

cell differentiation to a -cell phenotype. 

In conclusion, we established a rapid and virus-free optimized fusion protocol of 

adherent MSCs and -cells and showed fused β-MSCs that express -cell markers.  
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LEGEND 
 
Fig.1. Generation of rat-human β-MSC heterokaryons 
(A) Schematic illustration of the strategy for generation of human stable eGFP+MSCs 

and rat mCherry+INS-1E cells that carry antibiotic-selectable markers. Cells were 

mixed (“MIX”) or fusion was induced by treatment with 100 μg/ml PHA-P and 50%W/V 

PEG (“TREAT”). Interspecies heterokaryons and human MSCs were selected by 

puromycin. (B) Cultured eGFP+MSCs (left), mCherry+INS-1E (middle) and MIX (right; 

all 100X) and (C) mCherry+INS-1E (red arrows), eGFP+MSC (green arrows) and 

double positive β-MSC (orange arrows) in TREAT condition (400X). (D-H) TREAT cells 

after puromycin selection. (D) MIX (control) and TREAT conditions after 4 days 

puromycin selection, white arrows show eGFP+mCherry+ cells (40X). (E) Analysis and 

quantification (right) of mCherry+eGFP+ cells in MIX and TREAT conditions by FACS 

analysis. Gating was set up with single mCherry or single eGFP+ cells and conditions 

kept constant. (F) The relative mCherry mRNA expression normalized to INS-1E cells. 

RT-PCR was normalized to rat Taf1 (G) Polyploidy analysis by FACS of eGFP+MSCs, 

mCherry+INS-1E (controls) and eGFP+mCherry+ heterokaryons. Gating was set for 

control non-stained cells and kept constant.(H) Image of a polyploid MSC 

heterokaryon by CLSM (400X). All analyses were performed in at least three 

independent experiments from three MSC donors and show mean ± SEM. *P< 0.05 

Treat compared to Mix. ** Mix compared to mCherry INS-1E alone. +P< 0.05 

eGFP+mCherry+β-MSC compared to eGFP+MSC or to mCherry+INS-1E. 

 

Fig.2. Optimization of the PEG-mediated cell fusion for rat-human β-MSC 
heterokaryons. (A-E) The percentages of MSC/INS-1E cells measured by 

eGFP+mCherry+ flow cytometry (top) as well as quantitative fluorescent microscopical 
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analysis (bottom) in MIX and TREAT conditions after puromycin selection. (A) The 

mixture of the 1:2 ratio of MSC/INS-1E cells (standard protocol), 1:5 or 1:11 in mixed 

cells (MIX) and 50%W/V PEG and 100 μg/ml PHA-P treated cells at 11.1 mM glucose 

as the control glucose concentration for INS-1E cells. (B-E) MSC/INS-1E cells at a 

ratio of 1:11. (B) 50%W/V PEG treated cells were exposed to 0, 10 and 100 μg/ml 

PHA-P. (C) 50%W/V PEG and 100 μg/ml PHA-P treated and untreated mixed cells 

were pre-incubated for 8 h with 5.5, 11.1 or 33.3 mM glucose. (D) 100 μg/ml PHA-P 

treated were exposed to 12.5, 25 and 50% W/V or twice 50% W/V PEG. (E) 1X or 2X 

50%W/V PEG and 100 μg/ml PHA-P treated cells and mixed cells were pre-incubated 

with media including 10%FCS, 3% FCS or 3% FCS/ 33.3 mM glucose. (F) 
Comparison of the number of eGFP+mCherry+ MSCs between standard and optimized 

protocol (1:11 MSC/INS-1E; 2X50%W/V PEG and 100 μg/ml PHA-P) by flow 

cytometry analysis of mCherry and eGFP (left and middle) and by fluorescence 

microscopy (40X; right). Arrow bars shows an eGFP+mCherry+ MSC in higher 

magnification (400X) (G) Polyploidy analysis by FACS before puromycin selection of 

mixed and treated cells (left panel) and quantification of polyploid cells within 

eGFP+MSCs or mCherry+INS-1E cells alone and the whole population 

(eGFP+MSCs/mCherry+INS-1E/eGFP+-mCherry+ -MSC) (right). Average counted cells 

were 5000 events per condition. Analyses were performed in at least three 

independent experiments and show mean ± SEM. *P< 0.05 Treat compared to Mix at 

the same conditions; **P< 0.05 at the ratio of 1:11 compared to 1:5 (A), 100 compared 

to 10 μg/ml PHA-P (B), 33.3 compared to 5.5 mM glucose (C), 2X compared to 1X 

50% W/V PEG (D), PHA-P/PEG compared to PEG alone, ***P<0.05 2x compared to 

1x 50% W/V PEG at the same conditions, -P< 0.05 optimized compared to standard 

protocol;  

 

Fig.3. Characterization of insulin+human/rat β-MSC heterokaryon cells. 
(A) Schematic illustration of the strategy for generation of fused human 

eGFP+MSCs/rat mCherry+INS-1E cells and their subsequent analysis. (B-G) 
eGFP+MSCs and mCherry+INS-1E cells were treated with PHA-P and PEG, 4 days 
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after puromycin selection. (B) Triple labeling for insulin, eGFP and DAPI revealed 

polyploid insulin+eGFP+β-MSCs by fluorescence microscopy (left) or CLSM (right). (C) 
Triple staining for PDX1, DAPI and insulin shows PDX1+eGFP+insulin- polyploid (left) 

as well as PDX1+eGFP+insulin+ polyploid cells (right; all 400X). (D) All cells were 

glucagon-, (200X). (E, F) RT-PCR analysis of human (E) and rat (F) specific mRNA 

sequences of -cell markers shown from three independent experiments relative to 

mixed MSC/INS-1E cells and normalized to human (E) or rat Cyclophilin A (F). (G) 
Insulin content from mixed and treated cells under the optimized condition normalized 

to protein concentration and shown as percentage of mixed cells. All analyses are 

from at least three independent experiments from three different MSC donors shown 

in separate graphs (E, F) or as means ± SEM (G). ND = not detected. *P< 0.05 

TREAT compared to MIX. 

 

 

Fig.4. Fusion of human MSCs with human islet cells results in insulin+β-MSCs. 
(A) Schematic illustration of the strategy for generation of fused human 

eGFP+MSCs/human dispersed islet cells. Mixed cells are treated with PHA-P and 

PEG (optimized protocol) and MSCs and β-MSCs selected by puromycin and 

analyzed subsequently. (B) Triple positivity for insulin, eGFP and DAPI in a β-MSC 

(400X). (C) PDX1, insulin and DAPI costaining shows a PDX1+eGFP+insulin- cell and 

a PDX1+eGFP+insulin+ cell (white arrows) (200X). (D) A human eGFP+insulin+β-MS 

heterokaryon (400X) (E,F) Insulin, eGFP, and DAPI triple positive cells in an islet like 

cluster (100X) by (E) fluorescence microscopy and (F) CLSM (G,H) The relative 

mRNA expression of human -cell markers normalized to (G) mixed (dotted line) 

MSC/dispersed islet cells or (I) mature islet cells (dotted line) from the same batch. 

RT-PCR was normalized to human Cyclophilin A and (I) insulin protein content treated 

8h with 33.3 mM glucose,100 μg/ml PHA-P and 50% W/V PEG, All analyses are from 

at least three independent experiments from three different islet and MSC donors 

shown in separate graphs (G, I) or as means ± SEM (H). *P< 0.05 TREAT compared 

to MIX. 
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SUPPLEMENTARY  
 

Suppl.Fig.1. Characterization of human bone marrow MSCs. 
(A) Colony Forming Unit-Fibroblast (CFU-F) stained with 1% crystal violet as a marker 

of MSCs in culture after 1 week (left) and the shape of MSCs in long-term culture of 

around 3 weeks (right). (40X) as well as CD73 and CD105 staining of paraffin 

embedded MSC sections (400X).(B) Positive (CD105, CD90 and CD73; top) as well 

as negative (CD45, CD34 and MHC-II; bottom) MSC markers by flow cytometry (C) 
MSC differentiation potential after stimulation (see material and methods) into 

adipocytes and osteoblasts analyzed by Sudan red B and Silver nitrate, respectively 

(40X). (D) Efficiency of eGFP+MSC and mCherry+INS-1E stable cells shown by flow 

cytometry. E) EGFP, CD105 and CD73 and CD90 staining of paraffin embedded 

eGFP+MSC sections (400X). (F) To select the optimal time point of puromycin 

,MSC/INS-1E fused cells were treated with puromycin after 12h or 36h.To select the 

optimum medium, MSC/INS-1E cells were maintained in AlphaMEM (MSC medium) or 

RPMI1640 (INS-1E medium) immediately after standard treatment condition for 36h. 

The percentage of eGFP+/mCherry+ cells was counted under the fluorescent 

microscope.(G) Z-stack movie (left) and serial sections (right) from eGFP+MSC 

homokaryons (0.4 μm) (400X). *P< 0.05 at RPMI1640 to AlphaMEM or 12h 

RPMI1640. 

 

 

Suppl.Fig.2. Optimization of cell fusion protocol. 
(A-E) Representative scatter plots corresponding to the bar graphs in Fig.2A-E. (F) 
Representative scatter plots corresponding to the bar graphs in Fig.2G. Gating was 

set for control non-stained cells.  

 

Suppl.Fig.3: Characterization of insulin+ human/rat β-MSC heterokaryon cells. 
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(A) The relative mRNA expression of MAFA and Insulin of treated normalized to mixed 

human MSC/dispersed islet cells and to human Cyclophilin A. (B) Z-stack movie (left) 

and serial sections (right) from a eGFP+insulin+heterokaryon (0.4 μm) from 

eGFP+MSC/mCherry+INS-1E cells under the optimized fusion protocol. (400X) (C,D) 

Relative mRNA expression of human (C) as well as rat -cell markers (D) from treated 

eGFP+MSC/mCherry+INS-1E cells normalized to mixed control conditions. RT-PCR 

was normalized to human (C) or rat Cyclophilin A (D). Results represent three 

independent experiments. All analyses are from at least three independent 

experiments from three MSC donors shown in separate graphs. 

 

Suppl.Fig.4. Characterization of insulin+ human β-MSCs. 
(A) Co-staining of human β-MSCs with insulin and CD105 in paraffin sections and 

fluorescent microscopical analysis. White arrows show double positive cells (300X). 

(B) The relative mRNA expression of human β-cell markers of treated human β-MSC 

cultures normalized to mixed MSC/dispersed islet cells as control and to human 

Cyclophilin A. The bar graphs represent three independent experiments from three 

different MSC and islet donors shown in separate graphs. 
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3. Discussion 

3.1. Fusion of mesenchymal stromal cells and β–cells in culture 
Multiple studies have suggested that injected bone marrow mesenchymal stromal cells 

(MSC) are a promising strategy to treat various diseases such as prevention of 

degeneration of retinal cells or normalization of glucose levels in diabetic mice [1-3]. In 

line of mice data, transplantation of auto- or allograft bone marrow cells has beneficial 

effects on patients with myocardial infarction or liver cirrhosis [4-7]. Consistently, co-

transplantation of MSCs with islets improved both islet viability and graft outcomes 

over time [3, 8-13]. It has also been shown that engrafted MSCs remarkably 

normalized hyperglycemia and improved glucose homeostasis in recipient STZ-treated 

mice as result of increased insulin secretion due to generation of a new source of in 

vivo islet spheroid structure in the body [14]. Different mechanisms have been 

proposed to explain such restorative effect including inducing β-cell proliferation by 

MSCs, β-cell neogenesis from MSCs directly [14] or stimulation of other cell types 

such as duct cells [15, 16] or pancreatic stem cells [17]. Interestingly, another study 

showed that 1.7-3% of injected bone marrow cells migrated, homed and differentiated 

to insulin producing beta cells in pancreatic islets according to INS2-eGFP lineage 

tracing method within 4-6 weeks in mice. These newly formed cells express β-cell 

markers such as insulin, PAX6, PDX1, SLC2a2, HNF1α, and secret insulin in 

response to increased glucose concentration [18]. 

Two major mechanisms have been suggested considering conversion and fate of 

bone marrow cells upon transplantation: 1) direct transdifferentiation of these cells to 

other cells [18], 2) fusion of donor bone marrow cells with recipient cell types [19]. 

Recent reports showed that mouse bone marrow cells convert into particular recipient 

cells via spontaneous cell-fusion in vitro. However, the frequency of this phenomenon 

is low [20].  

During in vitro fusion, the plasma membranes of cells are merged and make a cell with 

two or more nuclei of different cell types and one cytoplasm called heterokaryon. The 

cell is a polyploid non–dividing cell and frequently transient, if nuclei fuse resulting in a 
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cell with one polyploid nucleus called synkaryon. Proliferative synkaryons make 

hybrids. 

Different methods are available for screening, and isolation of fused cells in culture 

[21, 22]. However, these techniques have some limitations. For instance, HAT system 

(hypoxanthine-aminopterin-thymidine medium) is a genetic selection way which can 

apply for only special cell types such as isolation of hypoxanthine phosphoribosyl 

transferase (HPRT) negative, mutant myeloma – B cells hybrids [21]. Herein, we 

established and optimized a polyethylene glycol (PEG)-fusion protocol for efficiently 

fusing human MSCs with β–cells (rat INS1E cells or dispersed human islet cells). We 

initially made polyploid non–dividing β–MSC heterokaryons by fusion of human eGFP+ 

MSCs and rat mCherry+ INS1E cells. In this system, we could observe spontaneous 

fusion in the mixture of MSC/IS1E cells based on co-expressing eGFP and mCherry in 

fused cells. Our preliminary data showed that these cells are polyploid. Generation of 

non-proliferative polyploid heterokaryon cells between rat and human provide a unique 

opportunity for screening intact nucleus of MSC after fusion. This method also 

provides a chance to measure accurate fusion efficiency.  

Different approaches such as viral (UV– inactivated Sendai virus) [23], physical 

(electric pulse) [24] or chemical methods (poly ethylene glycol (PEG)) [25] accelerate 

the rate of fusion in the in vitro setting. Fusion efficiency depends on different factors 

such as size, type and age of cells [26-28]. For instance, electric pulses make some 

pores in the plasma membrane resulting in the fusion of two plasma membranes. The 

threshold voltage depends on the size of the cells and it should be carefully optimized 

to avoid direct cellular lysis. Another study suggested that viral induced fusion can 

alter the normal pattern of gene expression in fused cells [29]. 

PEG is a polymer of ethylene oxide and binds to water molecules resulting 

dehydration of membranes. PEG can change the configuration and orientation of 

phospholipid dipoles in the plasma membrane leads to make the pores on the 

membrane and promote cell membrane fusion of the cells that are in close contact to 

each other through osmotic pressure [30-32]. The PEG–fusion has been 

recommended when the two cell types of interest have very different sizes [28]. Here, 
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we provide a PEG–fusion protocol to generate β–MSCs. The cell fusion was induced 

by commercially available recrystallized PEG [33].  

We mixed eGFP+ MSCs with labeled PKH–26 dye (cell membrane marker) INS1E 

cells, the fusion was induced by PEG and fused cells were observed overtime (data 

not shown). In agreement with Skelley et al. [28], our data showed that cell tracker 

labeling is not as efficient as the fluorescent–labeled cells due to PKH–26 partial 

plasma membrane distribution and detection in the MSC/INS1E merged cell. Hence, 

tracing eGFP–mCherry expressing fused cells is more accurate and feasible 

compared to cell tracker labeled cells.  

In 2008, a microfluidic device was introduced for efficiently fusing suspension cells 

[28]. Fusion rate is variable due to cell types and passages [26], e.g. NIH3T3 

fibroblasts PEG–fusion was optimized from 6 ± 4% fused cells via standard protocol 

up to 25 ± 5% fused cells after four doses of PEG treatment in microfluidic method 

[28]. However, our data show higher number of rat/human β–MSCs in the adherent 

culture compared with suspension culture (data not shown), since suspension fused 

cells do not attach to the surface of the dish after exposing cells to PEG and they 

gradually die. Polyploidy in these interspecies β–MSCs were quite high. In a β–MSC 

heterokaryon, nuclei were not fused which results in an intact genetic pool which 

allowed us to follow the reprogramming of the human MSC nuclei towards β–cells. A 

similar system was extensively used for other cell types for monitoring the influence of 

two different nuclear materials on gene expression [34-38]. However, the optimization 

of MSC and β–cell fusion protocol was essential before further investigation due to the 

low number of fused cells in the culture after PEG induction (~5%). 

Accordingly, we selected the protocol (100 μg/ml PHA-P, 50% W/V PEG).  Introduced 

and used by Islam et al. for the fusion of mouse MSCs and fibroblasts [39] and we 

applied it for the fusion of MSC/INS1E cells at the ratio of 1:2 as a standard protocol. 

Some protocols suggested that phytohemagglutinin (PHA–P) pretreatment can 

improve PEG–induced fusion efficiency and it allows to decrease PEG concentration 

without any impact on fusion efficiency [40]. Conversely, others have suggested that 

PHA–P does not have any effect on the enhancement of fusion efficiency [41]. Our 
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experiment illustrated that 100 μM PHA–P has a significant effect on fusion rate in 

vitro. Additionally, concentrations lower than 50% W/V PEG in conjugation with 100 

μM PHA–P pretreatment decreased the efficiency of fusion dramatically, suggesting 

that the concentration below 50% W/V PEG is not able to efficiently induce the fusion 

[40].  

Literature data showed that the rate of fusion increases following tissue damage in 

order to restore the function of impaired tissues. For instance, spontaneous fusion 

rises up two fold when cells are treated with pro–apoptotic cytokine TNF–α in co-

cultured rat bone marrow stromal cells and cardiomyocytes [42]. Fusion frequency 

also increases from 0.3% to 7.9± 0.3% after H2O2 treatment (oxidative stress), which 

is more than 20-fold fusion induction. Indeed, fused cardiomyocytes-MSCs were 

morphologically and functionally transdifferentiated cells [42]. Co-cultured human 

mesenchymal stromal cells with heat shocked–epithelial cells showed a subset of 

transdifferentiated MSCs, which express the specific epithelial cell markers. Therefore, 

heat shocked-treatment improved the fusion frequency [43]. Another study showed 

that the fusion of cardiomyocytes with mesenchymal stromal cells increases in low PH 

compared to high PH, suggesting the induction of mesenchymal-cardiomyocytes 

fusion event during ischemia in in vivo [44]. 

Glucose is the major fuel for the -cell and elevated glucose concentrations have a 

dual-function, proliferation in the short- apoptosis and functional damage 

(glucotoxicity) in the long-term [45, 46]. Therefore, we hypothesized that stimulating 

the -cells with 33.3 mM glucose may increase the number of β-MSCs. In parallel to 

other studies, we also observed that 8 hours 33.3 mM glucose (high) compared to 5.5 

mM glucose pretreatment increases the number of heterokaryons. However, we didn’t 

detect any fusion induction at high glucose concentration pretreatment when 

compared to 11.1 mM glucose. Interestingly, we observed higher levels of specific β-

cell transcription factors expression in high compared to normal glucose pretreatment. 

It remains a question how 8-hour glucose pretreatment elevates the insulin+β-MSCs 

fusion efficiency. Our data also showed that two times 50%W/V PEG treatment as well 

as increasing the number of –cells at a ratio of 1:11 MSC/INS1E cells consequently 
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improved the cell fusion efficiency, since it facilitated cell–cell contact between MSCs 

and β–cells and raises the possibility of fusion of more than one INS1E cell with one 

MSC which elevates the chance of β-cell fate dominance, because the access of β-

cell nuclear dosage and cytoplasmic factors increase [38].  

Altogether, β–MSC fusion efficiency was increased by an optimized protocol (1:11 

MSC/INS1E cells, 8 hours 33.3 mM glucose pretreatment, 100 μg/ml PHA–P and a 2nd 

addition of 50% W/V PEG to the cell mixture), which resulted in a 6–fold more 

heterokaryons (~30%), compared to standard protocol. 

 3.2. Generation of Insulin+ β–MSCs 
The possibility of generating insulin producing cells has been characterized based on 

nuclear PDX1 and cytoplasmic insulin double positivity in eGFP+ polyploid β–MSCs. 

The staining of polyploid fused cells showed that all nuclei expressed PDX1 due to 

reprogramming of nuclei originated from MSCs. Therefore, our data are in line with the 

recent study showing that PDX1 expression is necessary in MSC transdifferentiation 

into β–like cells as a β–cell differentiation key factor [47]. In addition, our data confirm 

other studies [37, 38], which show that nuclear reprogramming and phenotype is 

initiated at the heterokaryon stage. We did not observe any glucagon positive cells as 

a marker of α–cells, suggesting selective MSCs transdifferentiation into β–cell lineage. 

Our data are in the line with other studies, which showed that the reprogramming 

process in human cells is fast after fusion [35, 36]. However, the initiation time point of 

reprogramming could not be assessed due to the necessity of puromycin selection. 

Therefore, it is possible that nuclear reprogramming process started even before this 

time point (6 days). 

Better efficiency of our optimized protocol compared to standard protocol in terms of 

generating functional β–cells was confirmed by the expression of human and rat β–cell 

transcription factors, which are involved in determination and specification of β–cell 

lineage regeneration; PDX1, Neurogenin3 (NGN3), NEUROD1 (ND1), PAX4, MAFA, 

NKX2.2 and NKX6.1 as well as functional markers; glucose transporter 2 (SLC2a2), 

glucokinase (GCK) and insulin [48-51]. PDX1 is one of the first endocrine lineage 

factors and PDX1+ cells differentiate into all pancreatic cell types; pancreatic ducts, 
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endocrine and exocrine cells [52]. A previous study also showed that PDX1–

expressing cells are able to proliferate [53]. Our data show strong correlation between 

fusion efficiency and increased expression of PDX1 and insulin. 

NGN3 is an essential transcription factor, which regulates developmental processing 

into all islet cells [54]. NGN3 drives and stimulates the expression of other 

transcription factors such as PAX4, ND1, NKX2.2, MAFA and NKX6.1, which is 

essential for –cell specification and maturation [48, 55, 56].  

NGN3 is a temporary switched–on transcription factor which is expressed at very low 

level.  PAX4 expression is still under debate due to if at all, a low PAX4 expression 

level in mature β-cell [50, 57]. This may be the reason why we could not detect NGN3 

and PAX4 expression in all three individual experiments. Interestingly, human but not 

rat NGN3 and PAX4 expression was detected which originated from MSCs and drives 

MSCs into β–cell fate.  

Rat/human β–MSCs were generated by the optimized protocol compared to standard 

protocol or mixed condition showed the higher levels of rat –cell transcription factors 

expression (Nd1, Nkx2.2, MafA, Pdx1) and genes related to –cell function (Insulin, 

Glut2 and Glucokinase) originated from rat INS1E as well as human –cell 

transcription factor expression (MAFA and NKX6.1), which originated from human 

transdifferentiated MSCs [48, 49]. It is essential to mention that we could not detect all 

the human β-cell target genes in each individual mixed condition (control) in three 

independent batches of MSC/INS1E experiments due to extremely low population of 

β-MSC in the mixed condition. Hence, we normalized RT-PCR data of treated 

condition to one single chosen mixed sample [58].  

In addition, we counted the number of insulin+ eGFP+ synkaryons in the fused 

condition. Our data showed that almost all rat/human β-MSC heterokaryons were 

stable and proliferated only very rarely (data not shown).  

In the next step, we used our optimized protocol to generate human β–MSCs. Fusion 

of human β–MSCs gave rise to higher levels of the β–cell specific markers ND1, 

NKX2.2, NKX6.1, MAFA, PDX1 and insulin compared to the mixture of non–treated 

dispersed islet cells/MSCs. Concomitantly, β–cell transcription factors ND1, MAFA 
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and PDX1 expression was higher in fused MSC/islet cell than islet cells. This complex 

network plays a role in transition waves of developmental process as well as mature 

β–cells [48-50]. 

The variation of β-cell transcription factor expression in each individual sample 

compared to insulin expression brought this idea that we have a combination of 

immature and mature β–like cell populations. This idea was supported by PDX1 and 

insulin co–staining which showed two cell populations including PDX1+ insulin– as well 

as insulin+ PDX1+ cells considered as immature and mature β–like cells, respectively. 

This induction was also confirmed by cellular insulin content in the fused 

MSC/dispersed islet cells compared to non-treated mix condition which shows the 

generation of human –cell like phenotype. 

Here, we could not pool our individual analyses since we had a high variation of –cell 

marker expression levels in the independent mixed/fused samples from different MSC 

and islet cells due to donor–to–donor MSC variations, which did not permit us to 

obtain a robust conclusion on differentiation stages and on raising β–cell transcription 

marker expression after fusion [59]. Many transcription factors are both involved in β-

cell differentiation and specification towards formation of mature β-cells. Kinetics of 

transcription factor expressions are different in developmental stages and are tightly 

regulated during pancreas development [49, 50]. So, a comprehensive analysis would 

have been to monitor transcription factor expression at multiple time points after 

fusion. This would help to further understand the role of transcription factors during 

differentiation and whether their expressions are waving and related to a 

transcriptional network. These experiments were not performed here due to the 

necessity of long-term puromycin treatment for the complete removal of all non-fused 

dispersed islet cells. 

While our study indicated that the high ratio of rat/human β-MSC cells are polyploid 

heterokaryons, we observed that fused human MSC/dispersed islet cells are more 

synkaryons, suggesting the possibility of already combined chromosome pools of 

MSCs and dispersed islet cells resulting in the formation of islet like cluster cells as 
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hybrids. Our data is in agreement with studies suggested that a multipotent cell fuses 

with a somatic cell; the proliferation capacity after fusion is regulated by the 

multipotent cell [44, 60]. The proliferative capacity needs still to be analyzed after long-

term culture of human β-MSC. 

In summary, we introduced a non–viral protocol to rapidly generate human insulin–

producing cells. However, β-MSCs characterization in long-term culture, the 

quantification of polyploidy in human β-MSC synkaryons, their ability to respond to 

glucose and other secretagogues before transplantation as well as their 

characterization in vivo after transplantation are important questions which are still not 

answered in this thesis and should be addressed in future studies.  
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3.3. Conclusion  
Here, we showed that stimulated fusion occurs after mixing MSCs and INS1E cells 

and we established and optimized a PEG–fusion protocol for fusion of β–cells (rat 

INS1E as well as human islet cells) and human MSCs in adherent culture. We 

increased the ratio of β–cells (MSC/INS1E:1/11), pretreated the cells for 8 hours with 

33.3 mM glucose, added 100 μg/ml PHA–P concentration and a 2nd time of 50% W/V 

PEG to the cell mixture.  

We also showed that interspecies β–MSCs are non-proliferative polyploid cells, which 

express both rat and human β–cell markers. These markers include transcription 

factors, which are temporarily involved in β–cell differentiation like NGN3 or expressed 

in stages of differentiation towards β–cell as well as mature β–cells like NKX6.1, 

MAFA and PDX1. In addition, we used our optimized protocol to induce fusion of 

human MSCs and dispersed islet cells, which resulted in insulin-producing β–MSCs.  
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3.4. Outlook 
In this study, we provided a new protocol generating high number of stable 

interspecies heterokaryons that are not dividing. This efficient protocol could be 

repurposed as a platform providing a unique chance for rapid epigenetic and genetic 

variation monitoring during differentiation to β–like cells. For instance, histone tail 

modifications such as acetylation of K9 in histone 3(H3K9) or investigation of tri–

methylation of lysine 27 on histone H3 (H3K27me3) as well as DNA demethylation are 

important post–translational modifications to regulate the process of open or close 

chromatin resulted in differentiated β–like cells [61, 62]. 

This tool can be used for making iPSCs from β–cells [61], providing a possibility to 

observe the effect of different chemical compounds on β–cell differentiation, 

understanding the mechanism of fusion of these cells in vivo as well as studying the 

molecular mechanism of MSC plasticity to β–cells in vitro. Therefore, this method can 

help to pave a way for better understanding of β–cell developmental process and the 

generation of different sources of β–like cells. Also, it is essential to know whether the 

fusion reprogramming process is partial or completed and how the whole genome 

epigenetic pattern is regulated under the differentiation process.  

On the other hand, human β–MSCs can be a good β–cell candidate source for 

transplantation. However, it is necessary to monitor these hybrid cells in long–term 

culture as well as their functional β–cell characteristics such as glucose–dependent 

insulin secretion. In the next step, human β–MSCs can be transplanted into diabetic 

STZ–treated mice in order to test their capability to improve glucose homeostasis by 

production of insulin and graft outcomes over time in vivo. 

In summary, in vitro-imitation of spontaneous in vivo–fusion gives hope in regenerative 

medicine in order to have rapidly differentiated cells in vitro and restore damaged cell 

function after transplantation. 
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4. Appendix 
Part I  
Papers with my contribution: 
 
I.I. MST1 is a key regulator of beta cell apoptosis and 
dysfunction in diabetes 

Amin Ardestani, Federico Paroni*, Zahra Azizi*, Supreet Kaur*, Vrushali 
Khobragade, Ting Yuan, Thomas Frogne, Wufan Tao, Jose Oberholzer, Francois 
Pattou, Julie Kerr Conte & Kathrin Maedler 
* Authors contributed equally 
 

Published in Nature medicine journal 
My Contribution: Performed β-cell mass and analysis, TUNEL assay and Ki67 
staining as markers of apoptosis and proliferation respectively (shown in fig.6) 
 
I.II. Manganese-mediated MRI signals correlate with functional 
β-cell mass during diabetes progression  

Anke Meyer, Katharina Stolz, Wolfgang Dreher, Jennifer Bergemann, Vani 
Holebasavanahalli Thimmashetty, Navina Lueschen, Zahra Azizi, Vrushali 
Khobragade, Kathrin Maedler*, and Ekkehard Kuestermann* 
* Authors contributed equally 
 

Published in Diabetes journal 
My Contribution: Performed β-cell mass and analysis, nuclear size analysis and Ki67 
staining as a marker of proliferation (shown in fig.3) 
 
I.III. Indicator displacement assays inside live cells 
 Amir Norouzy, Zahra Azizi and Werner M. Nau 
 

           Published in Angewandte Chemie international edition journal 
My Contribution: Performed image processing and analysis (shown in Fig.1 and 
Fig.S3), confocal laser scanning microscopy (shown in Fig.S2) experiments and 
advised the project
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Pancreatic beta cell death is the fundamental cause of type 1 diabetes 
(T1D) and a contributing factor to the reduced beta cell mass in type 2  
diabetes (T2D)1–4. In both cases, the mechanisms of beta cell death 
are complex and as yet not fully defined. Thus, multiple triggering 
factors have been identified; these factors initiate a variety of signal-
ing cascades that affect the expression of apoptotic genes, leading 
to subsequent beta cell failure. In T1D, autoimmune destruction of 
insulin-producing beta cells and critically diminished beta cell mass 
are hallmarks of the disease2. Beta cell destruction occurs through 
immune-mediated processes; mononuclear cell infiltration in the 
pancreatic islets and interaction between antigen-presenting cells and 
T cells lead to high local concentrations of inflammatory cytokines, 
chemokines, reactive oxygen species and other apoptotic triggers (for 
example, the perforin and Fas–Fas ligand systems)2. In T2D, beta cell 
dysfunction and reduced beta cell mass are the ultimate events leading 
to the development of clinically overt disease in insulin-resistant indi-
viduals. Beta cell destruction is caused by multiple stimuli including 
glucotoxicity, lipotoxicity, proinflammatory cytokines, endoplasmic  
reticulum stress and oxidative stress5. Unfortunately, although it  
has been demonstrated that even a small amount of preserved 
endogenous insulin secretion has great benefits in terms of clinical  
outcome6, none of the currently widely used antidiabetic agents  
target the maintenance of endogenous beta cell mass.

Beta cells are highly sensitive to apoptotic damages induced by multi-
ple stressors such as inflammatory and oxidative assault, owing at least 
in part to their low expression of cytoprotective enzymes7. The initial 
trigger of beta cell death still remains unclear; it follows an orchestra 

of events, which makes the initiation of beta cell death complex and 
its blockade difficult to successfully achieve in vivo. Therefore, the 
identification of a common key regulator of beta cell apoptosis would 
offer a new therapeutic target for the treatment of diabetes.

The identification of the genes that regulate apoptosis has laid the 
foundation for the discovery of new drug targets. MST1 (also known 
as STK4 and KRS2) is a ubiquitously expressed serine-threonine kinase 
that is part of the Hippo signaling pathway and involved in multiple 
cellular processes such as morphogenesis, proliferation, stress response 
and apoptosis8,9. MST1 is a target and activator of caspases, serving 
to amplify the apoptotic signaling pathway10,11. Thr183 in subdomain 
VIII of MST1 has been defined as a primary site for the phosphoactiva-
tion and the autophosphorylation of MST1 and is essential for kinase 
activation.  Both phosphorylation and caspase-mediated cleavage are 
required for full activation of MST1 during apoptosis. MST1 promotes 
cell death through regulation of multiple downstream targets such as 
LATS1 and LATS2, histone H2B and members of the FOXO family, 
as well as through induction of stress kinase c-Jun-N-terminal kinase 
(JNK) and activation of caspase-3 (refs. 9,12,13).

Genetic mutations and/or metabolic disturbances can alter protein 
networks and thereby disrupt downstream signaling pathways that  
are essential for beta cell survival and function. The transcription  
factor pancreatic duodenal homeobox-1 (PDX1, previously called 
IPF1, IDX1, STF1 or IUF1)14,15 is a key mediator of beta cell  
development and function16. In humans, mutations in the PDX1  
gene can predispose individuals to develop maturity onset diabetes of 
the young, type 4 (MODY 4)17, suggesting a critical role for PDX1 in 

1Centre for Biomolecular Interactions Bremen, University of Bremen, Bremen, Germany. 2Department of Incretin & Islet Biology, Novo Nordisk A/S, Denmark. 3State 

Key Laboratory of Genetic Engineering and National Center for International Research of Development and Disease, Institute of Developmental Biology and Molecular 

Medicine, Fudan University, Shanghai, China. 4Division of Transplantation, University of Illinois at Chicago, Chicago, Illinois, USA. 5INSERM U859 Biotherapies for 

Diabetes, European Genomic Institute for Diabetes, Lille Regional Hospital Center, University of Lille, Lille, France. 6These authors contributed equally to this work. 

Correspondence should be addressed to K.M. (kmaedler@uni-bremen.de) or A.A. (ardestani.amin@gmail.com).

Received 5 December 2013; accepted 21 January 2014; published online 16 March 2014; doi:10.1038/nm.3482

MST1 is a key regulator of beta cell apoptosis and 
dysfunction in diabetes
Amin Ardestani1, Federico Paroni1,6, Zahra Azizi1,6, Supreet Kaur1,6, Vrushali Khobragade1, Ting Yuan1, 
Thomas Frogne2, Wufan Tao3, Jose Oberholzer4, Francois Pattou5, Julie Kerr Conte5 & Kathrin Maedler1

Apoptotic cell death is a hallmark of the loss of insulin-producing beta cells in all forms of diabetes mellitus. Current treatments 
fail to halt the decline in functional beta cell mass, and strategies to prevent beta cell apoptosis and dysfunction are urgently 
needed. Here, we identified mammalian sterile 20–like kinase-1 (MST1) as a critical regulator of apoptotic beta cell death and 
function. Under diabetogenic conditions, MST1 was strongly activated in beta cells in human and mouse islets and specifically 
induced the mitochondrial-dependent pathway of apoptosis through upregulation of the BCL-2 homology-3 (BH3)-only protein 
BIM. MST1 directly phosphorylated the beta cell transcription factor PDX1 at T11, resulting in the latter’s ubiquitination and 
degradation and thus in impaired insulin secretion. MST1 deficiency completely restored normoglycemia, beta cell function 
and survival in vitro and in vivo. We show MST1 as a proapoptotic kinase and key mediator of apoptotic signaling and beta cell 
dysfunction and suggest that it may serve as target for the development of new therapies for diabetes.
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mature beta cells; reduced PDX1 expression affects insulin production 
and secretion and predisposes to beta cell apoptosis16,18.

Because MST1 acts as common mediator in multiple apoptotic 
signaling pathways, we hypothesized that it is an initiating trigger of 
apoptotic signaling in beta cells. MST1 depletion completely restored 
normogylcemia and insulin secretion and prevented diabetes progres-
sion. These findings suggest that MST1 could be a fundamental target 
for diabetes therapy.

RESULTS
MST1 is activated in diabetes
To test whether MST1 activation is correlated with beta cell apopto-
sis, we exposed isolated human and mouse islets and the rat beta cell 
line INS-1E to a complex diabetogenic milieu. MST1 activity was 
highly upregulated in these cells under these conditions (created 
through incubation with the cytokines interleukin-1  (IL-1 ) and 
interferon-  (IFN- ) (IL/IF), upon chronic exposure to increasing 
glucose concentrations (22.2 and 33.3 mM) or palmitic acid, or upon 
exposure to acute oxidative stress from hydrogen peroxide) (Fig. 1a–c 
and Supplementary Fig. 1a,b). The upregulation of MST1 occurred 
by both caspase-mediated cleavage and autophosphorylation (yield-
ing MST1 phosphorylated on T183 (pMST1)). This was accompanied 
by higher phosphorylation of histone H2B as well as induction of 
JNK signaling (Fig. 1a–c). In contrast, short-term culture with high 
glucose concentrations (11.2, 22.2 and 33.3 mM) induced neither 
apoptosis nor MST1 cleavage and phosphorylation (Supplementary 
Fig. 1d). MST1 was also activated in islets from subjects with T2D 
(Fig. 1d), obese diabetic Leprdb mice (db/db mice, Fig. 1e) and 
hyperglycemic mice fed with a high-fat, high-sucrose diet (HFD) for  
16 weeks (Supplementary Fig. 1c). This activation correlated directly 
with beta cell apoptosis as described previously19, as whenever MSTI 
was induced, apoptosis was also higher. To confirm the beta cell– 
specific upregulation of MST1, we performed double immunostaining 
for pMST1 and insulin in pancreatic islets from subjects with poorly 
controlled T2D (Fig. 1d) and pancreatic islets from db/db mice (Fig. 1e)  
and found pMST1 staining in beta cells, whereas there was almost no 
signal in cells from subjects without diabetes or control mice.

Caspase-3 and JNK act not only as downstream targets but also 
as upstream activators of MST1 through cleavage- and phosphor-
ylation-dependent mechanisms12,20, and they may initiate a vicious 
cycle and a proapoptotic signaling cascade in beta cells. Using inhibi-
tors of JNK (SP600125) and caspase-3 (z-DEVD-fmk) and siRNA to 
caspase-3, we found that both JNK and caspase-3 were responsible 
for stress-induced MST1 cleavage by diabetic stimuli in human islets 
and INS-1E cells (Supplementary Fig. 1e–h), suggesting that MST1 
induces a positive feedback loop with caspase-3 under diabetogenic 
conditions.

Because phosphatidylinositol-3 kinase (PI3K)-AKT signaling is a 
key regulator of beta cell survival and function21,22 and MST1 sig-
naling is negatively regulated by this pathway in other cell types23,24, 
we hypothesized that AKT is an important negative regulator of 
MST1. Maintaining AKT activation through either exogenous addi-
tion of mitogens such as glucagon-like peptide-1 (GLP1) or insulin 
or overexpression of constitutively active AKT1 (Myr-AKT1, con-
taining a myristoylation sequence and HA tag) inhibited glucose- 
and cytokine-induced phosphorylation of MST1, MST1 cleavage 
and apoptosis (Fig. 1f and Supplementary Fig. 2a–d). As GLP1 
and insulin exert their cell survival actions primarily through the 
PI3K-AKT pathway21,25, we tested whether inhibition of this pro-
survival signaling might enhance MST1 activation. PI3K and AKT 

were inhibited by LY294002, and triciribine (an AKT inhibitor) led 
to lower levels of phosphorylation of Gsk3 and Foxo1, two well- 
characterized AKT substrates, and induced MST1 activation (Fig. 1g,h  
and Supplementary Fig. 2e). We further corroborated these find-
ings using siRNA against AKT, which led to a critical upregulation 
of MST1 activity and potentiated cytokine-induced phosphoryla-
tion of MST1 and beta cell death (Supplementary Fig. 2f). MST1 
overexpression also diminished insulin-induced AKT phosphor-
ylation and, conversely, there was higher AKT phosphorylation in 
MST1-depleted beta cells (Fig. 1i). Knockdown of MST1 expression 
antagonized the apoptotic effect of AKT inactivation in INS-1E cells, 
implicating endogenous MST1 in the apoptotic mechanism induced 
by PI3K-AKT inhibition (Supplementary Fig. 2g,h). In summary, 
these results suggest that MST1 is activated in prodiabetic conditions 
in vitro and in vivo, antagonized by PI3K-AKT signaling and depend-
ent on the JNK- and caspase-induced apoptotic machinery.

MST1 induces beta cell death
MST1 overexpression alone was also sufficient to induce apoptosis  
in human and rat beta cells (Fig. 2a–c). To investigate pathways that 
potentially contribute to MST1-induced beta cell apoptosis, we over-
expressed MST1 in human islets and rat INS-1E cells through an 
adenoviral system, which efficiently upregulated MST1, activated 
JNK and induced beta cell apoptosis, as determined by an increased 
number of TUNEL-positive beta cells as well as caspase-3 activation 
and cleavage of poly-(ADP-ribose) polymerase (PARP), a down-
stream substrate of caspase-3 (Fig. 2a–c). Previous data proposed 
a role for the mitochondrial pathway in MST-dependent signal-
ing26,27. Evaluation of established mitochondrial proteins in MST1-
 overexpressing islets and INS-1E cells showed cleavage of the initiator 
caspase-9, release of cytochrome c, induction of proapoptotic BAX 
and a decline in antiapoptotic BCL-2 and BCL-xL levels (Fig. 2b,c and 
Supplementary Fig. 3a), which led to a reduction of BCL-2/BAX and 
BCL-xL/BAX ratios. Notably, MST1-induced caspase-3 cleavage was 
reduced by treatment of human islets with the Bax inhibitor peptide 
V5 (Fig. 2d), which has been shown to promote beta cell survival28; 
together, these findings emphasize that MST1-induced apoptosis pro-
ceeds via the mitochondrial-dependent pathway. We also analyzed 
the expression of BH3-only proteins as regulators of the intrinsic 
cell death pathway29. Of these, BIM was robustly induced, whereas 
other BH3-only protein levels remained unchanged (Fig. 2b,c and 
Supplementary Fig. 3b). To assess whether kinase activity of MST1 is 
required for altering mitochondrial-dependent proteins and induction 
of apoptosis, we overexpressed a kinase-dead mutant of MST1 (K59R; 
dominant-negative MST1 (ref. 30)) in human islets. Unlike wild-type 
(WT) MST1, MST1-K59R did not change the levels of BIM, BAX, 
BCL-2, BCL-xL and caspase-3 cleavage (Supplementary Fig. 3c).  
We next determined whether BIM is a major molecule whose action 
would override the proapoptotic action of MST1. Indeed, BIM  
depletion led to a significant reduction of MST1-induced apoptosis 
in human islets (Fig. 2e,f).

Overexpression of MST1 further potentiated glucose-induced apop-
tosis in beta cells in a BIM-dependent manner (Supplementary Fig. 3d).  
BIM is regulated by the JNK31 and AKT32 signaling pathways. MST1-
induced increase in BIM and subsequent caspase-3 cleavage was 
prevented by JNK inhibition through overexpression of dn-JNK1 
(Fig. 2g) or by the JNK inhibitor (Supplementary Fig. 3e), which 
suggests that MST1 uses JNK signaling to mediate BIM upregula-
tion and induction of apoptosis. We confirmed the involvement of 
AKT in the regulation of MST1-induced apoptosis by overexpressing  
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Figure 1 MST1 is  

activated in diabetes.  

(a–c) Activated MST1  

(cleaved (clMST1) and  

phosphorylated) in human  

(a) and mouse (b) islets  

and INS-1E cells (c)  

exposed to diabetogenic  

conditions (IL/IF,  

22.2 mM glucose,  

33.3 mM glucose, or  

a mixture of 33.3 mM  

glucose and 0.5 mM  

palmitate (33.3-Pal)  

for 72 h). Western blots of MST1, pMST1, pJNK, pH2B and caspase-3 cleavage (clC3) and densitometry analyses are shown. Cont, control; Glc, 

glucose. (d,e) Activated MST1 in islets. Human isolated islets from nondiabetic control subjects (n = 7) and subjects with T2D (n = 4, all with 

documented fasting plasma glucose >150 mg/dl) (d) and from 10-week-old diabetic db/db mice (n = 5) and their heterozygous littermates (db/+,  

n = 5) (e). Left, western blots of MST1 and pMST1 and densitometry analyses. Right, double immunostaining for pMST1 (red) and insulin (green) in 

sections from human isolated islets from nondiabetic control subjects and subjects with T2D and from 6-week-old diabetic db/db mice (representative 

analyses from 10 pancreases from subjects with T2D and >10 pancreases from control subjects and from 7 db/db mice and 7 heterozygous controls are 

shown). Scale bar, 100 m. (f) Western blots of Mst1, clMst1, pMst1, pAkt, pGsk3 and caspase-3 cleavage and densitometry analysis for INS-1E cells 

transfected with GFP control or Myr-AKT1 expression plasmids exposed to 22.2 mM glucose for 72 h. (g) Western blots of Mst1, clMst1, pAkt, pGsk3, 

pFoxo1 and caspase-3 cleavage and densitometry analysis for INS-1E cells exposed to the PI3K inhibitor LY294002 (LY, 10 M for 8 h). (h) Western 

blots of clMst1, pAkt, pGsk3, pFoxo1 and caspase-3 cleavage and densitometry analysis for INS-1E cells exposed to the AKT inhibitor triciribine (AKTi, 

10 M for 6 h). (i) Western blots of Mst1, pAkt and tAkt for INS-1E cells infected with an adenovirus expressing GFP (Ad-GFP) or MST1 (Ad-MST1) 

or transfected with shMst1 or shScr control expression plasmids for 48 h, serum-starved for 12 h and then stimulated with insulin. All graphs show 

densitometry analyses from at least 3 independent experiments normalized to actin or tubulin. All western blots show representative results from at 

least 3 independent experiments from 3 different donors or mice. Tubulin or actin was used as loading control. Data are expressed as means  s.e.m.  

*P < 0.05 compared to untreated or nondiabetic control. #P < 0.05 Myr-AKT1 compared to GFP at 22.2 mM glucose.
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both MST1 and Myr-AKT1, which reduced BIM induction and  
caspase-3 cleavage (Fig. 2h), indicating that AKT negatively regu-
lates the downstream target of MST1. These data suggest that MST1  
is a critical mediator of beta cell apoptosis through activation of the 
BIM-dependent intrinsic apoptotic pathway and controlled by AKT 
and JNK signaling pathways.

MST1 impairs beta cell function by destabilizing PDX1
We hypothesized that MST1 activation may elicit changes in beta cell–
specific gene transcription that initiate the process of beta cell failure. 
Overexpression of MST1 led to a complete loss of glucose-stimulated 
insulin secretion (GSIS; Fig. 3a and Supplementary Fig. 4a), which 
could not be accounted for solely by the induction of apoptosis. 
Previously, we noted that the critical beta cell transcription factor 
PDX1, which mediates glucose-induced insulin gene transcription in 
mature beta cells16,18, is mislocalized and reduced in diabetes19. These 
changes are subsequently associated with impaired beta cell function 
and hyperglycemia. Stress-induced kinases such as JNK and glycogen  
synthase kinase-3 (GSK3) phosphorylate PDX1, antagonizing its  
activity33,34, which leads to beta cell failure. Thus, we hypothesized 

that the drastic reduction in insulin secretion following MST1 over-
expression may be mediated by PDX1. PDX1 levels were markedly 
reduced in response to MST1 overexpression in human islets (Fig. 3b) 
and INS-1E cells (Supplementary Fig. 4b). In contrast, MST1 overex-
pression did not affect the amount of mRNA encoding PDX1 (Fig. 3b  
and Supplementary Fig. 4b), suggesting that MST1 may regulate 
PDX1 at the post-transcriptional level. Analysis of PDX1 target genes  
demonstrated that overexpression of MST1 significantly down-
regulated INS (Ins1 or Ins2 for INS-1E), SLC2A2 and GCK in human 
islets (Fig. 3b) and INS-1E cells (Supplementary Fig. 4b). Although 
SLC2A2 is not the predominant glucose transporter in human beta 
cells35, we analyzed its expression to provide comparison to the  
mouse data.

To gain better insight into the role of MST1 in regulation of insulin 
secretion, we performed GSIS using two insulin secretagogues: GLP1 
and glibenclamide. MST1 overexpression significantly abolished 
GLP1-enhanced glucose-induced insulin secretion (P < 0.05 compared 
to control condition), whereas glibenclamide-induced insulin secre-
tion was not affected, suggesting that defective insulin secretion may 
occur at a step upstream of calcium influx (Supplementary Fig. 4c).  

a
TUNEL

Insulin DAPI

MST1

Cont

0

1

Cont GFP MST1%
 T

U
N

E
L+

 be
ta

 c
el

ls

*

b cHuman islets 

clMST1

BIM

BAX

BCL-2

clC3

Actin

clC9

GFP MST1

BCL-xL

pMST1

pJNK

MST1

0

1

2

3

4
Ad-GFP
Ad-MST1

P
ro

te
in

/a
ct

in *
*

*

* *

*

*

BlM
pJ

NK
BAX

BCL-
2

BCL-
xL

clC
9

clC
3

INS-1E

Bim

Bax

Bcl-2

clPARP 

Actin

clC9

GFP MST1

MST1

clC3

0

1

2

3
Ad-GFP
Ad-MST1

P
ro

te
in

/a
ct

in

*

*

*

*
*

*

Bim Bax
Bcl-

2
clC

9
clC

3

clP
ARP

NC

GFP MST1 GFP MST1

V5

clC3

Actin
0

2

4

6

8

Ad-GFP

Ad-MST1

cl
C

3/
ac

tin

NC

*

§

V5

d e

0

1

2

siScr
siBIM

%
 T

U
N

E
L+

 be
ta

 c
el

ls

GFP

*

**

MST1

f
MST1 MST1GFPGFP

siScr siBIM

clC3

clPARP

Actin

BIM

MST1

0

1

2

3

Ad-GFP
Ad-MST1
Ad-GFP–siBIM
Ad-MST1–siBIM

P
ro

te
in

/a
ct

in

*

**

*

**

*

**

BIM clC3 clPARP

g

GFP MST1

BIM

clC3

 Actin

pc-Jun

dn-JNK1 ++ ––

0

1

2

3

Ad-GFP
Ad-GFP–dn-JNK1
Ad-MST1
Ad-MST1–dn-JNK1

P
ro

te
in

/a
ct

in *

#

*
*

#
#

pc-Jun BIM clC3 

h

GFP MST1

BIM

clC3

 Actin

Myr-AKT1 ++ ––

0

1

2

3

Ad-GFP
Ad-GFP–AKT1
Ad-MST1
Ad-MST1–AKT1

BIM

P
ro

te
in

/a
ct

in

*

+

*

+

clC3

Figure 2 MST1 induces beta cell death. (a–d) MST1 overexpression in human islets (a,b) and INS-1E cells (c) for 48 h. Triple staining for  

DAPI (blue), TUNEL (red) and insulin (green) (a) TUNEL analysis from an average number of 18,501 insulin-positive beta cells. Scale bar, 100 m.  

(b,c) Adenovirus-mediated upregulation of MST1. Western blots and densitometry analysis of MST1, cleaved MST1, BIM, pJNK, BAX, BCL-2, BCL-xL, 

cleaved caspase-9 (clC9), cleaved caspase-3 and PARP in human islets (b) and INS-1E cells (c). (d) Western blot and densitometry analysis of caspase-3  

cleavage from Ad-GFP– or Ad-MST1–infected human islets exposed to BAX inhibitory peptide V5 or negative control (NC) peptide for 36 h. (e,f) Human 

islets transfected with BIM siRNA (siBIM) or control Scr siRNA (siScr) infected with Ad-GFP or Ad-MST1 for 48 h. (e) Analysis of cells positive for both 

TUNEL and insulin out of 10,378 insulin-positive counted beta cells. (f) Western blot and densitometry analysis of MST1, BIM and caspase-3 and 

PARP cleavage. (g) Western blot and densitometry analysis of pc-Jun, BIM and caspase-3 cleavage from human islets transfected with GFP or dn-JNK1 

expression plasmids and infected with Ad-GFP or Ad-MST1 for 48 h. (h) Western blot and densitometry analysis of BIM and caspase-3 cleavage from 

human islets transfected with GFP or Myr-AKT1 expression plasmids and infected with Ad-GFP or Ad-MST1 for 48 h. All graphs show densitometry 

analysis from at least 3 independent experiments normalized to actin. All western blots show representative results from at least 3 independent 

experiments from 3 different donors (human islets). Actin was used as loading control. TUNEL analyses are from 3 independent experiments from 3 

different donors. Data are expressed as means  s.e.m. *P < 0.05 MST1 overexpression compared to GFP control, §P < 0.05 V5-MST1 compared to 

MST1, **P < 0.05 siBIM-MST1 compared to siScr-MST1, #P < 0.05 dn-JNK–MST1 compared to MST1, +P < 0.05 AKT1-MST1 compared to MST1.
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MST1 overexpression had no effect on insulin content (Fig. 3a and 
Supplementary Fig. 4a), and thus insulin secretion was normalized 
on insulin content.

To clarify the mechanism by which MST1 regulates PDX1, we 
examined the effects of ectopic expression of MST1 and PDX1 in 
human embryonic kidney (HEK) 293 cells. We found lower PDX1 

levels in cells co-overexpressing WT MST1, whereas the kinase-dead 
MST1-K59R had no effect (Fig. 3c). Thus, kinase activity is required 
for MST1-induced PDX1 degradation. Overexpression of MST1 also 
attenuated the transcriptional activity of PDX1 on the rat insulin pro-
moter (RIP), as shown by luciferase assays in PDX1-overexpressing 
HEK 293 and INS-1E cells (Supplementary Fig. 4d).
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StimulatedFigure 3 MST1 impairs beta cell function by destabilizing  

PDX1. (a,b) Adenovirus-mediated GFP or MST1 overexpression  

in human islets for 96 h. (a) Insulin secretion during 1-h  

incubation with 2.8 mM (basal) and 16.7 mM (stimulated)  

glucose, normalized to insulin content and basal secretion at  

GFP control. The insulin stimulatory index denotes the ratio  

of secreted insulin during 1-h incubation with 16.7 mM to that  

secreted during 1-h incubation with 2.8 mM glucose. Insulin content  

analyzed after GSIS and normalized to whole islet protein is also shown.  

(b) Left, western blot and densitometry analysis of PDX1. Right, RT-PCR analysis of PDX1 target genes SLC2A2, GCK and INS. (c) Western blot 

and densitometry analysis of PDX1 and MST1 from HEK 293 cells transfected with plasmids encoding Myc-MST1 and GFP-PDX1 with kinase-dead 

MST1 (dn-MST1, K59R) cotransfected with GFP-PDX1 (left) and western blot of PDX-1 from HEK 293 cells treated with CHX for 8 h at 48 h after 

transfection, (middle) or treated with the proteasome inhibitor MG-132 for 6 h at 36 h after transfection (right). (d) Immunoblotting with ubiquitin-

specific antibody after immunoprecipitation with an anti-PDX1 antibody of HEK 293 cells transfected with GFP-PDX1 and hemagglutinin (HA)-ubiquitin 

(Ub), alone or together with Myc-MST1 or MST1-K59R expression plasmids for 48 h (left) and human islets transfected with HA-ubiquitin and infected 

with Ad-GFP or Ad-MST1 for 48 h (right; 2 different donors). MG-132 was added during the last 6 h of the experiment. (e) Western blot analysis for Myc 

and GFP with precipitates and input fraction after reciprocal co-immunoprecipitations (using anti-GFP and anti-Myc antibodies) from HEK 293 cells 

transfected with GFP-PDX1 alone or together with Myc-MST1 for 48 h. (f) Western blot of pThr (pan–phosphorylated threonine), MST1 and PDX1 from 

in vitro kinase assay performed with recombinant MST1 (rMST1) and recombinant PDX1 (rPDX1) proteins. (g) Left, western blot of pPDX1 (pT11PDX1) 

and pThr (after immunoprecipitation with anti-PDX1) from HEK 293 cells transfected with PDX1-WT or PDX1-T11A expression plasmids and subjected 

to an in vitro kinase assay using recombinant MST1. Middle, western blot of MST1 and PDX1 from HEK 293 cells transfected with PDX1-WT or PDX1-

T11A expression plasmids alone or together with MST1 expression plasmids for 48 h. Right, western blot of PDX1 and densitometry analysis of bands 

for PDX1-WT or PDX1-T11A cotransfected with MST1 in HEK 293 cells for 36 h and treated with CHX. (h) Western blot of PDX1 from human islets 

transfected with GFP, PDX1-WT or PDX1-T11A expression plasmids. (i) Insulin secretion during 1-h incubation with 2.8 mM (basal) and 16.7 mM 

(stimulated) glucose, normalized to insulin content and basal secretion at control and insulin stimulatory index, which denotes the ratio of secreted 

insulin during 1-h incubation with 16.7 mM to that secreted at 2.8 mM glucose. (j) PDX1 target genes in human islets analyzed by RT-PCR and levels 

normalized to tubulin and shown as change from PDX1-WT transfected islets from human islets infected with Ad-GFP or Ad-MST1 for 72 h. All western 

blots show representative results from at least 3 independent experiments from 3 different donors (human islets). Tubulin or actin was used as loading 

control. RT-PCR (b,j) and GSIS (a,i) show pooled results from 3 independent experiments from 3 different donors. Data are expressed as means  s.e.m. 

*P < 0.05 MST overexpression compared to control, **P < 0.05 PDX1-T11A + MST1 compared to PDX1-WT + MST1.
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To discriminate between a transcriptional or translational  
and a post-translational effect of MST1 on PDX1, we followed the 
stability of overexpressed PDX1 upon treatment with cycloheximide 
(CHX), an inhibitor of protein translation. Upon CHX exposure, 
PDX1 protein levels rapidly decreased when coexpressed with 
MST1 (Fig. 3c), which suggests that MST1 reduced PDX1 protein 
stability. Consistent with these observations, MST1 overexpression 
also decreased protein stability of endogenous PDX1 in human  
islets (Supplementary Fig. 4e). In contrast, treatment of PDX1-
overexpressing HEK 293 cells with the proteasome inhibitor MG-132  
reduced the disappearance of PDX1 (Fig. 3c), indicating that 
MST1 induced activation of the ubiquitin proteasome pathway. 
Proteasomal degradation of PDX1 has been described before and 
leads to impaired beta cell function and survival36.

We next performed in vivo ubiquitination assays to determine 
whether MST1 induces PDX1 ubiquitination. PDX1 cotransfected with 
MST1, but not with MST1-K59R, was heavily ubiquitinated in HEK 
293 cells. We confirmed this in human islets by showing that MST1 
overexpression strongly promoted endogenous PDX1 ubiquitination 
(Fig. 3d). Subsequently, we verified a direct interaction between PDX1 
and MST1 proteins. Reciprocal co-immunoprecipitations showed the 
interaction between MST1 and PDX1 in HEK 293 cells cotransfected 
with GFP-tagged PDX1 and Myc-tagged MST1 (Fig. 3e).

We next examined whether a prodiabetic milieu regulates the asso-
ciation between MST1 and PDX1. Notably, both cytokine toxicity 
and glucotoxicity augment the interaction between MST1 and PDX1  
in INS-1E cells (Supplementary Fig. 4e). As we observed that PDX1 
ubiquitination and degradation required MST1 kinase activity, we tested 
whether MST1 directly phosphorylates PDX1. In vitro kinase assays 
showed that MST1 efficiently phosphorylated PDX1; these included 
autoradiography using radiolabeled 32P (Supplementary Fig. 4f),  
as well as nonradioactive kinase assays and western blotting using an 
antibody specific to pan–phosphorylated threonine (Fig. 3f). We con-
firmed the in vitro kinase assays in HEK 293 cells; coexpression of MST1 
and PDX1 led to PDX1 phosphorylation (Supplementary Fig. 4f).  
Together, these results establish PDX1 as a substrate for MST1.

We determined the potential MST1-targeted phosphorylation sites on 
PDX1 theoretically with the NetPhos 2.0 program37. This identified six 
candidate sites within the PDX1 sequence; T11, T126, T152, T155, T214 
and T231 (based on the probability that a phosphosite is a substrate 
of MST1, given as relative score) (Supplementary Fig. 4g). These six 
sites were individually mutated to alanine to generate phosphodeficient 
constructs as described previously38. We subcloned them into pGEX 
bacterial expression vectors. PDX1-GST fusion proteins with the six 
different PDX1 mutations were purified from bacteria and used as sub-
strates for MST1 in the kinase assay. With the exception of PDX1-T11A, 
WT recombinant PDX1 and the other mutants proteins were efficiently 
phosphorylated at threonine (Supplementary Fig. 4h). To confirm this, 
we transfected all PDX1 mutant plasmids into HEK 293 cells, immuno-
precipitated them with a PDX1-specific antibody and incubated them 
with recombinant MST1 in a kinase assay. MST1 highly phosphorylated 
PDX1-WT and other mutant proteins, but phosphorylation in the 
PDX1-T11A mutant was markedly lower (data not shown), indicating 
that T11 is the major site of phosphorylation by MST1.

In order to confirm T11 as the specific phosphorylation site, we 
used a phosphospecific antibody against the T11 phosphorylation site 
in PDX1, which recognized T11 phosphorylation after co-incubation 
of recombinant PDX1-GST fusion protein with recombinant GST-
MST1 (Supplementary Fig. 4h). Consistent with this, co-incubation 
of immunoprecipitated PDX1-WT or PDX1-T11A with recombinant 

MST1 resulted in robust MST1-induced PDX1-WT phosphorylation 
at the T11 site (shown by antibody to pT11) and in overall threonine 
phosphorylation (shown by antibody to pan–phosphorylated threo-
nine); PDX1-T11 phosphorylation was markedly reduced in the PDX1-
T11A mutant protein (Fig. 3g). We further corroborated this by an  
in vivo kinase assay (Supplementary Fig. 4h). Alignment of the amino 
acid sequences of PDX1 from different species revealed that the T11 site 
is highly conserved among those species (Supplementary Fig. 4i).

If T11 is the specific MST1-induced phosphorylation site of PDX1 
and is responsible for beta cell dysfunction, one would expect that 
mutated PDX1-T11A would reverse beta cell dysfunction. MST1 
induced a rapid degradation of exogenous WT PDX1 in the presence 
of CHX that did not occur in PDX1-T11A mutant–transfected cells 
(Fig. 3g). Furthermore, the half-life of the PDX1-T11A mutant was 
similar to that of PDX1-WT in the absence of MST1 (data not shown). 
Consistent with these data, there was less PDX1 ubiquitination in 
the PDX1-T11A–transfected cells than in those transfected with  
PDX1-WT (Supplementary Fig. 4j).

Because T11 is located within the transactivational domain of PDX1 
and to evaluate the functional significance of the T11-dependent 
ubiquitination and degradation, we assessed transcriptional activity 
of PDX1. Reduction of PDX1 transcriptional activity occurred only in 
PDX1-WT– but not in PDX1-T11A–transfected cells (Supplementary 
Fig. 4j). As the T11A mutation of PDX1 prolongs PDX1 stability in the 
presence of MST1, we asked whether PDX1 stability is directly linked 
to improved beta cell function. PDX1-T11A mutant overexpression 
(Fig. 3h) normalized MST1-induced impairment in GSIS in human 
islets (Fig. 3i) and INS-1E cells (Supplementary Fig. 4j) and restored 
MST1-induced downregulation of PDX1 target genes (Fig. 3j and 
Supplementary Fig. 4j). These findings indicate that MST1-induced 
PDX1 phosphorylation at T11 leads directly to PDX1 destabilization 
and impaired beta cell function and suggest that PDX1 is a crucial 
target of MST1 in the regulation of beta cell function.

MST1 deficiency improves beta cell survival and function
Further analyses aimed to prove whether MST1 not only medi-
ated beta cell death and impaired function in vitro but also, when 
downregulated, allowed for rescue from beta cell failure (Fig. 4 
and Supplementary Fig. 5). First, about 80% depletion of MST1 in 
human islets, achieved with siRNA, protected from cytokine and 
hydrogen peroxide toxicity as well as glucolipotoxicity; beta cell 
apoptosis was also inhibited (Fig. 4a,b and Supplementary Fig. 5a).  
Silencing of MST1 also significantly reduced BIM upregulation 
induced by diabetogenic conditions in human islets (Fig. 4b,c and  
Supplementary Fig. 5a).

Second, beta cell function was greatly improved by MST1 gene 
silencing under diabetogenic conditions (Fig. 4d and Supplementary 
Fig. 5). Notably, IL/IF- and high glucose + palmitate (HG/Pal)-
induced cleavage of caspase-3 and caspase-9 and phosphorylation 
of H2B was lower in MST1-depleted human islets than in control 
islets (Fig. 4b). Mst1−/− islets were largely resistant to IL/IF- and 
HG/Pal-mediated apoptosis, as determined by TUNEL staining 
(Fig. 4e). In addition to the protective effect of Mst1 knockout on 
beta cell survival, Mst1−/− islets also showed improved GSIS after 
long-term culture with IL/IF and HG/Pal (Fig. 4f and Supplementary 
Fig. 5). To further support the role of MST1 as a main mediator of 
apoptosis in beta cells, we generated INS-1E cells stably transfected 
with vectors carrying Mst1-targeting shRNA (shMst1) or scram-
bled control shRNA (shScr) and found that Mst1 expression in cells 
stably expressing shMst1 was about 70% lower than that in cells  
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expressing shScr (Fig. 4g). We treated INS-1E clones with IL/IF 
and HG for 72 h. Bim induction, caspase-3 and PARP cleavage in  
Mst1-depleted cells were significantly lower than that in control cells 
(Fig. 4g). Additionally, Mst1 silencing also abrogated caspase-3 and 
PARP cleavage induced by palmitate (Supplementary Fig. 5b) and 
hydrogen peroxide (Supplementary Fig. 5c). Cytochrome c release 
was markedly reduced in Mst1-depleted beta cells under diabetogenic 
conditions (Supplementary Fig. 5d,e). A second shRNA clone tar-
geting the Mst1 gene with comparable gene silencing efficiency con-
firmed the antiapoptotic effect of Mst1 silencing in INS-1E cells; 
Mst1 depletion markedly suppressed IL/IF- and HG-induced Bim 
upregulation and cleavage of caspase-3 and PARP (Supplementary 

Fig. 5f). Confirmation the results of the shMst1 approach, inhibi-
tion of endogenous Mst1 activity by overexpression of Mst1-K59R 
completely inhibited glucose-induced caspase-3 and PARP cleavage 
in beta cells (Supplementary Fig. 5g).

Mst1 deficiency significantly attenuated Pdx1 depletion caused 
by cytokine or high glucose treatment (Fig. 4g and Supplementary 
Fig. 5f), implying that MST1 is indispensable for the reduction in 
amount of PDX1 induced by a diabetic milieu. Our next objective 
was to determine whether knockdown of Mst1 expression leads to 
improvement of GSIS and restoration of Pdx1 target genes in INS-1E 
cells under diabetogenic conditions. GSIS was significantly improved 
in Mst1-depleted beta cells (Fig. 4h and Supplementary Fig. 5j), 
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Figure 4 MST1 deficiency improves beta cell survival  

and function. (a–d) Analysis of human islets transfected  

with MST1 siRNA (siMST1) or control siScr and treated  

with the cytokine mixture IL/IF, 33.3 mM glucose or the  

mixture of 33.3 mM glucose and 0.5 mM palmitate for 72 h.  

(a) TUNEL-positive beta cells from an average number of  

11,390 insulin-positive beta cells for each treatment condition.  

(b) Western blots and densitometry analysis of MST1, pMST1,  

BIM, pH2B and caspase-9 and caspase-3 cleavage. (c) RT-PCR  

for BCL2L11 in human islets normalized to tubulin shown as  

change from siScr control transfected islets. (d) Insulin stimulatory index denotes the ratio of secreted insulin during 1-h incubation with 16.7 mM to 

that secreted during 1-h incubation with 2.8 mM glucose (after the indicated treatments). (e) Analysis of TUNEL-positive beta cells from an average 

number of 24,180 insulin-positive beta cells counted for each treatment condition. (f) Insulin stimulatory index denotes the ratio of secreted insulin 

during 1-h incubation with 16.7 mM to that secreted during 1-h incubation with 2.8 mM glucose from isolated islets from Mst1−/− mice and their 

WT littermates after exposure to the cytokine mixture IL/IF or the mixture of 33.3 mM glucose and 0.5 mM palmitate for 72 h. (g–i) Western blots 

and densitometry analysis of Mst1, clMst1, pMST1, Bim, Pdx1, caspase-3 and PARP cleavage (g), insulin stimulatory index (h) and RT-PCR analysis 

of PDX1 target genes Slc2a2, Gck, Ins1 and Ins2 normalized to tubulin and shown as change from shScr (i) in stable INS-1E clones generated 

by transfection of vectors for shMst1 and shScr control and treated with the cytokine mixture IL/IF or with 22.2 or 33.3 mM glucose for 72 h. 

Representative results from 3 independent experiments from 3 different donors (human islets) (b,g). Actin was used as loading control. TUNEL data 

(a,e), GSIS (d,f,h) or RT-PCR (c,i) show pooled results from 3 independent experiments from 3 different donors (human islets). Data are expressed as 

means  s.e.m. *P < 0.05 compared to siScr (a–d), WT (e,f) or shScr untreated controls (g,h,i); **P < 0.05 compared to siScr (a–d), WT (e,f) or shScr 

(g–i) at the same treatment conditions.
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whereas levels of Pdx1 target genes, for example, Slc2a2, Gck, Ins1 
and Ins2, were restored in Mst1-depleted INS-1E cells (Fig. 4i). These 
data prove MST1 as determinant for beta cell apoptosis and defective 
insulin secretion under a diabetic milieu in beta cells in vitro.

Mst1 deletion protects from streptozotocin-induced diabetes
As MST1 depletion protected from beta cell apoptosis and restored 
beta cell function in vitro, we hypothesized that Mst1 deficiency may 
protect against diabetes in vivo by promoting beta cell survival and 

preserving beta cell mass. To test this hypothesis, we used Mst1−/− 
mice. Neither body weight nor food intake differed between Mst1−/− 
mice and their WT (Mst1+/+) littermates (data not shown). Also, 
glucose tolerance, insulin tolerance and glucose-induced insulin 
response did not differ between WT and Mst1−/− mice at 2 months of 
age (Supplementary Fig. 6a). However, intraperitoneal (i.p.) glucose 
tolerance tests (GTTs) and i.p. insulin tolerance tests (ITTs) revealed 
slight improvement in Mst1−/− mice at 6 months of age at 60 min after 
glucose or insulin injection (Supplementary Fig. 6b).
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Figure 5 Mst1 deletion  

protects from diabetes  

in vivo. (a–g) Mst1−/−  

mice (n = 15) and their  

WT littermates (n = 14)  

injected with 40 mg  

per kg body weight STZ  

for five consecutive days.  

(a) Random fed blood glucose  

measurements after last STZ  

injection (day 0) over 21 d and  

i.p. GTT (ipGTT) performed at day 17. (b) Insulin secretion during an i.p. GTT measured before (0 min) and 30 min after glucose injection (left) 

expressed as ratio of secreted insulin at 30 min to that secreted at 0 min (stimulatory index, right). (c) Ratio of secreted insulin and glucose calculated 

at fed state. (d) Beta cell mass and quantitative analyses from triple stainings for TUNEL or Ki-67, insulin and DAPI expressed as percentage of  

TUNEL- or Ki-67–positive beta cells  s.e.m. from a mean scored number of 23,121 beta cells for each treatment condition. (e) Percentage of alpha 

cells (stained in red) and beta cells (stained in green) of the whole pancreatic sections from 10 sections spanning the width of the pancreas. Scale bar, 

100 m. (f,g) Representative double staining for Bim (red, f) or Pdx1 (red, g) and insulin (green) from MLD-STZ–treated Mst1−/− mice and controls 

killed at day 22. White arrows indicate areas of cytosolic Pdx1 localization and its total absence in WT-STZ–treated mice. Scale bars, 100 m.  

(h–j) bMst1−/− mice with specific deletion in the beta cells using the Cre-loxP system (n = 5) and RIP-Cre (n = 3) and Mst1fl/fl controls (n = 3) injected 

with 40 mg per kg body weight STZ for five consecutive days. (h) Random fed blood glucose measurements after last STZ injection (day 0) over 32 d 

and i.p. GTT at day 30. (i) Insulin secretion during an i.p. GTT measured before (0 min) and 30 min after glucose injection. Data are expressed as  

ratio of secreted insulin at 30 min to that secreted at 0 min (stimulatory index). The ratio of secreted insulin and glucose calculated at fed state (right). 

(j) Beta cell mass, TUNEL or Ki-67 analysis, expressed as percentage of TUNEL- or Ki-67–positive beta cells from mice at day 32. Data show  

means  s.e.m. *P < 0.05 MLD-STZ–treated WT mice compared to saline-injected WT mice, **P < 0.05 MLD-STZ–treated MST1−/− mice compared to  

MLD-STZ–treated WT mice. #P < 0.05 MLD-STZ–treated bMst−/− mice compared to MLD-STZ–treated Mst1fl/fl or RIP-Cre mice.
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We induced diabetes by multiple low-dose (MLD) streptozo-
tocin (STZ) injections in Mst1−/− mice and WT controls. Whereas 
MLD-STZ injection induced progressive hyperglycemia and severely 
impaired glucose tolerance in WT mice, blood glucose levels were 
significantly reduced and glucose tolerance was highly improved in 
Mst1−/− mice (Fig. 5a). The MLD-STZ treatment led to impaired 
insulin secretion and a decreased insulin-to-glucose ratio in WT 
mice, which were significantly restored in Mst1−/− mice (Fig. 5b,c). 
Islet architecture in MLD-STZ–treated WT mice was disrupted and 
accompanied by less insulin-positive area, a smaller beta cell frac-
tion, lower islet density, smaller islet size and lower beta cell mass 
compared to that of non–MLD-STZ–treated mice. In contrast, islet 
architecture of MLD-STZ–treated Mst1−/− mice had a close to normal 
appearance, and beta cell fraction, islet density and beta cell mass 
were similar to those in non–MLD-STZ–treated mice (Fig. 5d,e and 
Supplementary Fig. 6c). Islet size also tended to be higher in MLD-
STZ–injected Mst1−/− mice than in WT mice, although this effect was 
not statistically significant (Supplementary Fig. 6c).

To elucidate how MST1 deletion may affect beta cell mass, we 
studied beta cell apoptosis and proliferation. TUNEL staining dem-
onstrated that the rate of apoptosis was dramatically higher in MLD-
STZ–treated WT mice than in treated Mst1−/− mice; the Mst1 deletion 
markedly lowered the rate of apoptosis. Beta cell proliferation was 
higher in MLD-STZ–treated WT mice compared to untreated WT 
mice, but treated Mst1−/− beta cells showed even higher prolifera-
tion, indicative of an improved compensatory capacity (Fig. 5d and 
Supplementary Fig. 6d,e). No difference in the frequency of prolif-
erating beta cells was observed between islets from Mst1−/− mice and 
those from their WT littermates at basal levels. These results suggest 
that Mst1 deletion boosts beta cell mass and islet density predomi-
nantly as a result of lower rates of beta cell apoptosis and higher beta 
cell proliferation in response to diabetogenic stimulation.

To further assess the effect of MLD-STZ, we performed immuno-
histochemical analyses of insulin and glucagon on pancreatic sections. 
Islet cells from MLD-STZ–treated WT mice were architecturally dis-
torted, containing significantly fewer insulin-positive cells and pro-
portionally more glucagon-positive cells, which resulted in a higher 
alpha cell–to–beta cell ratio compared to untreated WT mice (Fig. 5e).  
This is consistent with the previously reported alpha cell hyperplasia 
in diabetes39,40. In contrast, the number of glucagon-positive alpha 
cells in MLD-STZ–injected Mst1−/− islets was not higher and confined 
to the rim of the islets, suggesting that the architecture of MLD-STZ–
injected Mst1−/− islets was close to normal (Fig. 5e). In line with our 
in vitro results in beta cells, where MST1 acts through changes in BIM, 
expression of the latter was clearly seen in beta cells in diabetic MLD-
STZ–treated WT mice, but not in treated Mst1−/− mice (Fig. 5f).

We next examined Pdx1 as a beta cell–specific MST1 substrate 
whose expression is regulated by both its abundance and its subcellular 
localization in diabetic conditions19. Whereas MLD-STZ–treated WT 
mice showed a reduced nuclear localization of Pdx1 in beta cells, Pdx1 
expression was normalized and the prominent nuclear localization 
important for its functionality reestablished in MLD-STZ–treated 
Mst1−/− mice (Fig. 5g). The expression of the Pdx1 target Glut2 in 
beta cells was largely preserved in the MLD-STZ–treated Mst1−/− mice, 
whereas it was barely detectable in the beta cells of MLD-STZ–treated 
WT mice (Supplementary Fig. 6f). These findings suggest that Mst1 
deletion preserves Pdx1 and Glut2 expression in beta cells and thus pre-
serves the function of beta cells in the MLD-STZ model of diabetes.

To directly assess the protective effect of Mst1 deletion in MLD-
STZ–induced beta cell apoptosis, we treated isolated mouse islets and 

INS-1E cells with STZ in vitro and found that STZ strongly induced 
phosphorylation of Mst1, Bim expression and ultimately apoptosis, 
and such apoptotic induction by STZ was attenuated by Mst1 deple-
tion (Supplementary Fig. 6g,h), consistent with the in vivo observa-
tions in Mst1−/− mice.

To exclude a secondary effect of the Mst1 deletion on beta cells, 
we generated mice with beta cell–specific knockout of Mst1 by the 
Cre-loxP system (hereafter referred to as bMst1−/− mice). These mice 
contained a null mutation for Mst1 only in beta cells, as confirmed by 
western blotting of lysates from isolated islets (Supplementary Fig. 7a).  
bMst1−/− mice were viable, fertile and showed no difference in food 
intake and body weight (data not shown), glucose tolerance or insu-
lin sensitivity compared to Mst1fl/fl mice, which do not express Cre 
(Supplementary Fig. 7b,c), or loxP-negative mice (RIP-Cre mice; 
data not shown). To assess whether bMst1−/− mice might also be 
protected against diabetes, we again used the model of MLD-STZ–
induced diabetes. After MLD-STZ treatment, blood glucose levels 
in Mst1fl/fl and RIP-Cre control mice increased gradually (Fig. 5h). 
Whereas both control groups became overtly diabetic, reaching blood 
glucose levels >400 mg/dl, bMst1−/− mice maintained normal blood 
glucose levels. Mst1fl/fl and RIP-Cre control mice exhibited impaired 
glucose tolerance; this was notably prevented in bMst1−/− mice  
(Fig. 5h). This protection was accompanied by significant restora-
tion of glucose-induced insulin response and insulin-to-glucose ratio  
(Fig. 5i). Beta cell protection was also confirmed by the consid-
erably higher beta cell mass in the MLD-STZ–treated bMst1−/− 
mice, resulting from enhanced beta cell survival and proliferation  
(Fig. 5j), compared to Mst1fl/fl and RIP-Cre control mice. These data 
indicate that beta cell–specific disruption of Mst1 prevented progres-
sive hyperglycemia and improved glucose tolerance in MLD-STZ–
treated mice as a result of less apoptosis and restoration of beta cell 
mass, suggesting that beta cell–specific activation of Mst1 is a key 
event in the progressive loss of beta cells in diabetes.

Mst1 deletion protects from HFD-induced diabetes
We further confirmed the protective effect of Mst1 deletion against 
hyperglycemia and development of diabetes in a mouse model of T2D. 
We fed bMst1−/− mice and RIP-Cre controls a normal diet (ND) or 
a HFD for 20 weeks. Mice fed a HFD gained more weight than the 
ND-fed group. Beta cell–specific disruption of Mst1 had an effect on 
neither weight gain nor food intake in both groups (Supplementary  
Fig. 7d,e). HFD feeding increased fed and fasted glucose levels  
(Fig. 6a,b) and impaired glucose tolerance (Fig. 6b) in the HFD-
treated RIP-Cre control mice compared to ND-fed mice, whereas 
HFD-treated bMst1−/− mice showed significantly lower fed and fasted 
glucose levels as well as improved glucose tolerance (Fig. 6a,b).

In RIP-Cre mice on a HFD, insulin secretion during i.p. glucose 
challenge was markedly attenuated compared with that of the ND-
fed group. In contrast, HFD-induced impairment in GSIS was dra-
matically reversed in mice with beta cell–specific deletion of Mst1 
(Fig. 6c). For assessing beta cell glucose responsiveness, we isolated 
islets from all ND- and HFD-fed groups. Whereas GSIS was severely 
impaired in islets isolated from HFD-treated RIP-Cre mice compared 
with ND-treated RIP-Cre mice, islets from bMst1−/− mice remained 
fully responsive to glucose with improved insulin secretion under the 
HFD (Fig. 6d). Consistent with the improved metabolic phenotype 
of bMst1−/− mice on HFD, bMst1−/− mice had a higher compensa-
tory beta cell mass relative to WT HFD control mice (Fig. 6e). The 
combination of lower rate of beta cell apoptosis and elevated beta cell 
proliferation (Fig. 6e) in bMst1−/− mice on the HFD, which accounts 
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for the higher beta cell mass in bMST1−/− mice under the HFD, cor-
relates with the improved glucose tolerance and insulin secretion. 
This is also supported by results from an i.p. ITT: glucose levels were 
normalized to the basal levels before insulin injection, and bMst1−/− 
mice and RIP-Cre control mice on HFD showed a similar impairment 
in insulin sensitivity (Supplementary Fig. 7f,g).

To test whether knockdown of MST1 expression could directly res-
cue beta cells, we transfected islets isolated from 10-week-old obese 
db/db mice and their heterozygous littermates with scrambled control 
siRNA or Mst1 siRNA. Whereas Scr siRNA–treated isolated islets 
from db/db mice showed low Pdx1 expression and high caspase-3 
cleavage and Bim expression, Mst1 silencing restored Pdx1, inhib-
ited Bim upregulation and dramatically reduced caspase-3 cleavage 
(Supplementary Fig. 8).

DISCUSSION
Our work shows that MST1 acts as an essential apoptotic molecule 
in the presence of diabetic stimuli and is a common component in 
the diverse signaling pathways leading to impaired beta cell survival 
in diabetes. We identified PDX1 as a beta cell–specific substrate 

for MST1. PDX1 ubiquitination and subsequent degradation,  
resulting from inhibitory T11 phosphorylation, is crucial for beta cell 
dysfunction after MST1 hyperactivation in diabetes (Fig. 6f). Deletion 
of Mst1 preserves beta cell function and survival providing protection 
from diabetic insults.

MST1 has a central role in the initiation of cell death9,41–44. In line 
with our data, Mst1 ablation in vivo resulted in resistance to apoptosis 
induced by tumor necrosis factor- 45, Fas ligand46 or IFN- 47. Notably, 
suppression of endogenous Mst1 by cardiac-specific overexpression of 
the dominant-negative form of MST1 prevented cardiomyocyte death 
induced by ischemia-reperfusion48, which supports the pathophysio-
logical significance of MST1. The diversity of diabetic stimuli by 
which MST1 is activated in beta cells suggests that this enzyme may 
be a common component in the many signaling pathways leading to 
beta cell apoptosis. Although the endogenous molecules that trigger 
MST1 activation remain unknown, we show that MST1 is highly active 
in a diabetic environment and induces the mitochondrial-dependent 
apoptosis pathway in beta cells through targeting BIM, which leads 
to alterations in BCL-2/BAX or BCL-xL/BAX ratios, cytochrome  
c release, subsequent caspase-9 and caspase-3 cleavage and cell death.

Figure 6 Beta cell–specific disruption  

of Mst1 prevents hyperglycemia and  

HFD-induced diabetes progression.  

(a–e) bMst1−/− mice (n = 12) and Cre control 

mice (n = 12) fed a ND or a HFD diet for 

20 weeks. (a–c) Random fed blood glucose 

measurements (a), i.p. GTT (b) and insulin 

secretion (c) during an i.p. GTT measured  

before (0 min) and 15 and 30 min after  

glucose injection. (d) Insulin secretion  

during 1-h incubation with 2.8 mM (basal) and 

16.7 mM (stimulated) glucose normalized to 

insulin content from isolated islets from all  

4 treatment groups at week 21, cultured  

overnight and subjected to an in vitro GSIS 

assay. The insulin stimulatory index denotes  

the ratio of secreted insulin during 1-h 

incubation with 16.7 mM to secreted insulin  

at 2.8 mM glucose. (e) Beta cell mass,  

TUNEL and Ki-67 analysis expressed as 

percentage of TUNEL- or Ki-67–positive 

beta cells  s.e.m. from a mean number of 

28,521 scored beta cells for each treatment 

condition. *P < 0.05 HFD-fed Cre mice 

(Cre HFD) compared to ND-fed Cre mice 

(Cre ND). **P < 0.05 HFD-fed bMst1−/− 

mice (bMst1−/− HFD) compared to HFD-fed 

Cre mice (Cre HFD). (f) Our view on how 

diabetic stimuli lead to activation of MST1. 

Active MST1 triggers cytochrome c release 

and mitochondrial-dependent apoptosis by 

modulating Bim/Bax/Bcl-2/Bcl-xL through 

JNK-AKT signaling. Active caspase-9 then 

triggers cleavage of caspase-3, which triggers 

the caspase-3–dependent cleavage of MST1 to 

its constitutively active fragment, which leads 

to further MST1 activation and processing of 

caspase-3 by a positive feedback mechanism, 

and acceleration of beta cell death occurs. 

Cleaved MST1 translocates to the nucleus 

and directly phosphorylates PDX1 (we do not 

exclude the possibility that MST1 targets PDX1 

also in cytoplasm) and histone H2B. PDX1 then 

shuttles to cytosol, where it undergoes ubiquitination and subsequent degradation by proteasome machinery, and beta cell function is impaired. Histone 

H2B phosphorylation by MST1 also induces chromatin condensation, one of the characteristic features of apoptosis.
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The PI3K-AKT pathway has a critical role in the regulation of beta 
cell survival. AKT-mediated phosphorylation of multiple substrates 
positively regulates insulin transcription, insulin secretion and beta 
cell growth and survival21,22,49. Recent studies suggest potential 
crosstalk between MST1 and AKT23,24. MST1 activity is negatively 
regulated by AKT-mediated phosphorylation at its T120 and T387 
residues, which results in inhibition of its cleavage, autophosphoryla-
tion, kinase activity and nuclear translocation23. On the other hand, 
MST1 and its cleaved form interact with AKT1 and act as direct AKT1 
inhibitors24. Our data demonstrate that activation of the PI3K-AKT 
pathway in beta cells abrogates glucose- and cytokine-induced MST1 
activation and beta cell apoptosis, whereas suppression of PI3K-AKT 
signaling induces MST1 activity and beta cell apoptosis. AKT and 
MST1 are components of two parallel stress-triggered signaling path-
ways that functionally antagonize each other. Activated AKT itself 
downregulates MST1 function in beta cells, indicating the existence 
of a potential bidirectional crosstalk between these two pathways. 
Here, we show that MST1 and AKT negatively regulate each other 
and constitute a stress-sensitive survival pathway. Under acute stress 
conditions, AKT promoted cell survival by inhibiting MST1, but pro-
longed stress decreased AKT activity, which allowed for proapoptotic 
MST1 signaling.

MST1 may affect signal pathways of diabetic stimuli through modu-
lation of transcription factors and gene expression profiles that initiate 
the process of beta cell failure. In this study, we show that MST1 can 
physically interact with and phosphorylate PDX1. Targeted disruption 
of PDX1 in beta cells leads to diabetes, and reducing its expression 
affects insulin expression and secretion50. We have identified the T11 
residue of PDX1 as the phosphorylation site used by MST1. Such a 
kinase-dependent function would be consistent with the comparably 
low level of PDX1 and high levels of active MST1 in stressed beta cells 
and pancreases of diabetic mice in our study. PDX1 is restored by 
deletion of Mst1 under diabetic conditions. T11 is found in the highly 
conserved region of PDX1 at the transcription activation domain. T11 
phosphorylation of PDX1 by MST1 marks PDX1 for degradation by 
the proteasome machinery, which would prohibit it from functioning 
as a transcription factor in the nucleus. In that regard, overexpres-
sion of MST1 caused reduction of PDX1 target gene expression and 
impairment of beta cell function, as assessed by GSIS, whereas muta-
tion of the T11 site allowed PDX1 to be more stabilized and resistant 
to MST1-induced degradation, restoring PDX1-induced gene expres-
sion and improvement of beta cell function. The same site (T11) was 
previously shown to be targeted by DNA-dependent protein kinase. 
Consistent with our data, phosphorylation of PDX1 by this kinase 
results in enhanced PDX1 protein degradation51. PDX1 is degraded 
by the ubiquitin-proteasome pathway; PDX1 C terminal–inhibiting 
factor-1 (PCIF1) targets PDX1 for ubiquitination and proteasomal 
degradation by the E3 ubiquitin ligase cullin 3. Ubiquitination of 
PDX1 regulates its activity, as Pcif1 deficiency normalizes Pdx1 
protein levels and improves glucose homeostasis and beta cell func-
tion in Pdx1+/– mice36. Notably, accumulation of polyubiquinated 
proteins was higher in beta cells of individuals with T2D than in 
nondiabetic controls52, highlighting that higher expression of poly-
ubiquinated proteins may contribute to beta cell dysfunction under  
diabetic conditions.

In mammals, the absolute number of beta cells reflects a dynamic 
balance between beta cell growth and death. An inadequate expansion 
of beta cell mass to compensate for the increased insulin demand, 
followed by the eventual loss of beta cells due to apoptosis, is a hall-
mark of diabetes4,53. This is most apparent in T1D when ongoing 

autoimmunity causes destruction and consequent loss of beta cells. 
Through deletion of the MST1-mediated death signal, we have  
uncovered a deleterious action of MST1 that induces apoptosis 
in response to diabetic injuries in the immune-mediated beta cell 
destruction in the MLD-STZ model, a model of beta cell demise that 
occurs in the absence of insulin resistance. Mst1 deletion not only 
prevents MLD-STZ–induced beta cell death but also improves the 
capacity of beta cells to produce insulin. Mst1 deletion preserves beta 
cell mass, improves beta cell function and prevents islet deterioration, 
as shown by the maintenance of the islet structure, density, size and 
mass. The observed ability to preserve islet appearance is associated 
with a protective role for Mst1 deficiency in MLD-STZ–induced beta 
cell death and in enhancing beta cell proliferation.

Preservation of PDX1 is one mechanism involved in the protection of 
beta cells by MST1 depletion. This conclusion is strongly supported by 
our in vitro and in vivo data; Pdx1 target gene expression is normalized  
and Glut2 localization is preserved in Mst1−/− mice. As both Pdx1 and 
Glut2 are involved in glucose sensing and GSIS, Mst1−/− mice show 
normal blood glucose levels and high circulating insulin concentra-
tions. STZ enters beta cells via Glut2. It is unlikely that the resistance 
of Mst1−/− mice to MLD-STZ–induced beta cell damage is due to 
changes in membrane Glut2 expression in beta cells because Mst1 
deletion did not reduce membrane expression of Glut2 in beta cells 
in mice without STZ treatments.

The high rate of apoptosis in the Mst1-deficient thymocytes further 
illustrates the cell type–specific variation in the outputs of MST1 signal-
ing. Whereas in thymocytes and T cells deletion of Mst1 increases the 
apoptosis rate54–56, possibly through high levels of reactive oxygen spe-
cies, Mst1-deficient hepatocytes and microglia exhibit a marked resist-
ance to stress-induced apoptosis46,47. Thus, the consequences of Mst1 
deficiency need to be established in each cell type and tissue. We used a 
tissue-specific gene-targeting approach in the current study to provide 
insights into the biological role of Mst1 in beta cells in vivo. It is known 
that activation and migration of both T cells and macrophages play 
an important part in islet destruction leading to hyperglycemia in the 
MLD-STZ model57. Infiltrating macrophages and T cells are a major 
source of the proinflammatory cytokines that promote islet destruction. 
Thus, the depletion of peripheral T cells in Mst1−/− mice54,55 might be 
a reason for their protection from MLD-STZ–induced hyperglycemia. 
We cannot exclude such T cell depletion in our model, but if it occurs, 
it only has a minor role, as beta cell–specific deletion of Mst1 in mice 
completely protected them from hyperglycemia and islet destruction. 
This shows that Mst1 ablation in beta cells, but not in other tissues, is 
a major reason for the protection from MLD-STZ–induced diabetes. 
Notably, beta cell–specific deletion of Mst1 in this model led to protec-
tion against beta cell apoptosis and diabetes, further underlining the 
critical role of MST1 in beta cell survival.

The detrimental effects of a long-term HFD on beta cell function 
and insulin sensitivity leading to glucose intolerance and T2D in 
mice have been clearly established58. As expected, long-term HFD 
feeding was associated with insulin resistance, glucose intolerance, 
beta cell dysfunction and loss of compensatory beta cell adaptation. 
As observed in the MLD-STZ model, in the HFD diabetes model, 
beta cell–specific Mst1 deletion results in improved glucose toler-
ance, insulin secretion and beta cell mass as a result of improved 
beta cell survival and proliferation, whereas insulin sensitivity is not 
affected. We have not investigated whether Mst1 is also activated in 
other organs during diabetes progression, but activated Mst1 has been 
found in the kidneys of hyperglycemic insulin receptor substrate-2 
knockout mice59 and in epididymal fat pads of HFD-treated mice60.
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Our findings raise the possibility that MST1 hyperactivity is asso-
ciated with beta cell failure and development of diabetes. Current 
therapies for the treatment of diabetes mellitus are directed toward 
alleviating the symptoms of the disease, but there is an urgent medi-
cal need for therapies that slow or prevent the loss (rapid in T1D, 
progressive in T2D) of functional pancreatic beta cell mass. In light 
of the critical role of MST1 in beta cell failure and initiation of pro-
diabetic milieu–induced apoptotic signaling, therapeutic strategies 
designed to inhibit MST1 activity may both protect beta cells against 
the effects of autoimmune attack in T1D and preserve beta cell mass 
and function in T2D.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Cell culture, treatment and islet isolation. Human islets were isolated from 
twenty pancreases of healthy organ donors and from five with T2D at the 
University of Illinois at Chicago or Lille University and cultured on extra-
cellular matrix (ECM)-coated dishes (Novamed, Jerusalem, Israel) as described 
previously61. Informed consent was obtained from all subjects. Islet purity was 
greater than 95% as judged by dithizone staining (if this degree of purity was 
not achieved by routine isolation, islets were handpicked). Ethical approval 
for the use of human islets had been granted by the Ethics Committee of the 
University of Bremen. Islets from Mst1−/− mice and their WT littermates were 
isolated as described previously61. Pancreases were perifused with a Liberase 
TM (#05401119001, Roche, Mannheim, Germany) solution according to the 
manufacturer’s instructions and digested at 37 °C, followed by washing and 
handpicking. The clonal rat beta cell line INS-1E was provided by C. Wollheim. 
Human islets were cultured in complete CMRL-1066 (Invitrogen) medium 
at 5.5 mM glucose, mouse islets and INS-1E cells were cultured in complete 
RPMI-1640 medium at 11.1 mM glucose and HEK 293 cells were cultured in 
DMEM. All media included glutamate, 1% penicillin-streptomycin and 10% 
FBS (all from PAA). INS-1E medium was supplemented with 10 mM HEPES, 
1 mM sodium pyruvate and 50 M -mercaptoethanol. Islets and INS-1E cells 
were exposed to complex diabetogenic conditions: 22.2 or 33.3 mM glucose, 
0.5 mM palmitic acid or the mixture of 2 ng/ml recombinant human IL-1  
(R&D Systems, Minneapolis, MN) plus 1,000 U/ml recombinant human IFN-  
(PeproTech) for 72 h, 100 M H2O2 for 6 h, 1 mM streptozotocin (STZ) for  
8 h or 1 mM thapsigargin for 6 h (all Sigma). In some experiments, cells were 
additionally cultured with 10–25 M JNK-selective inhibitor SP600125, 10 M 
PI3K-selective inhibitor LY294002, 10 or 20 M AKT inhibitor V, triciribine,  
a selective AKT1/2/3 inhibitor, 50 M pancaspase inhibitor Z-VAD (OMe)-fmk,  
100 M Bax-inhibiting peptide V5 or Bax-inhibiting peptide, negative control, 
20 M InSolution MG-132, proteasome inhibitor (all Calbiochem), 100 nM 
glucagon like-peptide 1 (GLP1), 100 nM recombinant human insulin and  
50 g/ml cycloheximide (CHX) and 1 M glibenclamide (all Sigma).  
Palmitic acid was dissolved as described previously62.

Mice. For MLD-STZ experiments, 8- to 10-week old Mst1−/− mice on a 129/sv 
genetic background55 and their Mst1+/+ WT littermates were i.p. injected with 
STZ (40 mg per kg body weight; Sigma) freshly dissolved in 50 mM sodium cit-
rate buffer (pH 4.5) or citrate buffer as control for five consecutive days (referred 
to as multiple low-dose (MLD)-STZ). To create beta cell–specific Mst1−/− mice, 
mice harboring exon 4 of the Mst1 gene flanked by loxP sites (Mst1fl/fl)55 were 
crossed with mice expressing Cre under the rat insulin-2 promoter (B6;D2-
Tg(Ins-Cre)23Herr: RIP-Cre63, provided by P. Herrera, University of Geneva 
and A. Mansouri, Max Planck Institute for Biophysical Chemistry). RIP-Cre-
Mst1fl/– mice were intercrossed to generate RIP-Cre-Mst1fl/fl. Mice were MLD-
STZ injected as described above. For the high-fat diet (HFD) experiments, 
8-week-old RIP-Cre-Mst1fl/fl (bMst1−/−) mice and their RIP-Cre littermates were 
fed a normal diet (ND, Harlan Teklad Rodent Diet 8604, containing 12.2, 57.6 
and 30.2% calories from fat, carbohydrate and protein, respectively) or a high-fat, 
high-sucrose diet (HFD, Surwit Research Diets, New Brunswick, NJ, containing 
58, 26 and 16% calories from fat, carbohydrate and protein, respectively58,64) 
for 20 weeks. For both models, random blood was obtained from the tail vein 
of nonfasted mice, and glucose was measured using a Glucometer (Freestyle; 
TheraSense, Alameda, CA). Mice were killed at the end of experiment, and 
pancreases were isolated. Throughout the whole study, food consumption and 
body weight were measured weekly. Only male mice were used in the experi-
ments. All animals were housed in a temperature-controlled room with a 12-h 
light-dark cycle and were allowed free access to food and water in agreement 
with US National Institutes of Health animal care guidelines and the German 
animal protection law and approved by the Bremen Senate.

Intraperitoneal glucose and ITTs and measurement of insulin release. For i.p.  
GTTs, mice were fasted 12 h overnight and injected i.p. with glucose (40%;  
B. Braun, Melsungen, Germany) at a dose of 1 g per kg body weight. Blood samples 
were obtained at time points 0, 15, 30, 60, 90 and 120 min for glucose measure-
ments using a glucometer and at time points 0, 15 and 30 min for measurement 
of serum insulin levels. For i.p. ITTs, mice were injected with 0.75 U per kg 

body weight recombinant human insulin (Novolin, Novo Nordisk) after a 5-h 
fast, and glucose concentration was determined with the glucometer. Insulin 
secretion was measured before (0 min) and after (15 and 30 min) i.p. injection 
of glucose (2 g per kg body weight) and measured using ultrasensitive mouse 
Elisa kit (ALPCO Diagnostics, Salem, NH).

Plasmids. pCMV-Myc-MST1 and kinase-dead pCMV-MST1-K59R (dn-MST1) 
was provided by J. Sadoshima and Y. Maejima (Rutgers New Jersey Medical 
School)30. Mouse pB.RSV.PDX1-GFP plasmid was provided by I. Leibiger 
(Karolinska University, Stockholm). pcDNA3 Myr-HA AKT1, pCDNA3 HA-
ubiquitin and pCDNA3 Jnk1a1 (apf) (dn-JNK) plasmids were obtained from 
Addgene (Cambridge, MA). Mouse PDX1 mutants (T11, T126, T152, T155, 
T214 and T231) in the pCGIG5 vector were generated by site-directed muta-
genesis as described previously38. All mutations were verified by sequencing. 
To make bacterial expression plasmids for PDX1 mutants, the complete mouse 
PDX1 coding sequence (WT and mutants) has been amplified by PCR using a 
specific set of primers from pCGIG5 plasmids and cloned into a pGEX-6P-1 
bacterial expression vector (provided by R. Walther, University of Greifswald). 
The rat insulin–driven luciferase vector (RIP-luc) was constructed by subcloning 
a 700–base pair (bp) fragment containing 660 bp of the rat insulin-2 promoter 
(provided by R. Zinkernagel, University of Zurich) into a pMCS-Green-Renilla-
Luc vector (Thermo Scientific). pCMV-Red Firefly Luc vector was obtained 
from Thermo Scientific.

Transfections. To knock down MST1 expression in human islets, SMARTpool 
technology from Dharmacon was used. A mix of ON-TARGETplus siRNAs 
directed against human MST1 sequences UAAAGAGACCGGCCAGAUU, 
GAUGGGCACUGUCCGAGUA, GCCCUCAUGUAGUCAAAUA and CCA 
GAGCUAUGGUCAGAUA and mouse Mst1 sequences GAUGGGCACUG 
UCCGAGUA, UGACAGCCCUCACGUAGUC, GCAGGUCAACUUACAG 
AUA and CUACAGCACCCGUUUGUUA. (100 nM, Dharmacon) was tran-
siently transfected into human and mouse islets and efficiently reduced MST1 
levels. An ON-TARGETplus nontargeting siRNA pool from Dharmacon served 
as a control. To knock down BIM and caspase-3 expression in human islets, 
siRNAs targeting human BIM (SignalSilence Bim SiRNA I, Cell Signaling) 
and caspase-3 (NEB) were used. GFP, MST1, dn-MST1 (K59R), dn-JNK1 and  
Myr-AKT1 plasmids were used to overexpress these proteins in human islets 
and INS-1E cells.

An adapted improved protocol to achieve silencing and overexpression in 
human islets was developed19,65. Islets were partially dispersed with accutase 
(PAA) to break islets into smaller cell aggregates to increase transfection effi-
ciency and cultured on ECM dishes for at least 2 d. Isolated islets and INS-1E 
cells were exposed to transfection Ca2+-KRH medium (KCl 4.74 mM, KH2PO4 
1.19 mM, MgCl2•6H2O 1.19 mM, NaCl 119 mM, CaCl2 2.54 mM, NaHCO3 
25 mM and HEPES 10 mM). After 1-h incubation, lipoplexes (Lipofectamine 
2000, Invitrogen)/siRNA ratio 1:20 pmol or –lipoplexes/DNA ratio 2.5:1) were 
added to transfect the islets and INS-1E cells. After an additional 6-h incubation, 
CMRL-1066 or RPMI-1640 medium containing 20% FCS and l-glutamine were 
added to the transfected islets or INS-1E cells. Efficient transfection was evalu-
ated based on fluorescein-labeled siRNA (NEB) or eGFP-positive cells analyzed 
by fluorescent or confocal microscopy. HEK 293 cells were transiently trans-
fected using Opti-MEM medium and Lipofectamine (Invitrogen) according to 
the manufacturer’s instructions.

Glucose-stimulated insulin secretion. For acute insulin release in response to 
glucose, primary human and mouse islets and INS-1E cells were washed and 
preincubated (30 min) in Krebs-Ringer bicarbonate buffer (KRB) containing  
2.8 mM glucose and 0.5% BSA. KRB was then replaced by KRB 2.8 mM glucose for  
1 h (basal), followed by an additional 1 h in KRB 16.7 mM glucose with or with-
out 100 nM GLP1 or 1 M glibenclamide. Insulin content was extracted with 
0.18N HCl in 70% ethanol. Insulin was determined using human and mouse 
insulin ELISA (ALPCO Diagnostics, Salem, NH). Secreted insulin was normal-
ized to insulin content.

Immunohistochemistry. Pancreatic tissues were processed as previously 
described66. In brief, mouse pancreases were dissected and fixed in 4% 
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 formaldehyde at 4 °C for 12 h before embedding in paraffin. Human and mouse 
4- m sections were deparaffinized, rehydrated and incubated overnight at  
4 °C with anti-insulin (A0546, 1:50), anti-glucagon (A0565, 1:50) and rat  
anti–mouse Ki-67 (M7249, 1:50) antibodies from Dako, anti-pMST1 (3681, 
1:100) and anti-Bim (2933, 1:100) antibodies from Cell Signaling Technology 
(CST), anti-PDX1 antibody (47267, 1:1,200) from Abcam and anti-Glut2 antibody  
(07-1402, 1:100) from Chemicon, followed by FITC- or Cy3-conjugated  
secondary antibodies (Jackson ImmunoResearch Laboratories, 1:100). Slides 
were mounted with Vectashield with DAPI (Vector Labs). For mouse sections 
or primary islets cultured on ECM dishes, beta cell apoptosis was analyzed by 
the TUNEL technique according to the manufacturer’s instructions (In situ 
Cell Death Detection Kit, TMR red; Roche) and double stained for insulin. 
Fluorescence was analyzed using a Nikon MEA53200 (Nikon, Dusseldorf, 
Germany) microscope, and images were acquired using NIS-Elements  
software (Nikon).

Morphometric analysis. For morphometric data, ten sections (spanning the 
width of the pancreas) per mouse were analyzed. Pancreatic tissue area and insulin- 
positive area were determined by computer-assisted measurements using a 
Nikon MEA53200 (Nikon, Dusseldorf, Germany) microscope, and images were 
acquired using NIS-Elements software (Nikon). The number of islets (defined 
as insulin-positive aggregates at least 25 m in diameter) was scored and used 
to calculate islet density (number of islets per square centimeter of tissue), mean 
islet size (the ratio of the total insulin-positive area to the total islet number on 
the sections). Mean percentage beta cell fraction per pancreas was calculated 
as the ratio of insulin-positive to whole pancreatic tissue area. Beta cell mass 
was obtained by multiplying the beta cell fraction by the weight of the pancreas. 
Morphometric beta cell and islet characterizations are results from analyses of 
at least 100 islets per mouse.

Western blot analysis. At the end of the incubation periods, islets and INS-
1E cells were washed in ice-cold PBS and lysed in lysis buffer containing  
20 mM Tris acetate, 0.27 M sucrose, 1 mM EDTA, 1 mM EGTA, 50 mM NaF,  
1% Triton X-100, 5 mM sodium pyrophosphate and 10 mM -glycerophosphate. 
Prior to use, the lysis buffer was supplemented with Protease and Phosphatase 
Inhibitors (Pierce, Rockford, IL, USA). Protein concentrations were determined 
with the BCA protein assay (Pierce). Equivalent amounts of protein from each 
treatment group were run on a NuPAGE 4–12% Bis-Tris gel (Invitrogen) and 
electrically transferred onto PVDF membranes. After 1-h blocking at room 
temperature using 5% milk (CST), membranes were incubated overnight at  
4 °C with the following antibodies: rabbit anti-MST1 (3682), rabbit anti-pMST1 
(3681), rabbit anti-ubiquitin (3933), rabbit anti-Bim (2933), rabbit anti-AKT 
(9272), rabbit anti-pAKT (Ser437) (4058), rabbit anti-Bax (2772), rabbit anti–
Bcl-2 (2870), rabbit anti–Bcl-xL (2764), rabbit anti-Bad (9239), rabbit anti-pBad 
(5284), rabbit anti-PUMA (4976), rabbit anti-Bak (6947), rabbit anti-Mcl1 (4572), 
rabbit anti-pan–phosphorylated threonine (9381), mouse monoclonal anti-pan– 
phosphorylated threonine (9386), rabbit anti-pGSK-3 (9336), rabbit anti-
pFOXO1 (9461), mouse anti-Myc (2276), rabbit anti–cleaved caspase-3 (9664), 
rabbit anti–cleaved caspase-9 (rat specific; 9507), rabbit anti–cleaved caspase-9 
(human specific; 9505), rabbit anti–cytochrome c (4272), rabbit anti–cytochrome  
oxidase (4850), rabbit anti-pJNK (T183/Y185) (9251), rabbit anti–c-Jun (S63) 
(9261), rabbit anti-PARP (9542), rabbit anti-tubulin (2146), rabbit anti– 
glyceraldehyde 3-phosphate dehydrogenase (2118) and rabbit anti– -actin 
(4967) all from CST); rabbit anti-pMST1 (79199), rabbit anti-GFP (290), mouse 
anti-NOXA (13654) and rabbit anti-PDX1 (47267) all from Abcam; rabbit  
anti-pH2B (07-191) from Millipore and rabbit anti-pPDX1 (T11) (PA5-13046) 
from Thermo Scientific, followed by horseradish-peroxidase–linked anti- 
rabbit or anti-mouse IgG (Jackson). All primary antibodies were used at 1:1,000 
dilution in Tris-buffered saline plus Tween-20 (TBS-T) containing 5% BSA, 
except for the antibody to PDX1 (1:6,000). Membrane was developed using a 
chemiluminescence assay system (Pierce) and analyzed using DocITLS image 
acquisition 6.6a (UVP BioImaging Systems, Upland, CA, USA).

Immunoprecipitation. For immunoprecipitation, cells were washed with PBS 
and lysed in cold buffer containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 
0.27 M sucrose, 1 mM EDTA, 1 mM EGTA, 50 mM NaF, 1% NP-40, 5 mM 

sodium pyrophosphate and 10 mM -glycerophosphate supplemented with pro-
teinase and phosphatase inhibitors for 30 min on ice. Lysates were centrifuged at 
12,000g for 15 min at 4 °C before immunoprecipitation. Immunoprecipitations 
were carried out with incubating 0.5–1 mg of total lysate with rabbit anti-PDX1 
(1:500; Abcam), rabbit anti-MST1 (1:50; CST), mouse anti-Myc (1:1,000; CST) 
and rabbit anti-GFP (1:1,000; Abcam) antibodies on a rotator at 4 °C over-
night. Immunocomplexes were then captured with Protein A Agarose Fast Flow 
(Millipore) by rotation at 4 °C for 4 h. After five washes with cold lysis buffer, 
the immunoprecipitates were used for kinase assays or resuspended in sample 
buffer and separated by NuPAGE 4–12% Bis-Tris gels (Invitrogen).

In vitro kinase assay. Purified human active MST1 without GST-tag (Upstate 
Biotechnology) or with GST-tag (Abcam) was incubated with 32P-ATP (2 Ci, 
PerkinElmer Life Sciences), ATP (100 M) and 1 mM dithiothreitol in a kinase 
buffer containing 40 mM HEPES (pH 7.4), 20 mM MgCl2, 1 mM EDTA and  
1 g of purified recombinant human PDX1 (Abcam) or bacterially purified 
PDX1-GST (WT and mutants) as substrates. After incubation at 30 °C for  
30 min, the reaction was stopped by adding loading buffer and proteins were 
separated on NuPAGE gels and phosphorylation levels visualized either by  
autoradiography or specific antibody for pPDX1 (T11) or pThr. The total PDX1 
was detected with anti-PDX1 antibody.

In vivo kinase assay. HEK 293 cells were transiently transfected with PDX1 
and MST1 expression plasmids. Next, cell lysates were subjected to immuno-
precipitation with anti-PDX1 antibody. The immunoprecipitates were separated 
by NuPAGE Bis-Tris gels and transferred to PVDF membranes and subsequently 
subjected to analyses of phosphorylation levels by pan–phosphorylated threo-
nine antibody, which binds to threonine phosphorylated sites in a manner largely 
independent of the surrounding amino acid sequence or pan–phosphorylated 
serine antibody, which recognizes serine-phosphorylated proteins.

In vivo ubiquitination. HEK 293 cells were cultured in 10-cm cell culture 
dishes and transfected with HA-ubiquitin and PDX1 and MST1 expression 
plasmids for 48 h. For ubiquitination in human islets, 5,000 islets per condi-
tion were transfected with ubiquitin plasmid. After 24 h, islets were infected 
with Ad-GFP or Ad-MST1 for 6 h and kept for another 48 h. HEK 293 cells 
and islets were exposed to 20 M MG-132 for the last 6 h of the experiment. 
Lysates were immunoprecipitated with PDX1-specific antibody overnight at  
4 °C. Immunocomplexes were then captured with Protein A Agarose by  
rotation at 4 °C for 4 h. After extensive washing, immunoprecipitates were boiled 
in sample buffer and proteins subjected to western blotting with ubiquitin- 
specific antibody.

Protein degradation analysis. HEK 293 cells were transfected with PDX1 alone 
or together with MST1 expression plasmids. Human islets were infected with 
Ad-GFP (control) or Ad-MST1. At 48 h after transfection or infection, cells 
were treated with 50 g/ml translation initiation inhibitor CHX, which was 
added to the medium at the times indicated, and the lysates were subjected to 
western blotting.

RNA extraction and RT-PCR analysis. Total RNA was isolated from cul-
tured human islets and INS-1E cells using TRIzol (Invitrogen), and RT-PCR 
was performed as described previously67. For analysis, we used the Applied 
Biosystems StepOne Real-Time PCR system (Applied Biosystems, CA, USA) 
with TaqMan(R) Fast Universal PCR Master Mix for TaqMan assays (Applied 
Biosystems). TaqMan(R) Gene Expression Assays were used for PDX1 
(Hs00426216_m1), SLC2A2 (Hs01096905_m1), GCK (Hs01564555_m1), INS 
(Hs02741908_m1), PPIA (Hs99999904_m1), BCL2L11 (Hs01083836_m1) 
and TUBULIN (Hs00362387_m1) for human and Pdx1 (Rn00755591_m1), 
Slc2a2 (Rn00563565_m1), Gck (Rn00688285_m1), Ins1 (Rn02121433_g1), 
Ins2 (Rn01774648_g1), Ppia (Rn00690933_m1) and Tuba1a (Rn01532518_g1)  
for rat.

Luciferase reporter assay. The transcriptional activity of the PDX1 at pro-
moter level was evaluated using rat insulin-2–Renilla luciferase (Ins2–luc 
Renilla) reporter gene. HEK 293 cells were transfected with Ins2–luc Renilla, 
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pCMV-firefly, PDX1-WT or PDX1-T11A, alone or together with Myc-MST1 
expression plasmids for 48 h. INS-1E cells transfected with Ins2-luc Renilla and 
pCMV-firefly plasmids and were infected with Ad-GFP or Ad-MST1 for 48 h. 
Luciferase activity was determined using the Renilla Firefly Luciferase Dual 
Assay Kit according to the manufacturer’s instructions (Pierce). pCMV-firefly 
was used as transfection control.

Adenovirus infection. Isolated human islets and INS-1E cells were infected 
with adenovirus carrying eGFP as a control (provided by A.E. Karlsen, Novo 
Nordisk A/S, Denmark) or MST1 (Ad-MST1, provided by J. Sadoshima) at a 
multiplicity of infection (MOI) of 20 (for INS-1E) or 100 (for human islets) for 
4 h. Adenovirus was subsequently washed off with PBS and replaced by fresh 
medium with 10% FBS, and GSIS or RNA and protein isolation performed after 
48 or 72 h after infection.

Purification of PDX1-GST recombinant proteins. Expression and induc-
tion of recombinant GST proteins were performed as described previously68. 
Escherichia coli BL21 cells with various GST-fusion expression plasmids were 
cultured at 37 °C, and expression of recombinant proteins was induced by  
0.1 mM final concentration of isopropyl- -d-thiogalactoside (IPTG; Sigma) for 
2.5 h. Cells were lysed using B-PER bacterial protein extraction reagent (Pierce) 
and purified using Glutathione Spin Columns (Pierce).

Cytochrome c release. Cytochrome c release was performed by digitonin-based 
subcellular fractionation technique69. Briefly, INS-1E cells were digitonin-
permeabilized for 5 min on ice after resuspension of the cell pellet in 200 l 
of cytosolic extraction buffer (250 mM sucrose, 70 mM KCl, 137 mM NaCl, 
4.3 mM Na2HPO4 and 1.4 mM KH2PO4 (pH 7.2) with 300 g/ml digitonin 
(Sigma). Cells were then centrifuged at 1,000g for 5 min at 4 °C. Supernatants 
(cytosolic fractions) were collected and pellets solubilized in the same volume of 
mitochondrial lysis buffer (50 mM Tris (pH 7.4), 150 mM NaCl, 2 mM EDTA,  
2 mM EGTA, 0.2% Triton X-100 and 0.3% NP-40), followed by centrifuga-
tion at 10,000g for 10 min at 4 C. After centrifugation, supernatants, which are 
the heavy membrane fractions enriched for mitochondria, as well as cytosolic  
fractions were subjected to western blot analysis.

Generation of stably expressed shRNAMST1 INS1-E cell line. To knock down 
MST1 expression in INS-1E cells, two different lentiviral shRNA targeting MST1 
or control shRNA vectors (pGIPZ collection, Open Biosystems, Huntsville, AL) 
were transfected into INS-1E cells, and stable clones were generated by selection 
with puromycin (1 to 2.5 g/ml). Positive clonal cell lines were identified by 
immunoblotting using antibody directed against MST1. After selection, INS-1E 
lines were maintained in culture medium containing 1.5 g/ml puromycin.

Statistical analyses. Samples were evaluated in a randomized manner by five 
investigators (A.A., V.K., S.K., T.Y. and Z.A.) who were blinded to the treatment 
conditions. To perform statistical analysis, at least 3 independent experiments 
from 3 different organ donors were performed for human islets, at least 3 inde-
pendent experiments were performed for mouse islets and cell lines and at least 
3 independent tissue samples or mice were included in the analyses, as reported 
in all figure legends. No statistical method was used to predetermine sample 
size. Data are presented as means  s.e.m. Mean differences were determined 
by Student’s t-tests. To account for multiplicity in the treated cells in vitro and 
in mice in vivo, a Bonferroni correction was used.
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Supplementary Figure 1.  Diabetogenic conditions induce MST1 activation and JNK and caspase-3 
are responsible for stress-induced MST1 cleavage and apoptosis. 
(a) Human islets and (b) INS-1E cells exposed to diabetogenic conditions (22.2 or 33.3 mM glucose, 0.5 
mM palmitate or the mixture of 22.2 or 33.3 mM glucose and 0.5 mM palmitate (33.3Pal) for 72h (human 
islets) and 24h (INS-1E cells) or 100 µM H2O2 for 6h). (c) Isolated islets from normal diet (ND) (n=3) or high 
fat/high sucrose (HFD)-fed (n=3) mice treated for 16 weeks. Right panel shows densitometry analysis 
normalized to actin from 3 mice per condition. Western blots show representative results from 3 
independent experiments from 3 different donors or mice. (d) Short term culture of human islets with high 
glucose does not induce MST1 activation and apoptosis. Human islets exposed to different concentration of 
high glucose (11.1, 22.2 and 33.3 mM) for 24h. MST1, pMST1 and caspase-3 cleavage were analyzed by 
western blotting. Western blots show representative results from 2 independent experiments from 2 different 
donors. Actin was used as loading control. *p<0.05 compared to ND. 
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Supplementary Figure 1. (continued) 
(e,f) Human islets and INS-1E were pretreated with JNK selective inhibitor, SP600125 (25 µM for human 
islets, 10 µM for INS-1E cells) or vehicle control for 1h and then exposed to diabetogenic conditions (33.3 
mM glucose or IL-1β/IFNγ) for  72h. (g) Human islets transfected with caspase-3 siRNA or control siScr and 
treated with IL/IF for 72h. (h) INS-1E cells were pretreated with pan-caspase inhibitor z-DEVD-fmk (50 µM; 
Caspi) or vehicle control for 1h and then exposed to ER-stress inducer thapsigargin (1 µM) for 6h. MST1, 
pC-Jun, caspase-3 and PARP cleavage were analyzed by western blotting. All western blots show 
representative results from 2 independent experiments from 2 donors (human islets). Tubulin/Actin was 
used as loading control.  

Supplementary Figure 1-2 

ILIF 
 JNKi       -           -           +         

pC-jun  

Mst1  

clMst1 

clCasp 3 

Actin  

Caspi      -         +          -        + 

Mst1 

clMst1 

clCasp 3 

clPARP 

Actin 

Thapsigargin 
h  

Nature Medicine: doi:10.1038/nm.3482



ILIF             -         +           +         +             
GLP1          -         -            +         + 
LY               -         -            +          - 

a 

pAkt 

clMst1 

clCasp3 

Actin 

         GFP      +          +          -         
Myr-AKT1      -           -          +        
          ILIF       -          +          +        

d 

pAkt 

clCasp3 

Actin 

clMst1 

Mst1 

pMst1 

pGsk3 

Supplementary Figure 2.  MST1-AKT crosstalk.  
AKT suppresses MST1 activation and β-cell apoptosis. (a-c) INS-1E cells pretreated with (a,c) GLP1 (100 
nM) or (b) insulin (100 nM) with or without PI3K inhibitor LY294002 (10µM) for 1h were exposed to 
diabetogenic conditions (a,b: IL-1β/IFNγ or c: 22.2 mM glucose) for 72 h.  (d) INS-1E cells transfected with 
GFP control or Myr-AKT1 expression-plasmids and exposed to IL-1β/IFNγ for 72 h. AKT inhibition induces 
MST1 activation and β-cell apoptosis. (e) AKT was inhibited in human islets by exposure to AKT inhibitor 
Triciribine (20 µM for 24h). (f) Human islets and INS-1E cells were transfected with siRNA against Akt1/2/3 
and siScr control and treated with IL/IF for 72h. (g,h) Stable INS-1E shMst1 and shScr clones were treated 
with AKT inhibitor (g; 10 µM for 6h) or LY294002 (h; 10 µM for 8h). MST1, pMST1, tAKT, pAKT, pGSK3 
and caspase-3 cleavage were analyzed by western blotting. All western blots show representative results 
from 2 independent experiments from 2 donors (human islets). Actin was used as loading control.  
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Supplementary Figure 3.  MST1 induces beta-cell apoptosis through the mitochondrial apoptotic 
pathway. 
INS-1E cells (a,d) and human islets (b,c,e) were infected with Ad-GFP or Ad-MST1 or Ad-MST1 (K59). (a) 
Cytochrome c release in INS-1E cells. COX was used to confirm a clean mitochondrial fraction. (b) 
Analysis of the mitochondrial pathway of cell death in Ad-MST1 infected human islets. Right panel shows 
densitometry analysis from western blots from 3 independent experiments normalized to actin. (c)  
Overexpression of kinase-dead form of MST1 (MST1-K59) does not alter mitochondrial apoptotic pathway 
nor induces apoptosis. Human islets were infected by Ad-GFP or Ad-MST1 (K59) for 48h. (d) INS-1E cells 
were infected and exposed to 22.2 mM glucose for 48h. (e) JNK mediates MST1-induced Bim induction 
and apoptosis. Human islets were pretreated with JNK selective inhibitor, SP600125 (25 µM) or vehicle 
control for 1h and infected by Ad-GFP or Ad-MST1 for 48h. MST1, pMST1, BIM, p-c-jun, BAX, BCLxL, 
BCL2, MCL1, BAK, BID, PUMA, NOXA, BAD, pBAD and caspase-3 and PARP cleavage were analyzed by 
western blotting. All western blot shows representative results from 3 independent experiments from 3 
different donors. Actin/ tubulin was used as loading control.  
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Supplementary Figure 4. MST1 impairs beta-cell function through PDX1 degradation by 
phosphorylation of PDX1 on T11 site. (a,b) INS-1E cells were infected with Ad-GFP or Ad-MST1 for 96h. 
(a) Insulin secretion during 1h-incubation with 2.8 mM (basal) and 16.7 mM (stimulated) glucose, insulin 
stimulatory index denotes the ratio of secreted insulin during 1h-incubation with 16.7 mM and 2.8 mM 
glucose, insulin content was analyzed after the GSIS. (b) Mst1 and Pdx1 were analyzed by western blotting 
and Pdx1 target genes including Slc2a2, Gck, Ins1 and Ins2 were analyzed by RT-PCR in INS-1E cells. (c) 
Human islets were infected with Ad-GFP or Ad-MST1 for 96h. Insulin secretion during 1h-incubation with 2.8 
mM (basal), 16.7 mM (stimulated), 16.7 mM glucose plus GLP-1 (100nM) and 2.8 mM glucose plus 
glibenclamide (1uM) and Insulin stimulatory index (d) Luciferase reporter assay. HEK293 cells were 
transfected with PDX1, Ins2-Luc renilla and pCMV-firefly plasmids alone or together with MST1 for 48h (left 
panel). INS-1E cells transfected with Ins2-Luc renila and pCMV-firefly plasmids and infected with Ad-GFP or 
Ad-MST1 for 48h (right panel). Data  are expressed as RLU (renilla/firefly) normalized to controls. The 
western blot (b) shows representative results from 3 independent experiments. Actin was used as loading 
control. All other results are shown as means ±SE from 3 independent experiments from 3 independent 
donors. *p<0.05 MST1-OE compared to GFP-transfected or infected control, same treatment, # p<0.05 
GLP-1-treated compared to untreated GFP-infected control. 
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Supplementary Figure 4-2

Supplementary Figure 4. (continued) 
(e) MST1 destabilizes PDX1 protein in human islets. Human islets were infected with Ad-GFP or Ad-MST1. 
48 h after infection, islets were treated with 50 µg/ml cycloheximide (CHX) for different time points (left 
panel). A diabetogenic milieu increases the PDX1-MST1 interaction. INS-1E cells exposed to 11.1 mM 
glucose control with or without IL/IF or 33.3 mM glucose for 72 h. Lysates were immunoprecipitated with 
PDX1 and IgG control antibodies, followed by immunoblotting for Mst1 and Pdx1 (right panel).  
Representative results from 3 (left panel) or 2 (right panel)  independent experiments are shown. (f)  MST1 
phosphorylates PDX1 in vitro and in vivo. Purified human recombinant MST1 and PDX1 proteins were 
incubated with 32P-labeled ATP for 30 min at 30◦C. Reactions were analyzed by NuPAGE followed by 
autoradiography (left panel). Lysates of HEK293 cells transfected with GFP-PDX1 alone or together with 
Myc-MST1 expression plasmids were immunoprecipitated with PDX1 antibody. IP and input fractions were 
analyzed by NuPAGE followed by western blotting using pan-phospho threonine specific, PDX1 and MST1 
antibodies (left panel). (g) Potential theoretical PDX1 phosphorylation sites by MST1 were predicted by 
Netphos 2.0 program. (h) The six candidate sites of phosphorylation by MST1 were individually mutated to 
alanine to generate phospho-deficient mutants. In vitro kinase assay was performed by incubating 
recombinant PDX1-GST fusion proteins including different mutants of PDX1 (purified from bacteria) and 
GST-MST1. Reaction was analyzed by NuPAGE followed by western blotting using pan-phospho threonine 
specific and PDX1 antibodies (left panel). Western blot analysis of in vitro kinase reaction using phospho-
specific antibody generated against phosphorylated T11 form of PDX1 (pT11-PDX1) (middle panel). In vivo 
kinase assay. Lysates of HEK293 cells transfected with PDX1-WT or PDX1-T11A alone or together with 
Myc-MST1 expressing plasmids, were immunoprecipitated with PDX1 antibody. IP reaction was analyzed by 
NuPAGE followed by western blotting using pan-phospho threonine, pT11-PDX1 and PDX1 antibodies (right 
panel). Representative results from 3 independent experiments are shown. 
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Supplementary Figure 4. (continued) 
(i) Alignment of the conserved phosphorylation site in PDX1 (T11, red) from different species. (j) In vivo 
ubiquitination assay.  HEK293 cells were transfected with PDX1-WT or PDX1-T11A together with Myc-MST1 
and HA-ubiquitin expression plasmids for 48h and MG-132 was added during the last 6h of the experiment. 
Lysates were immunoprecipitated by PDX1 antibody followed by immunoblotting with ubiquitin antibody to 
detect ubiquitinated PDX1 (upper left panel). Luciferase reporter assay. HEK293 cells were transfected with 
Ins2-Luc renila, pCMV-firefly, PDX1-WT or PDX1-T11A, alone or together with Myc-MST1 expressing 
plasmids for 48h. The data expressed as RLU (renilla/firefly) normalized to the PDX1-WT (upper right 
panel). INS-1E were transfected with PDX1-WT or PDX1-T11A expression-plasmids and infected with Ad-
GFP or Ad-MST1 for 72 h (lower panels). Basal (2.8 mM glucose) and stimulated (16.7 mM glucose) insulin 
secretion was measured during 1h incubation, insulin stimulatory index denotes the ratio of secreted insulin 
during 1h-incubation with 16.7 mM and 1h-incubation with 2.8 mM glucose lower left panel). PDX1 target 
genes in INS-1E cells analyzed by RT-PCR and levels normalized to tubulin shown as change from PDX1-
WT transfected INS-1E cells (lower right panel). Representative results in left panels are from 2 
independent experiments, results in right panels are shown as means ±SE from 3 independent experiments. 
*p<0.05 compared to control. **p<0.05 compared to PDX1-WT-MST1. 
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Supplementary Figure 5.  MST1 inhibition improves beta-cell survival and function under 
diabetogenic conditions in vitro. 
(a) Human islets transfected with MST1 siRNA (smart pool, mixture of 4 siRNA) or control siScr were  
treated with H2O2 for 6h.  (b-e) Stable INS-1E shMst1 and shScr clones were treated with diabetogenic 
conditions (b: 0.5 mM palmitate for 72h, c: 100 µM H2O2 for 6h, d: cytokine mix IL-1β/IFNγ for 72h or e: 33.3 
mM glucose).  (d,e) Cytochrome c release from mitochondria to cytosol was analyzed. (f) Stable INS-1E 
clones were generated by transfection of vectors for shMst1 (clone#2) and shScr control and treated with 
the cytokines mixture IL/IF or 22.2 mM glucose for 72 hours. (g) INS-1E cells were transfected with GFP 
control or dn-MST1 (K59) plasmids and treated with 22.2 mM glucose for 48h. pMST1, BIM, CytC, Cox, 
PDX1 and caspase-3 and PARP cleavage were analyzed by western blotting. Western blots show 
representative results from 3 independent experiments from 3 different donors (human islets). Tubulin/Actin 
was used as loading control.  
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Supplementary Figure 5. (continued) 
(h-j) Glucose stimulated insulin secretion (GSIS) during 1h-incubation with 2.8 mM and 16.7 mM glucose, 
respectively, normalized to insulin content and expressed as % of control basal insulin secretion in (h) 
human islets transfected with siMST1 or siScr, in (i) isolated islets from WT and Mst1-/- mice or in (j) shMst1-
infected INS-1E cells exposed to IL-1β/IFNγ or 33.3 mM glucose for 72 hours. GSIS show pooled results 
from 3 independent experiments (h-j) from 3 donors (h). *p<0.05 to stimulated untreated control conditions, 
**p<0.05 to stimulated conditions at sh/siScr/WT control at the same treatment conditions. Respective 
calculated stimulatory indices are shown for (h) in Fig. 4d, for (i) in Figure 4f and for (j) in Figure 4h. 
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Supplementary Figure 6.  Mst1 deletion has no effect on glycemia nor insulin secretion at normal 
conditions and protects from STZ-induced diabetes. 
2 month- (a; n=9) and 6 month-old (b; n=5) Mst1-/- mice and their littermates (n=5) were examined. 
Intraperitoneal glucose tolerance tests (ipGTT) with 1 g/kg BW glucose (left panel). Intraperitoneal insulin 
tolerance tests (ipITT) with 0.75IU/kg BW insulin (middle panel). Insulin secretion during an ipGTT 
measured before (0 min) and 30 min after glucose injection and data are expressed as ratio of secreted 
insulin at 30 min/0 min (stimulatory index) (right panel). *p<0.05 Mst1-/- compared to WT. 
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Supplementary Figure 6. (continued) 
(c-f) Mst1-/- mice (n=15) and their WT littermates (n=14) were injected with 40 mg/kg streptozotocin or 
citrate buffer for 5 consecutive days and sacrificed at day 22. (c) 10 fixed, paraffin embedded pancreas 
sections per mouse spanning the width of the pancreas were stained for insulin, the percentage of beta-
cells of the whole pancreas, islet density/cm2 pancreas and mean islet size analyzed using NIS-elements 
microscopic analysis software. (d-e) Triple staining for TUNEL (d) or Ki67 (e) in red, insulin in green and 
DAPI in blue performed on pancreatic section from different mice groups. (f) Representative double-staining 
for Glut2 (red) and insulin (green) is shown from the different groups. (g,h) MST1 deficiency rescued from 
STZ-induced apoptosis in vitro. Cells were exposed to 1mM STZ for 6h. (g) Beta-cell apoptosis was 
analyzed in isolated islets from Mst1-/- and control mice by double staining of TUNEL and insulin. Results 
are expressed as percentage of TUNEL-positive beta-cells ±SE from 3 independent experiments. The mean 
number of beta-cells scored was 6776 for each treatment condition. (h) Stable INS-1E shMst1 and shScr 
clones; pMst1, Bim, caspase-3 and PARP cleavage were analyzed by western blotting. Western blot shows 
representative results from 3 independent experiments. Tubulin was used as loading control. *p<0.05 STZ 
treated compared to vehicle treated control, **p<0.05 Mst1-/- compared to WT at same treatment. Scale bar: 
100 μM 
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Supplementary Figure 7.  Characterization of β-cell specific Mst1 knockout mice. 
(a-c) 2 month-old (n=8) bMst1-/- mice with specific deletion in the beta-cells using the Cre-Lox system  and 
fl/fl controls (n=6) were examined. (a) Western blot analysis of protein lysates from the islets of bMst1-/- and 
Rip-Cre control mice. (b) Intraperitoneal glucose tolerance test (ipGTT) with 1 g/kg BW glucose. (c) 
Intraperitoneal insulin tolerance test (ipITT) with 0.75IU/kg BW insulin. (d-g) beta-cell specific disruption of 
Mst1 has no effect on gain weight, food intake and insulin sensitivity on mice under high-fat diet (HFD). 
bMst1-/- mice (n=12) and their Rip-Cre controls (n=12) were fed a normal (ND) or a high fat/ high sucrose 
diet (HFD) for 20 weeks. (d,e) Body weight/mouse and average weekly food intake/mouse. (f,g) 
Intraperitoneal insulin tolerance tests (ipITT) with 0.75IU/kg BW insulin, (g) the difference of the highest (0 
min) and lowest (30 min) glucose concentration was calculated. Data show mean ± SE. *p<0.05 Cre HFD 
compared to Cre ND. 
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Supplementary Figure 8. Mst1 silencing rescued db/db islets from apoptosis through PDX1 
restoration and Bim suppression. 
Islets were isolated from diabetic 10-week old db/db mice and their heterozygous non-diabetic littermate 
controls (db/+) and transfected with siScr control and siMST1. Mst1, Pdx1, Bim and caspase-3 cleavage 
were analyzed by western blotting. Tubulin was used as loading control. Results are from 3 mice/genotype.  

Mst1 

Pdx1 

Bim 

clCasp3 

Tubulin 

               siScr     siScr      siMst1 
db/+ db/db 

Supplementary Figure 8

Nature Medicine: doi:10.1038/nm.3482



Supplementary information 

MST1 is a novel regulator of apoptosis  
in pancreatic beta-cells  

Nature Medicine: doi:10.1038/nm.3482



Supplementary Figure 1.  Diabetogenic conditions induce MST1 activation and JNK and caspase-3 
are responsible for stress-induced MST1 cleavage and apoptosis. 
(a) Human islets and (b) INS-1E cells exposed to diabetogenic conditions (22.2 or 33.3 mM glucose, 0.5 
mM palmitate or the mixture of 22.2 or 33.3 mM glucose and 0.5 mM palmitate (33.3Pal) for 72h (human 
islets) and 24h (INS-1E cells) or 100 µM H2O2 for 6h). (c) Isolated islets from normal diet (ND) (n=3) or high 
fat/high sucrose (HFD)-fed (n=3) mice treated for 16 weeks. Right panel shows densitometry analysis 
normalized to actin from 3 mice per condition. Western blots show representative results from 3 
independent experiments from 3 different donors or mice. (d) Short term culture of human islets with high 
glucose does not induce MST1 activation and apoptosis. Human islets exposed to different concentration of 
high glucose (11.1, 22.2 and 33.3 mM) for 24h. MST1, pMST1 and caspase-3 cleavage were analyzed by 
western blotting. Western blots show representative results from 2 independent experiments from 2 different 
donors. Actin was used as loading control. *p<0.05 compared to ND. 
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Supplementary Figure 1. (continued) 
(e,f) Human islets and INS-1E were pretreated with JNK selective inhibitor, SP600125 (25 µM for human 
islets, 10 µM for INS-1E cells) or vehicle control for 1h and then exposed to diabetogenic conditions (33.3 
mM glucose or IL-1β/IFNγ) for  72h. (g) Human islets transfected with caspase-3 siRNA or control siScr and 
treated with IL/IF for 72h. (h) INS-1E cells were pretreated with pan-caspase inhibitor z-DEVD-fmk (50 µM; 
Caspi) or vehicle control for 1h and then exposed to ER-stress inducer thapsigargin (1 µM) for 6h. MST1, 
pC-Jun, caspase-3 and PARP cleavage were analyzed by western blotting. All western blots show 
representative results from 2 independent experiments from 2 donors (human islets). Tubulin/Actin was 
used as loading control.  
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Supplementary Figure 2.  MST1-AKT crosstalk.  
AKT suppresses MST1 activation and β-cell apoptosis. (a-c) INS-1E cells pretreated with (a,c) GLP1 (100 
nM) or (b) insulin (100 nM) with or without PI3K inhibitor LY294002 (10µM) for 1h were exposed to 
diabetogenic conditions (a,b: IL-1β/IFNγ or c: 22.2 mM glucose) for 72 h.  (d) INS-1E cells transfected with 
GFP control or Myr-AKT1 expression-plasmids and exposed to IL-1β/IFNγ for 72 h. AKT inhibition induces 
MST1 activation and β-cell apoptosis. (e) AKT was inhibited in human islets by exposure to AKT inhibitor 
Triciribine (20 µM for 24h). (f) Human islets and INS-1E cells were transfected with siRNA against Akt1/2/3 
and siScr control and treated with IL/IF for 72h. (g,h) Stable INS-1E shMst1 and shScr clones were treated 
with AKT inhibitor (g; 10 µM for 6h) or LY294002 (h; 10 µM for 8h). MST1, pMST1, tAKT, pAKT, pGSK3 
and caspase-3 cleavage were analyzed by western blotting. All western blots show representative results 
from 2 independent experiments from 2 donors (human islets). Actin was used as loading control.  
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Supplementary Figure 3.  MST1 induces beta-cell apoptosis through the mitochondrial apoptotic 
pathway. 
INS-1E cells (a,d) and human islets (b,c,e) were infected with Ad-GFP or Ad-MST1 or Ad-MST1 (K59). (a) 
Cytochrome c release in INS-1E cells. COX was used to confirm a clean mitochondrial fraction. (b) 
Analysis of the mitochondrial pathway of cell death in Ad-MST1 infected human islets. Right panel shows 
densitometry analysis from western blots from 3 independent experiments normalized to actin. (c)  
Overexpression of kinase-dead form of MST1 (MST1-K59) does not alter mitochondrial apoptotic pathway 
nor induces apoptosis. Human islets were infected by Ad-GFP or Ad-MST1 (K59) for 48h. (d) INS-1E cells 
were infected and exposed to 22.2 mM glucose for 48h. (e) JNK mediates MST1-induced Bim induction 
and apoptosis. Human islets were pretreated with JNK selective inhibitor, SP600125 (25 µM) or vehicle 
control for 1h and infected by Ad-GFP or Ad-MST1 for 48h. MST1, pMST1, BIM, p-c-jun, BAX, BCLxL, 
BCL2, MCL1, BAK, BID, PUMA, NOXA, BAD, pBAD and caspase-3 and PARP cleavage were analyzed by 
western blotting. All western blot shows representative results from 3 independent experiments from 3 
different donors. Actin/ tubulin was used as loading control.  
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Supplementary Figure 4. MST1 impairs beta-cell function through PDX1 degradation by 
phosphorylation of PDX1 on T11 site. (a,b) INS-1E cells were infected with Ad-GFP or Ad-MST1 for 96h. 
(a) Insulin secretion during 1h-incubation with 2.8 mM (basal) and 16.7 mM (stimulated) glucose, insulin 
stimulatory index denotes the ratio of secreted insulin during 1h-incubation with 16.7 mM and 2.8 mM 
glucose, insulin content was analyzed after the GSIS. (b) Mst1 and Pdx1 were analyzed by western blotting 
and Pdx1 target genes including Slc2a2, Gck, Ins1 and Ins2 were analyzed by RT-PCR in INS-1E cells. (c) 
Human islets were infected with Ad-GFP or Ad-MST1 for 96h. Insulin secretion during 1h-incubation with 2.8 
mM (basal), 16.7 mM (stimulated), 16.7 mM glucose plus GLP-1 (100nM) and 2.8 mM glucose plus 
glibenclamide (1uM) and Insulin stimulatory index (d) Luciferase reporter assay. HEK293 cells were 
transfected with PDX1, Ins2-Luc renilla and pCMV-firefly plasmids alone or together with MST1 for 48h (left 
panel). INS-1E cells transfected with Ins2-Luc renila and pCMV-firefly plasmids and infected with Ad-GFP or 
Ad-MST1 for 48h (right panel). Data  are expressed as RLU (renilla/firefly) normalized to controls. The 
western blot (b) shows representative results from 3 independent experiments. Actin was used as loading 
control. All other results are shown as means ±SE from 3 independent experiments from 3 independent 
donors. *p<0.05 MST1-OE compared to GFP-transfected or infected control, same treatment, # p<0.05 
GLP-1-treated compared to untreated GFP-infected control. 
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Supplementary Figure 4-2

Supplementary Figure 4. (continued) 
(e) MST1 destabilizes PDX1 protein in human islets. Human islets were infected with Ad-GFP or Ad-MST1. 
48 h after infection, islets were treated with 50 µg/ml cycloheximide (CHX) for different time points (left 
panel). A diabetogenic milieu increases the PDX1-MST1 interaction. INS-1E cells exposed to 11.1 mM 
glucose control with or without IL/IF or 33.3 mM glucose for 72 h. Lysates were immunoprecipitated with 
PDX1 and IgG control antibodies, followed by immunoblotting for Mst1 and Pdx1 (right panel).  
Representative results from 3 (left panel) or 2 (right panel)  independent experiments are shown. (f)  MST1 
phosphorylates PDX1 in vitro and in vivo. Purified human recombinant MST1 and PDX1 proteins were 
incubated with 32P-labeled ATP for 30 min at 30◦C. Reactions were analyzed by NuPAGE followed by 
autoradiography (left panel). Lysates of HEK293 cells transfected with GFP-PDX1 alone or together with 
Myc-MST1 expression plasmids were immunoprecipitated with PDX1 antibody. IP and input fractions were 
analyzed by NuPAGE followed by western blotting using pan-phospho threonine specific, PDX1 and MST1 
antibodies (left panel). (g) Potential theoretical PDX1 phosphorylation sites by MST1 were predicted by 
Netphos 2.0 program. (h) The six candidate sites of phosphorylation by MST1 were individually mutated to 
alanine to generate phospho-deficient mutants. In vitro kinase assay was performed by incubating 
recombinant PDX1-GST fusion proteins including different mutants of PDX1 (purified from bacteria) and 
GST-MST1. Reaction was analyzed by NuPAGE followed by western blotting using pan-phospho threonine 
specific and PDX1 antibodies (left panel). Western blot analysis of in vitro kinase reaction using phospho-
specific antibody generated against phosphorylated T11 form of PDX1 (pT11-PDX1) (middle panel). In vivo 
kinase assay. Lysates of HEK293 cells transfected with PDX1-WT or PDX1-T11A alone or together with 
Myc-MST1 expressing plasmids, were immunoprecipitated with PDX1 antibody. IP reaction was analyzed by 
NuPAGE followed by western blotting using pan-phospho threonine, pT11-PDX1 and PDX1 antibodies (right 
panel). Representative results from 3 independent experiments are shown. 
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Supplementary Figure 4. (continued) 
(i) Alignment of the conserved phosphorylation site in PDX1 (T11, red) from different species. (j) In vivo 
ubiquitination assay.  HEK293 cells were transfected with PDX1-WT or PDX1-T11A together with Myc-MST1 
and HA-ubiquitin expression plasmids for 48h and MG-132 was added during the last 6h of the experiment. 
Lysates were immunoprecipitated by PDX1 antibody followed by immunoblotting with ubiquitin antibody to 
detect ubiquitinated PDX1 (upper left panel). Luciferase reporter assay. HEK293 cells were transfected with 
Ins2-Luc renila, pCMV-firefly, PDX1-WT or PDX1-T11A, alone or together with Myc-MST1 expressing 
plasmids for 48h. The data expressed as RLU (renilla/firefly) normalized to the PDX1-WT (upper right 
panel). INS-1E were transfected with PDX1-WT or PDX1-T11A expression-plasmids and infected with Ad-
GFP or Ad-MST1 for 72 h (lower panels). Basal (2.8 mM glucose) and stimulated (16.7 mM glucose) insulin 
secretion was measured during 1h incubation, insulin stimulatory index denotes the ratio of secreted insulin 
during 1h-incubation with 16.7 mM and 1h-incubation with 2.8 mM glucose lower left panel). PDX1 target 
genes in INS-1E cells analyzed by RT-PCR and levels normalized to tubulin shown as change from PDX1-
WT transfected INS-1E cells (lower right panel). Representative results in left panels are from 2 
independent experiments, results in right panels are shown as means ±SE from 3 independent experiments. 
*p<0.05 compared to control. **p<0.05 compared to PDX1-WT-MST1. 
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Supplementary Figure 5.  MST1 inhibition improves beta-cell survival and function under 
diabetogenic conditions in vitro. 
(a) Human islets transfected with MST1 siRNA (smart pool, mixture of 4 siRNA) or control siScr were  
treated with H2O2 for 6h.  (b-e) Stable INS-1E shMst1 and shScr clones were treated with diabetogenic 
conditions (b: 0.5 mM palmitate for 72h, c: 100 µM H2O2 for 6h, d: cytokine mix IL-1β/IFNγ for 72h or e: 33.3 
mM glucose).  (d,e) Cytochrome c release from mitochondria to cytosol was analyzed. (f) Stable INS-1E 
clones were generated by transfection of vectors for shMst1 (clone#2) and shScr control and treated with 
the cytokines mixture IL/IF or 22.2 mM glucose for 72 hours. (g) INS-1E cells were transfected with GFP 
control or dn-MST1 (K59) plasmids and treated with 22.2 mM glucose for 48h. pMST1, BIM, CytC, Cox, 
PDX1 and caspase-3 and PARP cleavage were analyzed by western blotting. Western blots show 
representative results from 3 independent experiments from 3 different donors (human islets). Tubulin/Actin 
was used as loading control.  
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Supplementary Figure 5. (continued) 
(h-j) Glucose stimulated insulin secretion (GSIS) during 1h-incubation with 2.8 mM and 16.7 mM glucose, 
respectively, normalized to insulin content and expressed as % of control basal insulin secretion in (h) 
human islets transfected with siMST1 or siScr, in (i) isolated islets from WT and Mst1-/- mice or in (j) shMst1-
infected INS-1E cells exposed to IL-1β/IFNγ or 33.3 mM glucose for 72 hours. GSIS show pooled results 
from 3 independent experiments (h-j) from 3 donors (h). *p<0.05 to stimulated untreated control conditions, 
**p<0.05 to stimulated conditions at sh/siScr/WT control at the same treatment conditions. Respective 
calculated stimulatory indices are shown for (h) in Fig. 4d, for (i) in Figure 4f and for (j) in Figure 4h. 
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Supplementary Figure 6.  Mst1 deletion has no effect on glycemia nor insulin secretion at normal 
conditions and protects from STZ-induced diabetes. 
2 month- (a; n=9) and 6 month-old (b; n=5) Mst1-/- mice and their littermates (n=5) were examined. 
Intraperitoneal glucose tolerance tests (ipGTT) with 1 g/kg BW glucose (left panel). Intraperitoneal insulin 
tolerance tests (ipITT) with 0.75IU/kg BW insulin (middle panel). Insulin secretion during an ipGTT 
measured before (0 min) and 30 min after glucose injection and data are expressed as ratio of secreted 
insulin at 30 min/0 min (stimulatory index) (right panel). *p<0.05 Mst1-/- compared to WT. 
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Supplementary Figure 6. (continued) 
(c-f) Mst1-/- mice (n=15) and their WT littermates (n=14) were injected with 40 mg/kg streptozotocin or 
citrate buffer for 5 consecutive days and sacrificed at day 22. (c) 10 fixed, paraffin embedded pancreas 
sections per mouse spanning the width of the pancreas were stained for insulin, the percentage of beta-
cells of the whole pancreas, islet density/cm2 pancreas and mean islet size analyzed using NIS-elements 
microscopic analysis software. (d-e) Triple staining for TUNEL (d) or Ki67 (e) in red, insulin in green and 
DAPI in blue performed on pancreatic section from different mice groups. (f) Representative double-staining 
for Glut2 (red) and insulin (green) is shown from the different groups. (g,h) MST1 deficiency rescued from 
STZ-induced apoptosis in vitro. Cells were exposed to 1mM STZ for 6h. (g) Beta-cell apoptosis was 
analyzed in isolated islets from Mst1-/- and control mice by double staining of TUNEL and insulin. Results 
are expressed as percentage of TUNEL-positive beta-cells ±SE from 3 independent experiments. The mean 
number of beta-cells scored was 6776 for each treatment condition. (h) Stable INS-1E shMst1 and shScr 
clones; pMst1, Bim, caspase-3 and PARP cleavage were analyzed by western blotting. Western blot shows 
representative results from 3 independent experiments. Tubulin was used as loading control. *p<0.05 STZ 
treated compared to vehicle treated control, **p<0.05 Mst1-/- compared to WT at same treatment. Scale bar: 
100 μM 
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fl/fl controls (n=6) were examined. (a) Western blot analysis of protein lysates from the islets of bMst1-/- and 
Rip-Cre control mice. (b) Intraperitoneal glucose tolerance test (ipGTT) with 1 g/kg BW glucose. (c) 
Intraperitoneal insulin tolerance test (ipITT) with 0.75IU/kg BW insulin. (d-g) beta-cell specific disruption of 
Mst1 has no effect on gain weight, food intake and insulin sensitivity on mice under high-fat diet (HFD). 
bMst1-/- mice (n=12) and their Rip-Cre controls (n=12) were fed a normal (ND) or a high fat/ high sucrose 
diet (HFD) for 20 weeks. (d,e) Body weight/mouse and average weekly food intake/mouse. (f,g) 
Intraperitoneal insulin tolerance tests (ipITT) with 0.75IU/kg BW insulin, (g) the difference of the highest (0 
min) and lowest (30 min) glucose concentration was calculated. Data show mean ± SE. *p<0.05 Cre HFD 
compared to Cre ND. 

Supplementary Figure 7

 bMst1-/- 

Time (min) 

Time (weeks) 

Nature Medicine: doi:10.1038/nm.3482



Supplementary Figure 8. Mst1 silencing rescued db/db islets from apoptosis through PDX1 
restoration and Bim suppression. 
Islets were isolated from diabetic 10-week old db/db mice and their heterozygous non-diabetic littermate 
controls (db/+) and transfected with siScr control and siMST1. Mst1, Pdx1, Bim and caspase-3 cleavage 
were analyzed by western blotting. Tubulin was used as loading control. Results are from 3 mice/genotype.  
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Diabetes diagnostic therapy and research would strongly
benefit from noninvasive accurate imaging of the func-
tional b-cells in the pancreas. Here, we developed an
analysis of functional b-cell mass (BCM) by measuring
manganese (Mn2+) uptake kinetics into glucose-stimulated
b-cells by T1-weighted in vivo Mn2+-mediated MRI
(MnMRI) in C57Bl/6J mice. Weekly MRI analysis during
the diabetes progression in mice fed a high-fat/high-
sucrose diet (HFD) showed increased Mn2+-signals in the
pancreas of the HFD-fed mice during the compensation
phase, when glucose tolerance and glucose-stimulated
insulin secretion (GSIS) were improved and BCM was
increased compared with normal diet–fed mice. The
increased signal was only transient; from the 4th week
on, MRI signals decreased significantly in the HFD group,
and the reduced MRI signal in HFDmice persisted over the
whole 12-week experimental period, which again corre-
lated with both impaired glucose tolerance and GSIS,
although BCM remained unchanged. Rapid and signifi-
cantly decreased MRI signals were confirmed in diabetic
mice after streptozotocin (STZ) injection. No long-term
effects of Mn2+ on glucose tolerance were observed. Our
optimized MnMRI protocol fulfills the requirements of
noninvasive MRI analysis and detects already small
changes in the functional BCM.

Both type 1 and type 2 diabetes are characterized by a loss
and/or dysfunction of b-cells (1–5). As long as physiolog-
ical insulin secretion is maintained by the b-cell, treatment
toward the preservation of normoglycemia is easier to
achieve. Thus, it is important to detect b-cell failure at
a very early stage of the disease or even during the b-cell
compensation phase. b-Cell compensation to maintain

normoglycemia can be achieved in two ways: by increasing
mass or increasing function (or both). Functional b-cell
compensation can occur until up to a 65% b-cell loss;
only at further b-cell mass (BCM) reduction was insulin
secretion found to decline in patients (6). This analysis
from autopsy pancreases highlights that the absolute
BCM measure in an individual may not provide sufficient
information on the status of diabetes progression and that
the analysis of the functional BCM is essential for the
evaluation of the diabetes risk.

Today, monitoring of functional BCM is achieved by
measuring insulin and C-peptide secretion during a glu-
cose as well as arginine tolerance test (7–9). Retrospective
studies using human pancreata from autopsy show
a strong correlation of fasting blood glucose levels with
BCM and a reduction in BCM already before the diagnosis
in subjects with impaired fasting glucose levels (1,10). The
ideal time of diagnosis is the onset of diabetes at a stage
when the functional BCM has just changed.

The noninvasive measurement of functional BCM has
enormous potential for diagnostics but is rather challeng-
ing to achieve, partly because a ligand for specific b-cell
labeling is currently not available (11–14). It is not pos-
sible to measure the actual mass of functional b-cells
in vivo (15). MRI using manganese (Mn2+) shows such
monitoring of b-cell functionality in cell culture (16). Similar
to Ca2+, Mn2+ is taken up by glucose-activated b-cells, result-
ing in a robust signal increase in glucose-stimulated rodent
b-cell lines and in islets (16,17). The uptake of Mn2+ is
controlled by voltage-gated Ca2+ channels (18), and Mn2+

accumulates in the cytoplasm, primarily in the perinuclear
region (19). Mn2+ uptake is glucose dependent and can be
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used in vivo to assess the functionality of both grafted and
endogenous pancreatic islets. Mn2+ behaves like calcium
and will therefore enter metabolically active b-cells (16).
MnCl2-enhanced signals also reflect functional b-cells in
vivo; pancreatic MRI signals of mice with streptozotocin
(STZ)-induced diabetes were decreased in the case of both
high- and low-dose STZ compared with nondiabetic control
animals (20) and in BDC2.5 T-cell receptor transgenic non-
obese diabetic mice even before the diabetes onset could be
measured in the blood (21). Individual islets can be
detected by MRI in MnCl2-injected exteriorized pancreases,
exactly correlating with immunohistochemistry performed
in parallel (22).

First correlations could be made in humans by a single
mangafodipir infusion; MRI data analysis could clearly
and significantly distinguish between people without
diabetes and patients with type 2 diabetes without
differences in MRI signals in other tissues (23).

Mn2+ can be used not only in vitro to characterize
isolated islet potency but also, more importantly, in
vivo to assess the functionality of both grafted and en-
dogenous pancreatic islets (16,24), since Mn2+ is also an
excellent MRI agent owing to its effect on the longitudinal
relaxation (T1) and was used as one of the first MRI
contrast agents (25).

As with other contrast agents, Mn2+ has limitations
mainly linked to its lack of cell specificity and its potential
cytotoxicity. Chronic exposure to high concentrations of
Mn2+ lead to extrapyramidal dysfunction resembling the
dystonic movements associated with Parkinson disease,
called manganism (26–28). Based on previous studies in
mice, 20–35 mg/kg doses MnCl2 were used for pancreas
MRI in rodents (20,22). Although LD50 levels of 38 mg/kg
i.v. injections in mice were reported (29), concentrations
up to 175 mg/kg were injected to reach a sufficient Mn2+

concentration in the brain (30), which also led to systemic
toxicity such as loss of temperature regulation, and Mn2+

-based signals changes in the brain were still measured
for .4 days after Mn2+ infusion (30).

The present study aimed at developing a strategy to
monitor the functional BCM by measuring Mn2+ uptake
into b-cells by T1-weighted contrast in vivo Mn2+-mediated
MRI (MnMRI). By analyzing the Mn2+-dependent MRI sig-
nal kinetics, we were able to identify early changes of func-
tional BCM during b-cell compensation and failure in two
diabetic mouse models in vivo.

RESEARCH DESIGN AND METHODS

Animals
C57Bl/6J mice were fed a high-fat/high-sucrose diet
(HFD) (“Surwit” [31]) for 12 weeks as previously de-
scribed (32) or injected with one single high dose of
STZ (150 mg/kg i.p.) freshly dissolved in 0.1 mol/L cit-
rate buffer (pH 4.5) (33). All animals were housed in
a temperature-controlled room with a 12-h light, 12-h
dark cycle and were allowed free access to food and water
in compliance with Section 8 of the German animal

protection law, the Guide for the Care and Use of Labo-
ratory Animals, and the Bremen Senate in agreement with
the National Institutes of Health Animal Care Guidelines
(34). Blood glucose (measured with a glucometer) and
weight were monitored during the experiments.

Intraperitoneal Glucose Tolerance Test
Glucose tolerance was monitored by intraperitoneal glucose
tolerance tests (ipGTTs) in mice. For ipGTTs, mice were
fasted 12 h overnight and injected with glucose (40%;
B. Braun, Melsungen, Germany) at a dose of 1 g/kg body wt
i.p. Blood samples were obtained at time points 0, 15, 30, 60,
90, and 120 min for glucose measurements using a glu-
cometer. For detection of the effect of Mn2+ on glucose tol-
erance, 25 mg/kg MnCl2 or vehicle control was injected once
weekly in two consecutive experiments and ipGTT measured
before and immediately after injection and at days 1 and 3.

Glucose-Stimulated Insulin Secretion

In Vivo Glucose-Stimulated Insulin Secretion
At time points 0 and 30 min after 2 g/kg body wt i.p.
glucose injection, blood samples were collected for measure-
ment of serum insulin levels. Insulin was determined with
a mouse insulin ELISA kit (ALPCO Diagnostics, Salem, NH).

In Vitro Glucose-Stimulated Insulin Secretion
After the serial Mn2+ injections and MRI measurements,
pancreata of normal diet (ND) and HFD animals were
perfused with a Liberase TM (cat. no. 05401119001;
Roche, Mannheim, Germany) solution according to the
manufacturer’s instructions and digested at 37°C, fol-
lowed by washing and gradient purification of the islets
using a 50:50 mixture of Histopaque1077 and -1119
(Sigma-Aldrich, Munich, Germany) as previously de-
scribed (35,36). For acute insulin release in response to
glucose, islets were washed and preincubated (30 min) in
Krebs-Ringer bicarbonate buffer (KRBB) containing 2.8
mmol/L glucose and 0.5% BSA. The KRBB was then
replaced by KRBB containing 2.8 mmol/L glucose for
1 h (basal), followed by an additional 1 h incubation in
KRBB containing 16.7 mmol/L glucose (stimulated). Stim-
ulatory index was calculated as stimulated divided by
basal secretion.

Morphometric and b-Cell Mass Analysis
Pancreatic tissues were processed as previously described
(32,37). Mouse pancreata were dissected and fixed in 4%
formaldehyde at 4°C for 12 h before embedding in paraf-
fin. For Ki67 and insulin staining, 2-mm sections were
deparaffinized, rehydrated, and incubated overnight at
4°C with anti-Ki67 and the next day with anti-insulin
(both Dako, Hamburg, Germany), followed by fluorescein
isothiocyanate– or Cy3-conjugated secondary antibodies
(Jackson ImmunoResearch Laboratories, West Grove,
PA). Slides were mounted with glycerol gelatin (Sigma)
or with Vectashield with DAPI (Vector Laboratories).
For BCM measurement, 10 sections (spanning the width
of the pancreas) per mouse were analyzed. Pancreatic
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tissue area and insulin-positive area as well as nuclear size
and nuclear distance were determined by computer-assis-
ted measurements using a Nikon MEA53200 microscope
(Nikon GmbH, Düsseldorf, Germany), and images were
acquired using NIS-Elements software (Nikon). BCM
was obtained by multiplying the ratio of insulin-positive
tissue area to whole pancreatic tissue area by the weight
of the pancreas as previously described (32).

MRI
For MnMRI, mice were fasted overnight and anesthetized
with 1.0–2.0% isoflurane in 250 mL/min O2, received
a tail vein catheter, and were positioned in supine

position on a warmed animal bed. Breathing was moni-
tored with a pressure sensor at the chest. Just before
positioning inside the magnet, mice received 2 g/kg glucose
i.p., and two to four baseline images were acquired before
MnCl2 (8 mg/kg i.v.) was injected via a tail vein catheter.
(For protocol, see Fig. 1A.) The experiments were per-
formed on a 7 Tesla MR system (BioSpec 70/20 USR
with AVIII; Bruker, Ettlingen, Germany) using a quadra-
ture volume coil (72-mm inner diameter) for both radio-
frequency transmission and signal reception. The scan
repetition time was at least 6 s to ensure full relaxation
and thus to avoid any breathing rate–dependent T1

Figure 1—MRI measurements during HFD feeding of C57Bl/6J mice. A: Experimental work flow of the MnMRI measurement. B: Relative
pancreas signals by MnMRI normalized to final liver signals after 23 min of MnCl2 injection from age-matched ND (n = 19) and HFD mice
over 12 weeks (n = 3, 6, 4, 3, 3, and 3 for HFD at 1, 2, 3, 4, 8, and 12 weeks, respectively; all mice 12 weeks old at the beginning of the
feeding and analysis). Reported signal intensities reflect the signal changes after subtraction of the mean baseline signal taken from the first
three to four images prior to intravenous Mn2+ injection. Before averaging of individual time courses, data were linearly interpolated and
regridded to 1-min intervals referenced to t = 0 for Mn2+ injection. AUC integrations are done for the time interval of 0–23 min. C: ipGTT and
fasting glucose levels (insert) from age-matched ND (n = 33) and HFD mice over 12 weeks (n = 3 for each data point at 1, 2, 3, 4, 8, and 12
weeks). w, week. *P < 0.05 compared with ND control.
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effects (38). Time course experiments were acquired us-
ing a 3D Snapshot-FLASH sequence with inversion re-
covery preparation (39) with the following parameters:
time of inversion (TI) = 700 ms, FLASH-type signal read-
out: echo time = 0.9 ms (thus insensitive to T2 relaxa-
tion), repetition time = 1.98 ms, excitation pulse = 10°,
bandwidth = 500 kHz, matrix = 192 3 96 3 16, field of
view = 70 3 35 3 16 mm, nominal image resolution =
365 3 365 3 1,000 mm, centric phase encoding, time of
acquisition = 190 ms (38,40). For reference purposes,
one proton-density image was acquired using the same
3D Snapshot-FLASH method but omitting the inversion
preparation. During the experiments, all measurement
parameters were kept constant (personnel, injection sys-
tem, Mn2+ charge, narcotic setup).

Image Analysis
After standard image reconstruction on the Bruker system,
the image data were converted from the Bruker to standard
NIfTI data format using a home-written software (coded in
Matlab 2008b, using “Tools for NIfTI and ANALYZE image”
by Jimmy Chen, Matlab File Exchange [http://www
.mathworks.de/matlabcentral/fileexchange/8797-tools-for-
nifti-and-analyze-image]). These three-dimensional data
sets were then subjected to a rigid body motion correction
and concatenated to a single four-dimensional data set
using SPM8 (Wellcome Department of Imaging Neurosci-
ence, University College London [http://www.fil.ion.ucl.ac
.uk/spm/]) for further analysis. The time course data of
pancreatic and hepatic tissues were derived from manually
drawn regions of interest (ROIs) (38,40). A reduction in
breathing rate was often observed directly after bolus
MnCl2 administration, which normalized after ;3–5 min.
ROIs were chosen after Mn2+ application. An organ-specific
differentiation of MRI signals in the mouse abdomen is
feasible, since each organ in the abdomen can be discrim-
inated owing to their time- and signal amplitude–
dependent response to the Mn2+ application. In the HFD
studies, MRI signals were normalized to the 23-min liver
signal in order to see the pancreas-specific kinetics. In the
STZ studies, pancreatic MRI signals were normalized to the
maximal signal of the corresponding ROI (proton-density
image) because of the hepatic fibrosis induced by STZ
injection.

Statistical Analysis
Stainings/MRI sets were evaluated in a randomized
manner independently by the investigators (A.M., K.S.,
N.L., Z.A., V.K., and E.K.). The results presented are
means 6 SEM). The significance of difference between
individual experiments was tested by Student t test. Sig-
nificance was set at P , 0.05.

RESULTS

MRI Signals Correlate With b-Cell Compensation and
Failure During 12 Weeks of HFD Feeding
For monitoring of b-cell function and mass during diabe-
tes progression in the HFD mouse model, MnMRI (Figs.

1A and B and 2) together with ipGTT, insulin secretion
during the ipGTT, and BCM (Figs. 1C and 3A–C) was
analyzed. Figure 1A shows the experimental setting of
the MnMRI measurements in the mice. Glucose was de-
livered intraperitoneally 25 min before intravenous
MnCl2 application to allow glucose-dependent Mn2+ up-
take into the b-cells.

After Mn2+ injection, the signal increased in T1-
weighted magnetic resonance images in a diet- and time-
dependent manner (Fig. 1B); a time course of MnMRI
revealed enlarged MRI signals after 1 week of HFD com-
pared with in ND control mice. The increased signal was
only transient, and decreased signals were measured with
prolonged diet already after 2 weeks of the HFD. From the
4th week on, MRI signals decreased significantly in the
HFD group, compared with ND mice, which had stable
MRI signals during the course of the experiment. Such
reduced MRI signals in HFD mice persisted over the whole
12-week experimental period, which is also reflected by the
area-under-the-curve (AUC) calculation (Fig. 1B) of the
MRI kinetics as well as by the continued MRI signal change
from one single representative mouse over the 12 weeks of
HFD (Supplementary Fig. 1A).

In order to compensate for inevitable variations of Mn2+

delivery to the tissues, we normalized pancreatic MRI signals
to those of the liver. Reported signal intensities reflect the
signal changes after subtraction of the mean baseline signal
taken from the first three to four images prior to intrave-
nous Mn2+ injection (Fig. 2). Before averaging of individual
time courses, data were linearly interpolated and regridded
to 1-min intervals referenced to t = 0 for Mn2+ injection.

Progressive Decline of Glucose Tolerance and b-Cell
Function During 12 Weeks of HFD
The MnMRI signals in the HFD mice correlated well with
both glucose tolerance and insulin secretion during the

Figure 2—Mn2+-based signals in the mouse abdomen. Represen-
tative ND MnMRI images and enlarged pancreas regions (right) from
ND control mice before (A) and after (B) MnCl2 injection and from
HFD (C) and STZ (D) mice after MnCl2 injection. G, gut; K, kidney;
L, liver; P, pancreas; S, stomach. (A high-quality color representa-
tion of this figure is available in the online issue.)

4 In Vivo Functional b-Cell Imaging Diabetes



course of HFD feeding (Figs. 1 and 3; Supplementary Fig.
1A). At 1 week after HFD, when MRI signals were
increased, glucose tolerance was improved (Fig. 1C),
together with increased glucose-stimulated insulin secre-
tion (GSIS) (Fig. 3A and B), which confirms that the
increased glucose-stimulated MnMRI signals indeed
reflect the improved b-cell function. HFD feeding signif-
icantly impaired glucose tolerance and insulin secretion,
with significantly higher glucose levels during the glucose
tolerance test and higher fasting glucose (Fig. 1C) and re-
duced GSIS (Fig. 3A and B) after 4 weeks—the same time

point when pancreatic MnMRI signals were reduced—
compared with ND mice.

In contrast to the functional changes, BCM remained
in the compensatory phase during the first 8 weeks of the
HFD. Already after 1 week of HFD, BCM was 1.5-fold
increased, while BCM was unchanged in ND controls
during the 12 weeks (Fig. 3C). Again, the compensatory
increase in BCM already after 1 week correlated with the
improved function and the increased MRI signal. We did
not expect such a fast mass adaptation and therefore an-
alyzed single b-cell and islet size in detail. We observed

Figure 3—Progressive decline of glucose tolerance and b-cell function during 12 weeks of HFD. In vivo GSIS during the ipGTT (A and B)
and b-cell mass (C) from ND and HFD mice fed over 12 weeks (n = 14 for ND; n = 3, 3, 3, 8, 8, and 8 for HFD at 1, 2, 3, 4, 8, and 12 weeks,
respectively). D: Islet density was analyzed by counting all islets/section from ND and HFD mice and presenting them in two size groups
with 1–50 and 51–300 b-cells/islet. E: Mean b-cell size was approximated by dividing total insulin-positive area by number of b-cells. Mean
b-cell nuclear size (F ), nuclear distance (G), and b-cell proliferation by double staining for Ki67 and insulin (H) were analyzed in a mean
number of 155 islets/mouse from three mice/group. I: Mouse weight over the course of the diet. J and K: In vitro GSIS from isolated islets
from MnCl2-injected ND and HFD mice at the end of the 16-week experiment. Insulin secretion during 1-h incubation with 2.8 mmol/L
(basal) and 16.7 mmol/L (stimulated) glucose. K: The insulin stimulatory index denotes the ratio of secreted insulin during 1-h incubation
with 16.7 mmol/L and 2.8 mmol/L glucose, respectively. *P < 0.05 compared with ND control; **P < 0.05 compared with 8-week HFD
data set.
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a significant increase in smaller islets consisting of 1–50
b-cells throughout the pancreas in the HFD mice for 1
week, compared with ND, while larger islets did not signif-
icantly increase (Fig. 3D). b-Cell size (Fig. 3E), b-cell nu-
clear size (Fig. 3F), and nuclear distance (Fig. 3G) as well as
Ki67+ b-cells (Fig. 3H) were similar in ND and HFD.

In contrast, from 4 weeks on, glucose tolerance and
insulin secretion were impaired by the HFD, and MRI
signals were reduced and BCM remained increased up to 8
weeks of diet, showing that the functional BCM and not
the BCM alone is monitored by MnMRI. A drop in BCM
back to the ND level was observed at 12 weeks (Fig. 3C);
also here, glucose tolerance test (Fig. 1C) and GSIS (Fig.
3A and B) were lower than in control mice.

All mice fed with the HFD gained weight significantly
after 6 weeks of feeding (1.4-fold increase compared with
ND) (Fig. 3I). At the end of the experiments, in vitro GSIS
was performed on isolated islets from the MnCl2-injected
mice under the ND and HFD (Fig. 3J and K). In line with
our previous data (32,34), HFD significantly reduced GSIS
compared with ND controls.

STZ-Induced b-Cell Destruction Correlates With the
MnMRI Signal
A second model was tested for the MnMRI analysis of
functional BCM. Three-month-old male C57Bl/6 mice
were injected with a single dose of 150 mg/kg STZ or
vehicle. On day 14, mice were analyzed by MRI (Fig. 4A–C;
Supplementary Fig. 1C) and killed on the next day for
BCM measurement (Fig. 4E). MRI signals were clearly re-
duced in the STZ mice (Fig. 4A), which was confirmed by

the AUC analysis (Fig. 4B) (26% reduction). No changes in
Mn2+ cellular uptake occurred during the first 10 min of
MnCl2 injection, although the majority of the b-cells were
destroyed. But during the second phase of Mn2+ uptake
from 10 to 30 min, we observed a 43% induction of the
MRI signal in the control mice, while we could only detect
a 9% signal enhancement in the STZ mice (Fig. 4C). Such
79% reduction of Mn2+ uptake also correlates with 73%
loss in BCM in the STZ mice (Fig. 4D).

For each mouse, the relative pancreas signal at 30 min
after bolus MnCl2 infusion was monitored separately be-
fore and after STZ injection and its decrease differed be-
tween 30 and 75% (Supplementary Fig. 1A). In line with
the MRI data, STZ increased glucose levels to.400 mg/dL
after 14 days (Fig. 4E). In contrast to HFD feeding, where
liver signals remained unchanged among the treatment
groups, liver MRI signals were reduced in the STZ mice
(Supplementary Fig. 1B and C). Pancreas MRI results were
normalized to the maximal signal of the respective corre-
sponding ROI (100%) (proton-density image).

No Long-term Effect of Mn2+ on Glucose Tolerance
For exclusion of a direct long-term effect of Mn2+ on
glucose tolerance during the experiments, 25 mg/kg
MnCl2 or vehicle control was injected once weekly over
2 weeks and ipGTTs were performed immediately after
the MnCl2 injection (Fig. 5A and C) and 2 days later
(Fig. 5B and D). After the 1st MnCl2 injection, glucose
concentrations were slightly increased at 15 and 60 min
during the ipGTT (Fig. 5A)—an effect that disappeared
after 2 days (Fig. 5B). Seven days after the first dose, mice

Figure 4—STZ-induced b-cell destruction correlates with the MnMRI signal. A–C: MRI analysis in C57Bl/6 mice injected with one single
dose of 150 mg/kg STZ (n = 5) or control (n = 5). (A) MRI signals were normalized to the maximal signal of the corresponding ROI, the
proton-density image during 30 min after MnCl2 injection at day 14 after STZ treatment. B and C: AUC integrations are shown for the time
interval of 0–23 min for the total measurement time (B) and for the second phase of Mn2+ uptake from 10 to 30 min (C ). D and E: b-Cell mass
analysis of isolated fixed pancreases at the end of the study (D) and random blood glucose levels during the 14 days of the experiment (E ).
*P < 0.05 compared with control.
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received a second MnCl2 injection, which showed again an
impaired glucose tolerance (Fig. 5C), but this effect also
washed off 2 days later (Fig. 5D). The results show that
multiple MnCl2 injections also had no long-term effects
on glucose tolerance. We further monitored a possible
Mn2+ accumulation in the brain but could not detect
any MRI signal changes (Supplementary Fig. 1E).

DISCUSSION

In this study, we established in vivo imaging of functional
BCM and show a strong correlation of MnMRI signals
with a functional BCM during b-cell compensation as well
as b-cell failure. Importantly, a sole association of MnMRI
signals with conventionally determined BCM measure-
ments was not observed; rather, MnMRI data displayed
the functional BCM. This can be assumed from MnMRI
comparisons with ipGTT, GSIS, and BCM during diabetes
progression, when changes in glucose metabolism occur,
and subsequently, the glucose-dependent uptake of Mn2+

is affected in parallel resulting in enhanced MnMRI sig-
nals as long as b-cells compensate successfully for the
higher demand of insulin during HFD feeding and display
adequate GSIS, which normalize glucose levels. In con-
trast, when GSIS was impaired and glucose levels rose,
MnMRI levels were reduced in the HFD mice, even
when a higher BCM was still present and declined further
with more severe loss of b-cell function. In the STZ
model, a more severe model of b-cell loss where loss of
function together with a reduction of BCM occurred rap-
idly after high-dose STZ injection, MnMRI signals were
significantly reduced. Initially, we expected that the MRI
signals would change linearly and proportional to the
BCM, but in none of the tested models did such linearity
occur. Definitely, the BCM method is still the most accu-
rate but invasive method to quantify insulin-producing

cells. Our aim was to present a noninvasive alternative
to the classical BCM measurement, which also allows
studying BCM changes longitudinally, but this method
has its limitations with respect to absolute accuracy,
and we could not reach sensitivity to a single islet level.

While glucose dependent cellular Mn2+ uptake corre-
lated with insulin secretion, we still observed glucose
stimulated MnMRI signals after 12 weeks of HFD feeding,
which were naturally reduced when compared with the
ND group, but in contrast, glucose stimulated insulin se-
cretion did not occur at all after 12 weeks. It is obvious,
that basal insulin secretion raises in response to the in-
sulin resistance, especially when free fatty acid levels are
chronically elevated (32) and cause a chronic and glucose
independent insulin secretion from the b-cells (41,42). In
contrast, Mn2+ uptake is not elevated under physiological
glucose concentrations at insulin resistance.

We could already see b-cell mass compensation after 1
week, a short time of the diet, together with improved
function when basal insulin secretion was not increased
yet. While improved function was only seen at week 1, it
remained stable until week 4. After longer feeding times,
basal insulin secretion was highly increased, as shown
before, while GSIS is blunted in HFD mice (43), which
resulted in an impaired stimulatory index.

It appears that there are different mechanisms of
b-cell adaptation at young and old age as well as in the
response to HFD feeding. While b-cell proliferation mea-
sured by BrdU incorporation is 10 times higher in 2-week-
old than in 4-month-old mice, it is also increased after 2
weeks of HFD feeding but not after 14 weeks (43). This
indicates that b-cells can proliferate at a young age (44),
but at older age, b-cell compensation is unlikely to be
mediated by proliferation. b-Cell hypertrophy is another
mechanism reported for b-cell compensation (45). Here,

Figure 5—No long-term effect of Mn2+ on glucose tolerance. ipGTT with 1 g/kg glucose after the first injection (A and B) of 25 mg/kg MnCl2
(n = 5) or solvent (NaCl) (n = 5) or the second injection (C and D) 1 week later in two independent experiments in normal diet fed C57Bl6/J
mice. IpGTT was performed either directly after MnCl2 injection (A and C ) or 2 days later (B and D). *P < 0.05 compared with control.
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we started the HFD feeding at the age of 12 weeks and
observed rapid adaptation in BCM already after 1 week of
HFD, which could not be explained by increased prolifera-
tion or hypertrophy and was, rather, the result of an in-
creased number of islets in the HFD (Fig. 3D and H). This
possibility needs to be further investigated to avoid misin-
terpretation, as this was not the focus of our current study.

MRI kinetics display a rapid signal increase within 5
min after MnCl2 injection. AUC analyses were used to
calculate the signal differences during the 30 min of anal-
ysis and showed clear differences in signal intensities of
the region of the pancreas, irrespective of normalization
to liver signals or proton-density image. For exclusion of
a general and unspecific uptake of MnCl2, signals were
measured in muscle during 30 min in response to
MnCl2; only a negligible signal decrease was observed,
which was expected owing to lack of calcium uptake in
the nonactive skeletal muscle (46).

In the HFD experiments, we normalized pancreatic to
hepatic signal, since with its high blood flow, intrave-
nously injected MnCl2 quickly accumulates in the liver.
This makes the normalization to the liver the best option.
Although this is still not optimal because changes in the
liver signal occurred in the different mice, so liver signals
were individual and could not be correlated with any
measure: neither to the selected liver ROI nor to the
week of feeding in the two different ND and HFD groups.

During obesity and diabetes progression, liver and
pancreas tissue accumulated fat droplets after a time
period of 12 weeks, which prevented accurate measure-
ment of the ROIs and was therefore excluded from the
study. After week 12, it was not possible to mark
pancreatic ROIs without the risk of including the fat
signals or voxels, which are influenced by the partial
volume effect in all mice and would inhibit accurate data
analysis under the established experimental conditions
during a longitudinal study.

In STZ experiments, the liver is highly affected by
alkylation; a significant reduction of the MnMRI signal
intensity in the liver was measured and shown in contrast
to findings by Antkowiak et al. (20), where no liver signal
changes were assumed. At the end, both our study and
that by Antkowiak et al. study show an STZ-based MRI
signal reduction under glucose stimulation. Hepatic dam-
age evaluated by increased expression of alanine amino-
transferase and morphologic analysis shows large necrotic
areas in the liver in STZ-injected rats (47). We suspect
that the STZ uptake via GLUT2 transporter of the liver is
the reason for hepatic damage (48). Therefore, an alter-
native MnMRI signal normalization strategy in the pan-
creas was chosen in the STZ experiments. Signals were
referenced to the maximal signal of the corresponding
ROI in the proton-density image. Proton-density images
were acquired without the inversion recovery pulse to see
the maximal signal of the ROI, arising from all protons in
the ROI (100%), which is constant over the course of
measurement.

It has to be pointed out that with the described
method, it is not possible to visualize individual islets,
which form clusters of roughly 40–300 mm in diameter
(49–51). In theory, the partial volume effect is especially
strong when imaging the small b-cell organelles by
MnMRI because small single spots appear much brighter
in smaller measured voxels. Nevertheless, those small
structures fall far below the achievable actual spatial res-
olution of the MnMRI, especially with our kinetic ap-
proach, which is limited to measure time and thus
resolution. With increased measuring time, individual
islets of Langerhans could be detected by ex vivo MnMRI
(22), but even ex vivo, an accurate determination of the
islet volume is not possible. The goal of the current study
was to detect not individual islets but the correlation of
MnMRI signals with b-cell function and mass during
b-cell compensation and diabetes progression. Therefore,
we set up serial measurements enabling the differentia-
tion between kinetics and final signal amplitude.

Mn2+ kinetics follows the glucose-induced Ca2+ entry
in a better way than a single time point. This can espe-
cially be observed by the differences in the HFD and STZ
models; while a significant Mn2+-signal decrease in the
pancreas was already observed after 5 min in the HFD
mice, it occurred only after 10 min in the STZ model.
Nevertheless, in our setting of 30-min Mn2+ kinetic mea-
surement at 50 min after glucose, a clear plateau phase
was not reached yet, while a plateau phase was already
reported 15 min after glucose and Mn2+ injection (20) and
a maximal signal was observed at 1 h (52), which is in
accordance with our studies.

We decided on the 30-min experimental setting after
Mn2+ and 20–50 min after glucose because we did not
expect large changes in b-cell Ca2+-channel activity at
50 min after glucose injection. In this longitudinal study,
we kept the experimental settings constant for the ani-
mals’ welfare, which also allowed shorter anesthesia du-
ration for the mice.

One risk under Mn2+ exposure is the development of
detrimental side effects (manganism), which occur at
higher and chronic doses of MnCl2 (LD50 38 mg/kg)
(29,53), while in our study, 8 mg/kg was used for the
MRI measures in one single bolus injection. No Mn2+

enhancement was detectable in the brain, which would
be necessary to develop the diseases described. Also, serial
Mn2+ injections did not lead to a magnetic resonance–
detectable accumulation of Mn2+ in the brain. A high
Mn2+ accumulation in a small number of cells cannot be
ruled out if their volume is much smaller than the voxel
volume of the image taken in these experiments.

Although Mn2+ caused a static impairment of glucose
tolerance in mice, glucose homeostasis was not durably
affected by Mn2+ injections.

Other endocrine as well as acinar cells in the pancreas
express calcium channels; we consider the glucose-stimulated
Mn2+ uptake to be rather specific for b-cells, but further in
vitro studies on a single cell level are necessary to prove this.
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a-Cells carry ATP-sensitive K+ channels (KATP) similar
to b-cells (54) as well as Ca2+-channels (55,56). KATP chan-
nels play similar roles in both cell types; the difference is
that the KATP channel activity in a-cells is very low. Glucose
would lead to closure of the channels and membrane de-
polarization; however, membrane depolarization in a-cells
results in lower Ca2+ entry versus in b-cells (57,58). The
paracrine effect of insulin on the a-cells does not involve
electrical activity, and a-cells are rather electrically active at
hypoglycemia (below 5 mmol/L glucose).

Somatostatin-releasing d-cells are the 3rd largest cell
population in islets and also express voltage-gated L-type
Ca2+-channels. While increase of glucose results in the
stimulation of somatostatin secretion, it had no effects
on intracellular Ca2+ levels (59), membrane potential, or
electrical activity (60) in in vitro studies. Therefore, we
also do not expect large amounts of Mn2+ entry into
d-cells in response to glucose.

Amylase secretion by acinar cells is also regulated by
Ca2+-channels, and Mn2+ was shown to increase Amylase
secretion in vitro in Ca2+- and Mg2+-free solution; in con-
trast, under physiological conditions, Mn2+ does not in-
duce amylase increase and thus is not expected to give
a signal in acinar cells (61); acinar cells show a robust
mangafodipir-MRI signal at low glucose (62). By monitor-
ing the difference in the MRI signal from low to high
glucose in the mice, we expect a rather b-cell–specific
change, as shown previously (52).

Measurements of functional BCM remain a challenge
owing to the small size of pancreatic islets, their poor
contrast compared with the surrounding tissues, and
their position in the body. However, the present study
has proven that noninvasive MRI is a reliable tool to
detect small changes in the functionality of b-cells in
vivo and exhibits the potential for early noninvasive de-
tection of changes in functional BCM. Our approach car-
ries further potential for multifaceted longitudinal
studies to monitor functional BCM adaptation during
diabetes progression as well as for the evaluation of
therapies for diabetes as an alternative to classical
BCM analysis. The optimized protocol of T1-weighted
MRI of the mouse abdomen fulfills the requirements of
least invasive MR imaging.
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Supplementary Figure 1. 

A) Individual MRI signal development of one mouse during the course of the high fat diet feeding and 
B) Individual STZ MRI signal changes at 30 min post bolus MnCl2 injection. (C) MRI Signal 
development of the liver in C57Bl/6 mice injected with one single dose of 150 mg/kg STZ or control 
(n=5/group). MRI signals were normalized to the maximal signal of the corresponding ROI, the proton 
density image during 30 min after MnCl2 injection at day 14 after STZ treatment. (D) Area-under-the-
curve (AUC) integrations are done for the time interval of 0-30 min. * p<0.05 to control. 
(E) MRI measurement of the cortex of the mouse brain. During a test period of 15 days and three 
independent experiments, no accumulation of manganese could be observed in the cortex as well as in 
other brain areas (not shown). Manually drawn ROIs of the same animal are presented with comparable 
MRI calibrations and Mn2+-uptake kinetics. 
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Indicator Displacement Assays Inside Live Cells**
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Abstract: The macrocycle p-sulfonatocalix[4]arene (CX4)
and the fluorescent dye lucigenin (LCG) form a stable host–
guest complex, in which the dye fluorescence is quenched.
Incubation of live V79 and CHO cells with the CX4/LCG
chemosensing ensemble resulted in its spontaneous uptake.
Subsequent addition of choline, acetylcholine, or protamine,
which have a high affinity for CX4 and are capable of entering
cells, resulted in a fluorescence switch-on response. This can be
traced to the displacement of LCG from CX4 by the analytes.
The results establish the principal functionality of indicator
displacement assays with synthetic receptors for the detection
of the uptake of bioorganic analytes by live cells.

Indicator displacement assays (IDAs) with synthetic recep-
tors have gained increasing attention in (bio)analytical
chemistry[1] because they offer a supramolecular approach
for the sensitive detection and differentiation of analytes.
IDAs bypass both the need to construct highly specific
antibodies for immunoassays and the design of nanotechno-
logical sensing systems, for example those based on graphene
oxide[2] or capped mesoporous[3] architectures. The measure-
ment principle is based on the use of an indicator dye bound
to a receptor (the “reporter pair”). The receptor, frequently
a macrocyclic host, is chosen to have a high affinity for the
target analyte, such that competitive binding leads to a release
of the dye, which in turn results in a change of its photo-
physical properties, preferably its fluorescence. A character-
istic of such assays is the low selectivity with which the
receptor binds different analytes, which can be an advantage
because a broad range of analytes can be targeted without the
need to synthesize a specific receptor for each of them. On the
other hand, it is a disadvantage because the assays are very
sensitive to competitive binding by other species with
complementary charge and size, which are omnipresent in
many fluid matrices and are almost always present in

biological samples.[4] Nevertheless, several biologically rele-
vant applications of macrocycles have been brought forward,
including the delivery of drugs,[5] improved membrane
passage of fluorescent dyes[6] and DNA,[7] the immobilization
of cells,[8] protein recognition,[9] and cell imaging.[10]

We have previously designed time-resolved variants of
displacement assays, which we refer to as supramolecular
tandem assays because they are capable of monitoring
enzymatic reactions in real time.[11] Interestingly, the assays
performed well not only with purified enzymes but also with
crude enzyme extracts[11c] and even with dried cells[11a]

expressing a particular enzyme. Although the presence of
salts, metabolites, and proteins in biological samples may lead
to a sizable instantaneous change of the absolute signal owing
to a competitive binding,[11c,12] it is the temporal response of
the assay that serves as the robust fingerprint of the enzymatic
activity, and this temporal response is what is analyzed.[13] This
insight has encouraged the development of additional meth-
ods in which the spatiotemporal response of indicator
displacement can be put to work. For example, we recently
introduced tandem membrane assays, in which the reporter
pair is spatially isolated inside the liposomes; in this manner,
after addition of a target analyte to the outside bulk solution,
its protein-mediated translocation through the biomembranes
can be monitored in real time.[14] The combined results,
namely a sizable tolerance towards competitive binders and
a compartmentalized response, encouraged us to proceed
towards the penultimate biological challenge: the transfer of
IDAs with synthetic receptors to live cells in order to monitor
the cellular uptake of biomolecular analytes. In fact, the
application of artificial receptors for monitoring bioorganic
analytes or drugs in cellular systems has been identified as
a challenge in its own right;[1b,4, 10,15] it goes beyond the well-
established detection of certain inorganic ions in cells[16] or the
use of functional group-specific fluorogenic sensors, such as
those introduced for biothiols.[17]

We tested various macrocycle/dye combinations for their
compatibility with biomembranes and found that the combi-
nation of p-sulfonatocalix[4]arene (CX4) and N,N’-dimethyl-
9,9’-biacridinium dinitrate (lucigenin, LCG) gave a reporter
pair that showed spontaneous uptake into live Chinese
hamster ovary (CHO) and fibroblast cells (V79). The
uptake of the reporter pair should allow us to subsequently
perform cellular IDAs, while the high biocompatibility and
low toxicity of both components, LCG and calixarenes in
general,[18] as well as CX4 in particular,[18e,f, 19] should be
beneficial for live-cell measurements. Indeed, incubation with
LCG (250 mm, 24 h) had no adverse effect on the cells. The
cellular IDA, which we have now been able to realize, is
schematically depicted in Scheme 1. The results relating to
the successful uptake of analytes, monitored through the
switch-on fluorescence response, are shown in Figure 1.
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The uptake of dye was confirmed and quantified through
incubation of the dye (in the absence and presence of
macrocycle), subsequent lysis of the cells, and measurement
of the fluorescence after dilution and addition of competitor
(to ensure dissociation of the host–dye complex). It should be
noted that the fluorescence of the dye is quenched in the
supramolecular complex, thus resulting in a switch-off
response upon the addition of CX4 and a switch-on response
the upon addition of competitor.[20] The uptake of macrocycle
(in the presence of dye) was confirmed indirectly from no less
than four independent observations: 1) Cells incubated with
LCG (800 mm, 30 min) in the presence of CX4 (up to 5-fold
excess) displayed an up to twice as efficient uptake of LCG
(Table 1),[21] thus suggesting that the host additionally func-
tions as a carrier (reminiscent of DNA transfection with
cationic calixarenes).[7] 2) Fluorescence images of cells incu-
bated with LCG in the presence of CX4 afforded much
weaker fluorescence (Figure S7 in the Supporting Informa-
tion). 3) The fluorescence of the lysate of cells incubated with
LCG in the presence of CX4 increased substantially upon the
addition of competitors, thereby confirming the dissociation
of the host–dye complex and thus the presence of CX4
(Figure S4). 4) The observed switch-on fluorescence upon the
addition of analytes to the live cells (Figure 1), as opposed to

a simple quenching, requires the liberation of the dye from
a quenched state, the macrocycle–dye complex.[22]

The surprising finding that the IDA remains operational
inside live cells (Figure 1) can be explained by the favorable

Scheme 1. The uptake of analytes into cells preloaded with the macro-
cycle–dye complex results in displacement of the dye from the macro-
cycle and an associated fluorescence increase.

Figure 1. Fluorescence images of V79 cells (left column) and CHO
cells (right), both incubated with 50 mm LCG and 250–300 mm CX4 at
37 8C for 15 min, followed by a 10 min incubation with medium (a and
a’, as blank controls), 50 mm betaine (b and b’, as negative controls),
50 mm choline (c, c’), 50 mm acetylcholine (d, d’), and 15 min
incubation with 200 mm protamine (e, e’). The bar graphs (f, f’) show
the relative averaged fluorescence intensity per cell.

Table 1: Uptake efficiency and absolute cellular concentrations of LCG in
the absence and presence of CX4.[a]

Cell line CX4 concentration
[mm]

LCG concentration
in cells [mm][b]

Uptake [%][b]

V79 cells 0 75 9.4
4.5 150 19

CHO cells 0 10 1.3
4.5 20 2.5

[a] Quantified with the lysis method, see the Supporting Information.
[b] Incubation conditions: 800 mm LCG, 30 min.
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characteristics of the specific host/dye system. First, from
experiments in pure water, LCG binds CX4 with a high
affinity (Ka= 2.8 � 107m�1)[20] for a synthetic macrocycle,[23]

thus facilitating the detection of competitive binders that also
display high effective binding constants, such as acetylcholine
(ACh, Ka= 1.0 � 105m�1), choline (Ch, Ka= 1.0 � 105m�1),[20]

and the polycationic peptide protamine (Ka= 1.24 �
109m�1).[14] Second, CX4 quenches the fluorescence of LCG
very efficiently (by a factor of up to 140),[20] which ensures
a readily detectable response upon competitive binding.
Preliminary experiments in Tyrode’s solution and in the
media (Figure S6), showed that both properties of the
reporter pair are diminished as expected owing to the
presence of large amounts of competitive salts, nutrients,
and other biomolecules,[12b] but remained at a sufficiently high
level (Ka= 3.0 � 105m�1, fluorescence enhancement factor of
90 in Tyrode’s solution and 25 in the media) to retain
a response to the target analytes. This encouraged the
implementation of the CX4/LCG reporter pair to monitor
analyte uptake into live cells.

If the CX4/LCG reporter pair was only physically
adsorbed on the cell membrane surface or accessible in the
outer cell membrane layer, the incubation of the cells with
competitors such as choline, acetylcholine (50 mm),[20] and
protamine (200 mm)[14] should lead to an effective release of
uncomplexed LCG into the medium because the displace-
ment process itself occurs within milliseconds.[14] However,
the analyte solution collected after 10–20 min incubation did
not show any LCG fluorescence, thus suggesting that the
reporter pair was contained within the cells. By contrast, the
cells exposed to the analyte solutions showed significantly
enhanced fluorescence, which varied depending on the cell
line and the analyte type (Figure 1). These fluorescence
enhancements demonstrate that the analytes were taken up
within 10–15 min into the cells, where they displaced LCG
from the macrocyclic complex to result in enhanced cellular
fluorescence. Incubation times longer than 20 min led to
relatively smaller fluorescence recoveries, and no significant
increase was observed after 5 h of incubation, thus suggesting
that the reporter pair proceeds from the cytoplasm into
different cellular compartments.[18b] The staining pattern of
the released LCG is punctate, in agreement with previous
cellular imaging studies of the dye alone.[18d] Although LCG
turned out to be photobleached in confocal laser scanning
microscopy experiments, the corresponding Z-stacking imag-
ing results (Figure S2) corroborated distribution of the
released dye (shortly after analyte addition) through the
entire volume of the cell. The fact that dye displacement
could also be achieved through cytoplasmic microinjection of
the analyte (Figure S8) supports the idea that the initial
localization of the CX4/LCG reporter pair is in the cyto-
plasm.[18a–d]

Indeed, the analytes were selected not only to act as
strong competitors, but also because of their efficient cellular
uptake. Ch is taken up into non-neuronal cells mainly by
specific and nonspecific choline transporters,[24] while ACh
crosses the membrane in both directions through organic
cation transporters (OCTs),[25] which are expressed in almost
all cells.[26] The cellular uptake of protamine is established but

mechanistically more diverse, taking place predominantly
through rapid endocytosis within 15–30 min,[27] the same time
scale as that of the fluorescence recovery in our live-cell
IDAs. After endosomal escape,[27b,28] protamine can interact
with the reporter pair in the cytoplasm. It should also be
noted that betaine was used as a negative control because it is
also known to enter cells by a Na+-dependent active transport
mechanism,[29] but does not bind to CX4.[20] Indeed, this
analyte (50 mm) afforded no significant fluorescence response
in the live cells (Figure 1, parts b and b’), which demonstrates
that the method is analyte-selective. The fluorescence
enhancements could be semi-quantitatively analyzed
(Figure 1, parts f and f’), and the analysis confirmed that, for
both cell lines, betaine caused no significant fluorescence
response, ACh and Ch caused about the same fluorescence
enhancement, and protamine caused the largest fluorescence
recovery, even at much lower concentrations. Although the
absolute fluorescence responses are composite effects that
depend on several factors (including the concentration of the
analyte and its binding constant, see above), live-cell-based
IDAs in principle offer the possibility for monitoring uptake
at different incubation times.

In conclusion, we have established a receptor/dye IDA
system that gives an easily measurable response to bioorganic
analytes inside live cells. Live-cell-based IDAs could be
employed as a simple, economic screening tool to monitor the
uptake efficiencies of closely related compounds with similar
affinities, such as different trimethylammonium ions or
a library of polycationic peptides, the bioactivity of which is
presently under intense discussion.
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1. Materials 
Frozen Chinese hamster ovary (CHO) cells were purchased from Sigma-Aldrich. Chinese 

hamster fibroblast (V79) cells were kindly made available by Detlef Gabel, Jacobs University 

Bremen. Cultivation dishes (60 cm2) and Falcon tubes as well as penicillin/streptomycin and 

trypsin (1000 U ml–1) were purchased from Biochrom AG. Ham's F10 and F12 media, fetal 

bovine serum (FBS), sterile glutamine solution, acetylcholine perchlorate, and protamine sulfate 

(from herring) were purchased from Sigma-Aldrich. Imaging µ-dishes (35 mm, high wall and low 

wall, for micro injection) were purchased from ibidi. Choline chloride was from Fluka.  

 

2. Cell Cultivation and Preparation for Imaging 
V79 cells (Figure S1) were cultivated in Ham's F10 medium, 10% FBS, while CHO cells (Figure 

S1) were grown in Ham's F12 medium, 10% FBS, and 2 mM L-Glutamine. Dishes were kept in a 

humid, 5% CO2 incubator at 37 °C until the cells reached a confluence of about 90%. The cells 

were subsequently trypsinized and diluted by 1:10 into the ibidi dishes followed by 2-3 days 

incubation until 60-80% confluent monolayers were obtained. 

 

 

Figure S1. Bright-field images with 40X object magnification of V79 cells (left) and CHO cells 
(right). 

3. Loading with Host and Dye and Subsequent Dye Displacement by Analytes 
For loading with CX4/LCG, the V79 and CHO cells in the ibidi dishes were incubated for 15 min 

at 37 °C with a mixture of 50 μM LCG and 250-300 μM CX4, dissolved in medium. An excess of 

host was needed for efficient fluorescence quenching, as judged from the cell images (Figure 

S7). The cells were then washed 3 times with fresh medium and incubated for 10-15 minutes at 

37 °C with 50 mM ACh, 50 mM Ch, or 200 μM (0.9 mg ml–1) protamine, dissolved in medium 

pre-warmed to 37ᵒC. Subsequently, the supernatant analyte solutions were collected and tested 

for LCG to confirm that the dye was retained in the cells (and not, for example, weakly adsorbed 

on the outer cell membrane). Finally, the cells were washed 3 times with Tyrode's solution and 

immediately used for imaging under Tyrode's solution (Figure 1). 
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4. Microscopy 
4.1. Fluorescence microscopy 
Cell images were taken in a dark room on an Axiovert 200 microscope (Zeiss) equipped with an 

Evolution™ QEi camera with 1.4 megapixels and 1392×1040 dimension. Filter set 44 (Zeiss) in 

combination with a 500-nm beam splitter was used for excitation at 435-500 nm and emission at 

480-580 nm. To reduce photobleaching of LCG, the snapshot was taken immediately upon 

exposure to the excitation light, using identical light exposure (500 ms, unless stated differently) 

and gain settings. 

 

 
 
Figure S2. Fluorescence images of a V79 cell monolayer were recorded by CLSM 3D scanning 

after incubation with CX4/LCG and subsequently 50 mM Ch. From left to right in each row, one 
layer of the cells was scanned from bottom of the dish to the top (Z stacking). 

4.2 Confocal Laser Scanning Microscopy (CLSM) 
The uptake of Ch was also monitored by 3D scanning using a confocal laser scanning 

microscope (Zeiss LSM 780) by 405-nm laser excitation (Figure S2). Since the dye was 

significantly photobleached already after the third scan, the confocal measurements were not 

preferred for the comparative measurements of analyte uptake. Nevertheless, vertical scanning, 

from bottom to top, showed the distribution of the dye in the entire volume of the cells. This 

provided circumstantial evidence that the dye does not accumulate in the cell membrane but 

rather distributes in the cytoplasm with a punctate pattern. 
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5. Image Processing and Analysis 
The 16-bit fluorescence-microscopic images were added to an imageJ stack[1] with normalized 

background for further processing (Figure 1, selected color was “fire”). The average 

fluorescence intensities (Figure 1 f and f') were obtained by binning of the entire fluorescence 

images in 8-bit type, and by choosing the threshold manually (the selection of automated 

thresholding procedures provided qualitatively comparable results, but with lower contrast, see 

Figure S3). The abundance of each histogram bar was multiplied with the relative intensity 

(between the threshold value and the maximum value of 255), and finally, divided by the number 

of cells (counted manually). The error bars correspond to the standard deviation from the mean 

value calculated by the imageJ program for each individual image. 

 

 
 

Figure S3. Fluorescence images of V79 cells. An 8-bit image (a, raw data) was subjected to 

different thresholding methods: Otsu[2] (b), Li[3] (c), and manually (d).  
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6. Calculation of Uptake of LCG in the Absence and Presence of CX4 
Comparable numbers of V79 or CHO cells were cultivated in three 60 cm2 dishes. In Dish 1 the 

cells were incubated with 800 μM LCG, in Dish 2 they were incubated with CX4/LCG ([LCG] = 

800 μM, [CX4]/[LCG] = 5/1), and Dish 3 was used as a reference, without additive incubation 

(Figures S4b,d). After 30 min incubation, Dish 1 and 2 were washed three times with warm 

medium (37 °C) to remove residual LCG and CX4/LCG. Following trypsinization, the 

homogenously suspended cells were counted on a cytometer to estimate the total number of 

cells on each dish. For dye content analysis, the suspended cells were lysed with Triton X-100 to 

collect their cytoplasmic components.[4] 

 

 

Figure S4. a,c) Fluorescence spectra of lysed V79 and CHO cells after incubation with LCG 

(800 μM) in the absence (blue) and presence of a 5-fold excess of CX4 (green) and after 

addition of excess protamine (4 mM, red). The black spectra are for different LCG 

concentrations in the lysed reference solutions. b,d) Calibration curves, obtained from the 

fluorescence maxima (λmax = 505 nm) of the black spectra in a,c); the blue and red data points 

mark the interpolated LCG concentrations in the absence (blue) and presence of a 5-fold excess 

of CX4 after addition of excess protamine (4 mM, red), respectively. 
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Fluorescence spectra of all lysates (λexc = 369 nm) were obtained after dilution to 3 ml (to allow 

cuvette measurement) and filtering (0.20 μm syringe filter, tested not to adsorb the dye). In a 

second step, an excess of protamine (4 mM) was added to the obtained lysed solutions from all 

dishes in order to affect a complete dissociation of the CX4/LCG complex, resulting in a 

significant increase due to dye release for Dish 2 only (from green to red spectra in Figure 

S4a,c); incidentally, this experiment corroborates the presence of CX4 in the cytoplasm. In 

contrast, the fluorescence intensity in Dish 1, which contained no CX4, remained unchanged, 

because control experiments showed that the direct addition of competitors (up to 10 mM Ch or 

ACh and 4 mM protamine) cause no significant fluorescence quenching. To determine the 

absolute uptake of LCG, different LCG concentrations were added to the lysed reference 

solutions (Dish 3, without additives). This allowed us to construct calibration curves (Figure S4, 

right) for the dye fluorescence intensity in this medium (black spectra in Figure S4a,c). The 

absolute concentrations of LCG after uptake into the cells (Table 1 of main text) were estimated 

by employing spherical cell volumes derived from reported average cell diameters (9.3 μM for 

V79 and 14.0 μM for CHO).[5] 

 

7. Potential Uptake Routes of LCG in the Absence and Presence of CX4 
Due to the established use of LCG, among others for the detection of mitochondrial superoxide 

generation in cells[6] its cellular uptake mechanism has already been investigated in detail and 

identified as proceeding by adsorptive endocytosis.[7] The presence of CX4 results not only in an 

uptake of the macrocycle but also an enhanced uptake of LCG (see main text), the mechanism 

for which is yet not clarified in detail. 

Although CX4 by itself does not permeate through lipid bilayer membranes,[8] it has been 

demonstrated that it can pass through anion channels under certain conditions.[9] Moreover, 

especially in the presence of hydrophobic guests,[10] CX4 is able to form charge-neutralized host-

guest aggregates, which have been shown to facilitate cellular uptake.[10b] To evaluate a possible 

aggregate formation, we have investigated the host-guest system by UV titrations, which, 

however, did not reveal any light scattering in the typical concentration range, but, instead, 

clearly defined isosbestic points at 373, 392 and 464 nm (Figure S5). Similarly, dynamic light 

scattering experiments did not afford any evidence for the formation of large aggregates. We 

therefore have at present no evidence for the involvement of CX4/LCG aggregates. Frequently, 

the formation of such aggregates is facilitated by π-π stacking interactions between guest 

molecules (for a review of guests promoting aggregate formation see ref.[10a]). For LCG, this 

possibility is prevented by the twisted arrangements of the aryl groups, which is also evident 

from the experimental crystal structure.[11] 
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Figure S5. UV-Vis titration of 50 μM LCG with CX4 (up to 1 mM); the arrows depict the trend of 
the OD changes in the different spectral regions. 

It should also be noted that the uptake mechanism of several labeled calixarene 

derivatives into several cell lines, including CHO, THP-1 and HeLa, has been extensively studied 

by Mueller and coworkers.[12] A non-specific, membrane carrier-mediated uptake with an initial 

homogeneous distribution in the cytoplasm, followed by appearance in the Golgi and, finally, in 

the acidic vesicles was suggested.  

 

 
Figure S6. Direct fluorescence titration of LCG (100 μM) with CX4 in Ham’s medium (a) and in 

Tyrode's solution (b) pH= 7, λex =369 nm. The inset shows the associated titration curve, and 

nonlinear fitting according to a 1:1 binding stoichiometry. 

 

8. Gradual Decrease of LCG Fluorescence in Cells 
Figure S6 shows direct titrations of LCG by CX4 in Ham’s medium[13] and in Tyrode's solution[14] 

and the determinations of the apparent binding constants (insets). Due to the presence of ca. 

150 mM salts, nutrients, amino acids, vitamins, 10% fetal bovine serum, etc. in Ham’s medium, 

the host-dye binding constant is reduced in the medium compared to neat water (see main text), 

but remains large (> 3  × 105 M–1). Based on the titrations, an excess of CX4 needed to be 

employed to ensure efficient quenching of LCG fluorescence and, thus, to facilitate a readily 
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detectable fluorescence recovery upon analyte uptake. Figure S7 shows the fluorescence of V79 

and CHO cells incubated with different host/dye ratios. A 4:1 ratio for V79 and 6:1 ratio for CHO 

was preferable to affect a strong (> 50%) fluorescence quenching. 

 

V79 

   

 [CX4]/[LCG] = 2/1 [CX4]/[LCG] = 3/1 [CX4]/[LCG] = 4/1 
    

CHO 

   

 [CX4]/[LCG] = 2/1 [CX4]/[LCG] = 5/1 [CX4]/[LCG] = 6/1 

 
Figure S7. Fluorescence of V79 and CHO cells incubated with different superstoichiometric 

amounts of host at a constant dye concentration (50 μM); light exposure was 100 ms for V79 
cells and 500 ms for CHO cells. 

           
Figure S8. Bright-field (left) and fluorescence image (right) of V79 cells incubated with CX4/LCG 

solution ([LCG] = 10 μM, [CX4]/[LCG] = 5/1, 10 min) and after microinjection with ACh (area with 

injected cells encircled on the left). 

 

9. Dye Release by Microinjection 
For microinjection experiments, V79 cells were incubated with CX4/LCG solution, washed with 

Tyrode's solution, and 100 mM ACh solution was injected into the cytoplasm of selected cells by 
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using a FemtoJet Eppendorf microinjector (60 hpa capillary pressure, injection pressure 190 

hpa, 3 seconds). A strong fluorescence recovery was observed (Figure S8). Since this method 

was prone to cellular damage and because the timing between incubation and injection turned 

out to be critical but difficult to ensure by this method, it was not preferred for follow-up 

experiments. 

 
10. Effects at High Protamine Concentrations 
It is known that high (mM) concentrations of protamine can damage cells by causing membrane 

rupture. Therefore, we also applied high concentrations and, indeed, dead cells were observed 

(Figure S9). Interestingly, these cells showed the largest fluorescence enhancements (see 

arrows in Figure S9), presumably due to additional release of dye from the endosomes.[12b] The 

comparison of two cell lines showed further that V79 cells are more sensitive to protamine than 

CHO cells, since almost all V79 cells were adversely affected. Analytes causing cell lysis do 

therefore need to be investigated with particular care to avoid false positive results. 

 

Figure S9. Bright-field (top) and fluorescence images of V79 cells (left column) and CHO cells 

(right), both incubated with 50 μM LCG and 250-300 μM CX4 at 37 °C for 15 min, followed by a 

20-min incubation with 4 mM protamine. Dead CHO cells resulting from protamine-induced cell 

damage are marked by arrows. 
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