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Abstract 

 

The pancreas and liver arises from adjacent areas in the anterior endoderm of the 

developing embryo. This close relatedness underlies the possibility of direct 

reprogramming of the liver cells or hepatocytes towards pancreatic β cells. 

 

In the present study we show that hepatoblasts in undissociated early-stage liver buds can 

be reprogrammed towards a β cell-like cell fate by ectopic expression of the pancreatic 

transcription genes (Pdx1, Ngn3, and MafA) using a polycistronic adenovirus. The 

reprogramming happens by 3 days after Ad-PNM transduction.  

 

Dissociated hepatoblasts isolated from different developmental stages of embryonic 

livers, which are considered as hepatic progenitor cells, also could be reprogrammed 

efficiently by Ad-PNM. This was associated with approximately 20% (E18) to 70% (E11) 

of hepatoblasts expressing insulin and C-Peptide along with a significant increase in 

endocrine gene profiles and down-regulation of liver markers. Moreover the 

reprogrammed cells were seen to express GFP when hepatoblasts were isolated from 

Pdx1-GFP transgenic mice, indicating transcription of the endogenous Pdx1, a hallmark 

for genuine reprogramming. This allowed us to sort the green fluorescent cells which, 

upon stimulating with low (2.8mM) or high (20mM) glucose, failed to show significant 

glucose-sensitive insulin release. However, these cells could maintain the blood glucose 

levels of diabetic mice at a stable and normal level for one month after transplantation.  
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In summary, hepatic progenitor cells, which may possess a similar epigenetic pattern to 

pancreatic progenitor cells, can be reprogrammed by overexpressing pancreatic 

transcription factors. This may be a promising resource of cell therapy for diabetes. 
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Introduction 

 

Development relatedness between liver and pancreas 

 

The pancreas and liver share the same origin in embryonic development. They are 

specified from the endoderm germ layer established during gastrulation. Definitive 

endoderm cells originate from the anterior primitive streak, and migrate through the 

primitive streak by a process of epithelial to mesenchymal transition (EMT). These cells 

invade and displace the overlying visceral endoderm layer, thus forming a sheet of 

morphologically homogeneous cells that extends from the anterior headfold to the 

primitive streak at the end of gastrulation (~E7.5 in mouse) [1]. At this stage, the anterior-

posterior pattern has already been established through communication with adjacent 

mesoderm and ectoderm. In the subsequent 48 hours, the cell sheet of definitive 

endoderm folds over to form a primitive gut tube [2], while inductive and permissive 

signals from both adjacent mesodermal and ectodermal tissues further refine the foregut, 

midgut and hindgut into precise domains where different organ buds will emerge. Fate 

mapping studies in mouse embryos demonstrate that liver progenitors arise from paired 

lateral domains of foregut endoderm and ventral midline of the endoderm lip (VMEL) [3]. 

These discrete domains are brought together to form specified hepatic endoderm as the 

anterior and posterior portals move towards one another. Ventral pancreas progenitors 

also arise from lateral endoderm domains, and the dorsal bud from the gut roof closely 

contacting the notochord [4] (Figure 1). Both pancreatic buds merge to give rise to a single 

organ during the coiling movements of gut tube. Once the hepatic and pancreatic 

progenitors are specified by a complex network of cell signaling from mesoderm and 

ectoderm, these cells undergo dramatic changes in gene expression profiles to further 

divert into two distinct fates, while both of them undergo active proliferation to give rise 

to pseudo-stratified hepatic or pancreatic epithelium. Progressively these densely packed 

epithelia evaginate into surrounding stroma, and ultimately form the three-dimensional 

organs. 
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Figure 1. Initiation domains for liver and pancreas. Adapted from “ Generation and 

regeneration of cells of the liver and pancreas”, by K. S. Zaret and M. Grompe, Science. 

2008. 322:1490-1494. 

(A) Fate map of liver and pancreas progenitor cell domains at E8.25. (B) Specificied liver 

and pancreas domains a few hours later. 

 

 

Hepatic progenitor cells and potential hepatic stem cells 

 

Liver is a highly regenerative organ. Following removal of a lobe the remaining parts 

rapidly restore the normal volume. This occurs by division of differentiated hepatocytes. 

There is also a population of epithelial cells, which are activated after liver injury 

(referred to as oval cells) which are probably adult progenitor cells in the liver, as they 

highly resemble fetal hepatoblasts in their bipotential lineage commitment for both 

hepatocytes and cholangiocytes[5]. Oval cells are located to the terminal biliary ductules 

in the normal adult liver[6], which are a potential stem cell compartment or niche. This 

compartment links the intralobular canalicular system of hepatocytes to the biliary tree 

system, which is consistent with the oval cells’ function to serve as cell sources for both 

biliary tree and hepatocytes. Even though the exact nature of oval cells is still quite 
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elusive, there are some reports showing their phenotypic profile including OV6, EpCAM, 

CK19, albumin and AFP expression[7]. They are not hepatic stem cells as they lack of 

proof for self-renewal capability. In addition, Sox9-expressing precursors were shown to 

contribute to liver regeneration, indicating a critical role for Sox9 in oval cell activation[8]. 

 

Embryonic hepatic progenitor cells are not so controversial. From E9.5, the hepatic 

endodermal cells invade septum transversum mesenchyme and quickly proliferate and 

differentiate to form the intrahepatic biliary tree and the liver bud[36]. These highly 

proliferating cells are called hepatoblasts. Hepatoblasts are bipotential, possessing the 

capability to give rise to both hepatocytes and cholangiocytes. With the development of 

the embryonic liver, the majority of hepatoblasts mature into functioning hepatocytes.  

 

Diabetes and current medications 

 

Diabetes is a currently incurable disease associated with metabolic problems 

characterized by hyperglycemia that result from insulin deficiency (type I) and/or 

insensitivity of insulin receptors (type II). As insulin is the principal control signal for 

fuel uptake and conversion of glucose to glycogen, patients with diabetes show persistent 

high levels of blood glucose and metabolic derangements and consequently suffer from 

long-term complications. Due to prolonged high blood glucose, blood vessels are 

damaged, and risks of cardiovascular diseases are significantly increased. In addition, 

scarring changes may occur in the kidney tissue and defects of blood vessels in the retina 

may lead to blindness [9]. Diabetes is the leading cause of end-stage renal disesase, 

nontraumatic lower-limb amputations and blindness in the United States, and is the sixth 

leading cause of death [10]. 

 

An estimated 285 million people were suffering from diabetes in 2010 and the incidence 

is still substantially increasing throughout the world at an alarming rate. In United States, 

about 26 million people are diagnosed with this disease [11], and with present trends 

continuing, as many as one in three American adults will be affected by diabetes.  
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Considering the enormous economic costs and health damage, scientists and physicians 

have been endeavoring to find cures for nearly a century. However, currently patients still 

have to depend on frequent blood glucose tests and insulin injection or other oral 

medications to maintain a relative normal blood glucose level lifelong otherwise 

hyperglycemia or hypoglycemia may cause death. Management of diabetes with frequent 

external insulin injections can be responsible for many subcutaneous adverse events, but 

not many patients are aware of that. For example, neglecting rotation of sites of insulin 

injections may lead to acanthosis nigricans [12]. More commonly, lipoatrophy or 

lipohypertrophy are frequent complications of insulin therapy [13]. Insulin allergy is also a 

relatively common and potential life-threatening complication [14].  

 

Another established insulin treatment is insulin pump therapy, which seems to reduce 

pain from multiple daily injection regimens. The constancy of the basal delivery allows 

for a more steady blood insulin profile, which substantially reduces frequency of life-

threatening hypoglycemia [15]. But the extra cost of pump and supplies restrict the 

expansion of this therapy. In addition, proficiently trained personnel are needed to 

supervise the therapy. And both insulin pump therapy and injection treatment can 

contribute to development of diabetic ketoacidosis.  

 

A more efficient treatment is islet transplantation, which is considered as one of the most 

promising therapies for diabetes. However, the shortage of donors leads to many patients 

still on waiting lists. Even so, patients who do receive the transplantation do not attain 

insulin independence for a long time. The average duration of insulin independence 

lasted only for 15 months [16] due to technical complications or graft rejection. In the 

meanwhile, recipients have to suffer from significant side effects due to accompanying 

immunosuppressive treatment [17]. 

 

Possible cell sources of β cell replacement therapy 
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Due to the stark reality that severe demand for islets to be transplanted can never be 

satisfied, researchers seek for alternative sources of β cells. Basically, future therapies 

can be divided into 3 categories: replacement, reprogramming and regeneration.  

Typical replacement therapy is islet transplantation, and xenotransplantation with pigs as 

donors may be a solution of the current limited donor supply. The main problem involved 

in xenotransplantation is the immune rejection. The immediate blood-mediated 

inflammatory reaction (IBMIR) can cause substantial early graft loss [18]. However, the 

surviving cells can establish and maintain normoglycemia for several months [19]. To 

reduce graft rejection, transgenic pigs are used and results are encouraging. With 

knockout of the major antigenic gene coding for alpha-1,3-galactosyltransferase and 

forced expression of some human complement regulatory proteins like hCD46,  

transgenic pigs (GTKO) can provide large amount of islets which can survive and 

function well for more than 1 year after clinical xenotransplantation [20]. Notwithstanding 

that, xenotransplantation is highly regulated by national regulatory authorities because of 

the great possibility of xenozoonosis. 

 

Directed differentiation and reprogramming seem to be attractive because of the recent 

advances in stem cell biology. Different methods for the derivation of insulin-secreting 

cells from embryonic stem cells or induced pluripotent stem (iPS) cells have already been 

reported, owing to the substantial progress in knowledge about the embryogenesis of 

pancreatic β cells. By recapitulating embryonic development as closely as possible, 

ES/iPS cells are exposed to different soluble signal factors sequentially (Figure 2) . 

Therefore these cells undergo a similar embryonic developmental process to β cells, 

differentiating through the first stage of definitive endoderm, second stage of posterior 

foregut, third stage of pancreatic endoderm to fourth stage of endocrine lineage. 

Unfortunately, none of those methods can achieve fully mature and functional β cells. 

Details about the critical gene regulatory network and cell-to-cell signals in the in vivo 

environment are still elusive, and in vitro two-dimensional culture cannot mimic the in 

vivo three-dimensional niche for pancreatic organogenesis which is contributed by 

complex vascularized structures, mesenchymal tissues, islet neurons and so on [21]. The 
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complex interactions between the three germ layers may play a significant role in β cell 

maturation but these interactions are commonly neglected and are perhaps too complex to 

be mimicked in vitro. In particular, the epithelial-mesenchymal transition seems to be 

important for immature β cells to delaminate from the ductal tree and to aggregate into 

mature islet structures and the regulatory mechanisms for this process are not well 

understood. Additionally, the variability of different ES/iPS cell lines results in variable 

differentiation efficiencies. It seems different cell lines may possess different preferences 

in lineage commitment. Epigenetic memory may also vary between in different iPS cell 

lines, and could contribute to marked differences in the gene expression profiles of their 

derived β-like cells. 

 

Figure 2. Current protocols for pancreatic β cell differentiation from ES/iPS cells. 

Adapted from “Preparation of pancreatic β-cells from human iPS cells with small 

molecules”, by M. Hosoya, Landes Bioscience. 2012. Islets 4:1-4 

All the protocols shown in figure 2 were performed for the monolayer cell culture. 
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 Reprogramming of different tissue-specific cells into the β cell fate contributes to 

another source for cell therapies against diabetes. This approach is based on cell plasticity 

and forced expression of specific transcription factors. It is also called 

transdifferentiation, which means direct conversion of a fully differentiated cell type into 

another without a multipotent or pluripotent intermediate. This process does occur 

naturally although rarely, confirming the reality of cell plasticity. For instance, acinar 

cells in the pancreas have been found to transdifferentiated into β cells in vivo in the 

circumstances of near complete destruction of β cells by pancreatectomy or 

streptozotocin-induced diabetes[22]. More frequently, forced expression of exogenous 

master transcription factors facilitates the direct cell conversion in vitro and substantially 

increases its efficiency. For example, overexpression of CCAAT-enhancer-binding 

protein-alpha (cEBPα) and cEBPβ can convert B cells into macrophages [23], and 

introduction of an activated version of Pdx1 (X1Hbox8-VP16) can transdifferentiate 

hepatoma cells into pancreatic cells [24] while transfection of cEBPβ into cells provokes 

transdifferentiation from pancreatic cells to liver cells [25]. Direct reprogramming avoids 

the pluripotency stage in ES/iPS differentiation protocols which largely hinder 

therapeutic translation because of potential tumorigenicity, and could significantly 

increase the efficiency of deriving specific cell types. 

 

Regeneration might be the most controversial point nowadays, as whether the facultative 

adult pancreatic stem cell exists is still unclear. While some researchers claim the Ngn3-

positive cells located near or within ducts are pancreatic progenitor cells and can 

contribute to endocrine lineages [26],others hold the view that centroacinar cells lying at 

the junction of the acinar and the ductal epithelium act as facultative progenitors and can 

produce three pancreatic cell types [27]. There is however still significant doubt about 

these possibly because of the lack of  efficient and specific lineage tracing labeling.  

 

Cell signaling pathways underlying practicality of direct reprogramming from 

hepatic progenitor cells to β-like cells 
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Both the liver and the ventral pancreas originate from ventral foregut endoderm and 

diverge from the bipotential progenitors in that area around embryonic day 8 to 8.5 [28]. 

The liver-specific or pancreas-specific progenitors are specified by different gene 

expression profiles. However, the establishment of liver or pancreas fate occurs as early 

as E7.5 or 8, when the ventral foregut endoderm seems to be quite morphologically 

homogeneous [29]. The endodermal interaction with the mesendodermal layer plays a 

primary role in this fate decision process. Particularly, fibroblast growth factors (FGFs) 

from the overlying cardiac mesoderm act as hepatic inducing signals while suppressing 

the pancreas development. As the prospective pancreatic progenitor cells migrate away 

from the cardiac mesoderm, the suppressing effect of FGFs is relieved. In addition, the 

septum transversum mesenchyme produces bone morphogenetic proteins (BMPs) which 

coordinate with FGFs to induce the hepatic gene program 28 (Figure 3). Overall, the 

spatial and temporal pattern of mesodermal signals shapes the early fates of liver and 

pancreas in the bipotential progenitors, restricting pancreatic primordial cells in a region 

of low BMP and FGF activity. In other words, the mesodermal signals repress the 

“default” pancreas fate in the pro-hepatic region. In support of this theory, the ventral 

pancreatic induction in mouse embryos that are homozygous mutants for the 

hematopoietically expressed homeobox gene (Hhex) are found to be completely blocked 

while the hepatic induction is preserved. Hhex expression promotes the proliferation of 

progenitor cells residing in foregut endoderm, which leads to the escape of presumptive 

pancreatic progenitor cells from hepatic inducing region. Significantly, when Hhex-/- 

endoderm is excised and cultured in vitro, the pancreatic program is expressed[30]. 

Epigenetic studies also confirm this “default pancreas fate” even prior to the fate choice 

between pancreas and liver by the cell signalling network. In the early-stage endodermal 

cells, the activating histone mark H3K9acK14ac is enriched in the regulatory elements of 

Pdx1, the master transcription factor in pancreas fate decision, while it is under-

represented in the regulatory elements of all liver-specific genes. Correspondingly, the 

repressive histone mark H3K27me3 is also enriched at the Pdx1 promoter while being 

poorly represented in liver-specific elements [31]. This bivalent marked pattern is 

reminiscent of the unique histone modification pattern of embryonic stem (ES) cells. 
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Therefore, the pancreatic genes are “poised” to be activated rapidly while the activation 

of hepatic genes needs more force from regulatory factors.  

 

Figure 3. Inducing signals from cardiac mesoderm and septum transversum mesenchyme 

that pattern the liver and ventral pancreas domains. Adapted from “Pioneering factors, 

genetic competence, and inductive signaling: programming liver and pancreas 

progenitors from the endoderm”, by K. S. Zaret, et al. Cold Spring Harb Symp Quant 

Biol, 2008. 73:119-126 

 

 

After the partitioned pancreatic and hepatic regions are established, the respective 

progenitor cells initiate distinct gene expression programs and simultaneously receive 

stimulatory signals from adjacent tissues that further promote their differentiation.  

 

For pancreas development, the initiation of the master transcription factor Pdx1 is still not 

clear. It is reported that the winged-helix transcription factors Foxa1 and Foxa2 co-

occupy multiple enhancers in the Pdx1 gene, serving as potential upstream regulators of 

pancreatic differentiation [32]. However, experiments reported by Oliver Krasinki and 

Stoffers [33] indicate much greater complexity in Pdx1 network. By using mice 
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homozygous for a Pdx1 hypomorphic allele, the authors identified Pdx1 as a member of 

the cross-regulatory network involving Hnf6, Foxa1, Hnf1β and Sox9. In general, Pdx1 

expression marks the specification of multipotent pancreatic progenitor cells which give 

rise to acini, ducts and endocrine cells. This process is also coordinated by Ptf1α, which 

is expressed slightly later than Pdx1 and also participates in notch signaling pathway by 

interacting with RBP-J, a key transcription factor relaying signals from all of the notch 

receptors to keep cells in an undifferentiated state [34].  

 

During later lineage diversification, Pdx1 expression becomes restricted in endocrine 

lineage while Ptf1α expression continues only in acinar lineage. This diversification also 

reflects the dynamic regulation of Ngn3, which is commonly recognized as a central 

intrinsic regulator of endocrine specification. Ngn3 expression is suppressed by notch 

signaling in exocrine specification, but Pdx1 can activate its enhancer thus to promote 

endocrine commitment in concert with the transcription factor one cut homeobox 1 

(Hnf6) 33. The activation of Ngn3 transcription is still unclear, but it is an output of the 

complex cross-regulative network of transcription factors including Pdx1, Ptf1α, Sox9, 

Hnf1β and Hnf6. The expression of Ngn3 marks an endocrine progenitor population 

scattered in the truck of the developing pancreatic ductal tree. After the endocrine 

developmental program is initiated by Ngn3, pro-endocrine cells begin to delaminate 

from the trunk epithelium involving the process of epithelial-mesenchymal transition and 

to aggregate into islets of Langerhans [35]. The downtream targets of Ngn3 include 

general endocrine differentiation factors like NeuroD1 and Islet1, lineage allocation 

factors like Pax4 and Arx and maturation factors like MafA and Foxa2.[34] The general 

endocrine differentiation factors promote proliferation and survival of endocrine 

progenitors, while the interactive balance between different lineage allocation factors 

decides the terminal differentiation cell types. Maturation factors facilitate the functional 

refinement of terminally differentiated cells without disturbing the lineage commitment 

process. Specifically, MafA serves as a critical regulator of the insulin gene, thus 

endowing the primary glucose metabolic function to β cells. (Figure 4) 
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Figure 4. Important transcription factors expressed during pancreas development. 

Adapted from “ Pancreas organogenesis: from bud to plexus to gland”, by F. C. Pan and 

C. Wright, Developmental Dynamices, 2011. 240:530-565 

 

 

For liver development, many transcription factors in pancreatic specification also play 

significant roles in early hepatic specification, underlying the close relatedness between 

liver and pancreas. But how the pancreatic program is repressed in presumptive hepatic 

region and how the hepatic program is repressed in presumptive pancreatic primordium 

remain elusive. The aforementioned Hhex which promotes proliferation of foregut 

endodermal cells, is gradually restricted in hepatic domain after the diversification of 

pancreatic and hepatic fates (about E8.5). Its continuous expression is required for 

hepatoblast delamination to invade the septum transversum mesenchyme [36], which then 

signals back to maintain the hepatic fate and to promote further differentiation. Prox1, 
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Hnf6 and OC-2 also regulate this process [37], constituting a cross-regulative network to 

stabilize hepatic program. In the epigenetic level, the alb1 locus is activated by the 

earliest hepatogenic signals. According to chromatin occupancy studies, FoxA and GATA 

factors occupy the Alb1 enhancer sites even before albumin expression in the 

undifferentiated endoderm [38]. The binding of these factors leads to displacement of 

linker histone H1 and repositioning of nucleosomes [39], thus opening the chromatin of 

liver genes to be expressed in response to inductive signals from the cardiac mesoderm or 

septum transversum (Figure 5). Hnf1β is also a crucial factor for hepatic specification, as 

Hnf1β-/- ventral endoderm fails to express any markers of hepatic parenchymal cell 

progenitors [[40]].  

 

Figure 5. Epigenetic changes of alb1 enhancer chromatin during liver induction. Adapted 

from “Pioneer factors, genetic competence, and inductive signaling: programming liver 

and pancreas progenitors from the endoderm”, by K. S. Zaret, et al. Cold Spring Harb 

Symp Quant Biol, 2008. 73:119-126 

FoxD3 engages the Alb1 enhancer in ES cells, representing a generally relative “open” 

status for ES chromatins. The specification of endoderm correlates with binding of FoxA 

and GATA transcription factors, providing a docking site for histone remodeling 

complexes. During liver induction, CpGs in the alb1 enhancer get demethylated by 

incoming chromatin remodelers, thus marking the activation of albumin gene. In contrast, 

the CpGs in the alb1 enhancer of cells in mesoderm and ectoderm become highly 

methylated, marking the silence of albumin gene. 
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In summary, the pancreas and liver contain cells with similar epigenetic memory because 

of their common embryonic origin. The different positions of primordia diverge the fate 

of those progenitor cells by different intensities of environmental cues. The complex 

signaling networks trigger different hierarchies of transcription factors, which then lead 

to proliferation, differentiation and maturation. Thereby, it may be possible to convert 

cells from hepatic fate into pancreatic endocrine fate by ectopic expression of master 

transcription factors.  

 

In this thesis, we used adenoviral vectors containing a polycistronic construct with three 

pancreatic transcription factors, Pdx1, Ngn3, and MafA (Ad-PNM for short). These three 

transcription factors were first used by Zhou et al.[41], to reprogram pancreatic exocrine 

cells into insulin-expressing cells in vivo. The choice of these factors is reasonable, 

according to the hierarchy of pancreatic transcription factors. Pdx1 functions as the 

toggle between hepatic and pancreatic fates initially, and promotes β cell lineage 

commitment later. After specification of pancreatic fate, Ngn3 expression forces an 

endocrine lineage by activating the full endocrine gene program. And finally MafA 

promotes further maturation of β cells and regulates genes involved in glucose 

metabolism. Ad-PNM is confirmed to reprogram Sox9-positive ductal cells in the adult 

liver into β-like cells in vivo [42], and the Sox9-positive cells have been debated as putative 

hepatic progenitor cells for a long time. Therefore, we used this gene combination to 

reprogram embryonic hepatic progenitor cells, and achieved high reprogramming 

efficiency compared to other cell types. 

 

Materials and Methods 

 

1. Amplification of adenoviral vector carrying transgenes and viral titer test 

 

The adenoviral vector coding three pancreatic transcription factors, Pdx1, Ngn3, and 

MafA from mouse was amplified by infecting 293 cells and then purified by cesium 
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chloride density gradient ultracentrifugation. The titer of adenoviral vector was tested 

using Adeno-X Rapid Titer Kit (Clontech). 

 

2. Organ culture of early-stage embryonic liver buds and transfection with Ad-

PNM 

 

Intact embryonic liver buds were directly isolated from E10 to E11 CD1 mice embryos 

and maintained in high-glucose Dulbecco’s Modified Eagles medium (DMEM; Gibco) 

supplemented with 1% (v/v) fetal bovine serum (FBS; Hyclone), 2mM L-glutamine 

(Gibco), 1% antibiotic-antimycotic solution (Anti-Anti; Gibco) and 0.5% gentamycin 

(Amresco) in 8-well chamber slides (BD Biosciences) precoated with fibronectin 

(Invitrogen). Each liver bud was transduced with Ad-PNM (10 μl in 300 μl medium; viral 

titer is 3.4×1010) after overnight culture for attachment. Ad-PNM was not removed until 

the fourth day when cells were fixed for immunostaining, to further ensure a thorough 

infection in the following days. 

  

Embryonic liver buds isolated from E12 CD1 mice embryos were teased with forceps 

into small pieces, and then maintained in DMEM supplemented with 0.5% FBS, 2mM L-

glutamine, 1% anti-anti and 0.5% gentamycin in type I collagen (rat tail; Millipore) - 

coated plates or matrigel (BD Biosciences) coated plate. Ad-PNM was administerated 

immediatedly after liver bud pieces were plated. 4 days after virus transduction, liver 

buds were fixed for immunostaining and total RNA was extracted from organ culture for 

quantitative reverse transcription – polymerase chain reaction (qRT-PCR). 

 

3. Attempts to repress overgrowth of mesenchymal tissues using different culture 

conditions 

 

Teased E12 embryonic liver bud pieces were maintained in keratinocyte serum free 

medium (Gibco) supplemented with 2mM L-glutamine, 1% anti-anti, 5ng/ml 

recombinant human epidermal growth factor (rhEGF; Gibco), 50ug/ml bovine pituitary 
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extract (BPE; Gibco), 0.9mM CaCl2 (medium 1) and 1% FBS (medium 2) or 1μM 

dexamethasone (Invitrogen) (medium 3). 

 

E12 liver bud pieces were also maintained in Kubota’s medium which was a 1:1 mixture 

of DMEM and Ham’s F12 (DMEM/F12; Gibco) supplemented with 20ng/ml rhEGF, 

5μg/ml human recombinant insulin (Invitrogen), 10-7M dexamethasome, 10μg/ml human 

apo-transferrin (Sigma-Aldrich), 4.4x10-3M nicotinamide (Sigma-Aldrich), 0.2% albumin 

from bovine serum (BSA; Sigma-Aldrich), 5x10-5M 2-mercaptoethanol (Sigma-Aldrich), 

2mM L-glutamine, 1% anti-anti, 1x10-10M ZnSO4 (Sigma-Aldrich), 1x10-10M Na2SeO3, 

and 7.8μM/L free fatty acid. The free fatty acid mixture is composed of 1M palmitic acid 

(Sigma-Aldrich), 1M palmitoleic acid (Sigma-Aldrich), 151mM stearic acid (Sigma-

Aldrich), 1M oleic acid (Sigma-Aldrich), 1M linoleic acid (Sigma-Aldrich) and 1M 

linolenic acid (Sigma-Aldrich) in ethanol (Sigma-Aldrich). 

 

Liver bud pieces were firstly cultured in DMEM supplemented with 0.5%FBS in 

collagen-coated plate to expand. At day 3, some tissue cultures were fixed, and others 

were changed to medium 1, medium 2 or medium 3, respectively. Medium was changed 

every day and tissue cultures were fixed at day 6, 9 and 12 for immunostaining.  

For culture in Kubota’s medium, E12 liver bud pieces were plated directly in Kubota’s 

medium in collagen-coated plate and fixed 6 days after plated for immunostaining. 

 

4. Isolation of mouse hepatoblasts or hepatocytes at different developmental 

stages 

 

Embryonic livers were isolated directly from CD1 mouse embryos at E11, E12, E13, 

E14, E15, E16, E17, E18. Livers were isolated directly from CD1 mice at postnatal day 1 

and day 7. Hepatoblasts or hepatocytes were released by disrupting liver tissues using 

pipet and dissociating them with 0.5mg/ml collagenase (Worthington) at 37◦C for 15 to 

20 min, and then were dissociated into single cells by filtering through 100um cell 

strainer (BD Biosciences). For cells isolated from E11, E12 and E13 embryonic livers, 
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after the dissociation process they were plated on matrigel-coated plates and maintained 

in Kubota’s medium. For cells isolated from E14 to E18 livers or postnatal ones, they 

were further treated with 1x red blood cell lysis buffer (BD Pharm Lyse; BD Biosciences) 

according to the manufacturer’s manual. These cells were maintained in Kubota’s 

medium. On day 2, cells got to 70% to 90% confluence and Ad-PNM was administrated 

at a multiplicity of infection (MOI) of 5000. From day 4 on, medium was changed every 

day.  

 

5. Quantitative reverse transcription – polymerase chain reaction (qRT-PCR) 

 

Total RNA from the liver bud pieces and monolayer culture of primary hepatoblasts was 

isolated using TRI reagent (Sigma-Aldrich), according to the manufacturer’s protocol. 

Extracted RNA samples were incubated in 37◦C with DNase enzyme (Promega) for 45 

min, 3 times, to achieve a complete elimination of potential residual genomic DNA. Then 

2μg RNA was used to synsthesize cDNA by SuperScript III Reverse Transcriptase, 

random primers, dNTP (10mM) and RNaseOUT Recombinant Ribonuclease Inhibitor 

(Invitrogen). The gene expression profiles between organ cultures with Ad-PNM 

administration and control 4 days after plating were compared by qRT-PCR for 

Glyceraldehyde-3phosphate dehydrogenase (Gapdh), mouse Albumin (Alb), Alpha 

fetoprotein (AFP), cEBPα, vimentin (Vim), Pdx1, Ngn3, MafA, endogenous Pdx1, 

endogenous Ngn3, Ins1, Ins2, potassium inwardly-rectifying channel subfamily J member 

11 (Kcnj11), solute carrier family 30 member 8 (Slc30a8), glucokinase (Gck), ATP-

binding cassette sub-family C member 8 (Abcc8), motor neuron and pancreas homeobox1 

(Mnx1), neurogenic differentiation 1 (NeuroD1), NK2 homeobox 2 (Nkx2.2), Nkx6.1, 

regulatory factor X 6 (Rfx6), Isl1, glucose transpoter 2 (Glut2), paired box 4 (Pax4), 

aristaless related homeobox (Arx), SRY-box containing gene 9 (Sox9), Somatostatin (Sst), 

Pancreatic polypeptide (Ppy), Glucagon (Gcg), Forkhead box A2 (FoxA2), Fgf10, GATA 

binding protein 4 (Gata4), Amylase 2a2 (Amy2a2) and Sox17. The PCR program was an 

initial denaturation at 95◦C for 30 s, following by 40 cycles of amplification which was 

denaturation at 95◦C for 5 s and then annealing and extension at 60◦C for 20 s. 
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6. Immunostaining 

 

The organ cultures were fixed with formalin (1:10 dilution, buffered; Fisher Scientific, 

Protocol) for 1 h. Then liver buds were washed three times with 0.2% TritonX-100 

(Sigma-Aldrich) in PBS (PBS-T), 5 min. After washing, liver buds were permeabilized 

with 0.5% TritonX-100 in PBS for 12 min.  

 

Hepatoblasts or hepatocytes were fixed 4 days after Ad-PNM administration or on the 

day of Ad-PNM administration with formalin for 15 min. After washing, cells were 

permeabilized with 0.5% TritonX-100 in PBS for 30 min.  

 

After blocking with PBS including 0.3% TritonX-100 and 10% normal goat serum 

(Jackson ImmunoResearch) for 1 h, samples were incubated with primary antibodies at 

4◦C overnight. Secondary antibody incubation was 1 hour at room temperature.  

 

Primary antibodies used were as follows: rabbit and goat anti-ALB (1:100 dilution; 

Bethyl Laboratories); rabbit anti-AFP (1:100 dilution; ProteinTech); rabbit anti-PDX1 

(1:1000 dilution; Millipore); rabbit anti-NGN3 (1:100 dilution; Santa Cruz 

Biotechnologies); rabbit anti-MAFA (1:100 dilution; Santa Cruz Biotechnologies); 

guinea-pig anti-Insulin (1:200 dilution; Abcam); rabbit anti-C-Peptide (1:100 dilution; 

Cell signaling); mouse anti-Vimentin (1:200 dilution; Sigma); rabbit anti-DLK1 (1:100 

dilution; Santa Cruz Biotechnology);. mouse anti-Ecad (1:100 dilution; BD Biosciences); 

mouse anti-epithelial cell adhesion molecule (EpCAM; 1:100 dilution; Santa Cruz 

Biotechnology); rabbit anti-hepatocyte nuclear factor 1 (HNF1; 1:100 dilution; Santa 

Cruz Biotechnology); rabbit anti-HNF6 (1:100 dilution; Santa Cruz Biotechnology); 

rabbit anti-sox9 (1:1000 dilution; Millipore); mouse anti-CD133 conjuated with PE 

(1:100 dilution; BioLegend); goat anti-cytokeratin 19 (1:100 dilution; CK19; Santa Cruz 

Biotechnology); mouse anti-OV6 (1:200 dilution; R&D systems); rabbit anti-cEBPα

(1:100 dilution; Santa Cruz Biotechnology). Secondary antibodies used were as follows: 
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alexa fluor 488 goat anti-rabbit IgG; alexa fluor 488 rabbit anti-mouse; alexa fluor 555 

goat anti-guinea pig IgG; alexa fluor 594 goat anti-guinea pig IgG; alexa fluor 555 goat 

anti-rabbit IgG; alexa fluor 555 donkey anti-goat; alexa fluor 647 donkey anti-rabbit IgG; 

alexa fluor 647 goat anti-mouse IgG. All secondary antibodies were used in 1:500 

dilution (Invitrogen). Images were taken on a Leica DMI6000 B inverted microscope by 

a Retiga2000 camera using iPLab. 

 

7. EdU (5’-ethynyl-2’-deoxyuridine) staining 

 

E14 hepatoblasts (~106) plated in 6-well plates were incubated with 10μM EdU for 1.5 h 

or 3 h before adding Ad-PNM for pulse staining and fixed 3 day or 5 days after Ad-PNM 

administration. Or E14 hepatoblasts were incubated for overnight with EdU 3 days after 

Ad-PNM administration and then fixed in the next day. Cells were stained for EdU 

(Click-iT EdU 488 Imaging kit; Invitrogen) and Insulin following the manufacturer’s 

instructions. Images were taken using Leica DMI6000 B inverted microscope. 

 

8. ELISA for glucose-stimulated insulin release 

 

7 days after Ad-PNM transduction, E14 hepatoblasts (100% confluence, ~ 2x106) plated 

in 6-well plates were incubated in Krebs-Ringer buffer (KRB) at 37◦C for 45 min to 

release absorbed insulin. Then cells were incubated in KRB supplemented with 2.8mM 

glucose and 20mM glucose, respectively for 45 min at 37◦C. Cells without Ad-PNM 

administration were used as control. After incubation, medium was collected respectively 

and condensed by Amicon Ultra-15 centrifugal filter units (Millipore). Cells were then 

scraped and lysed in 0.18M HCl/35% ethanol solution. After homogenization, cell were 

rotated in acid-ethanol solution overnight at 4◦C and centrifuged (12000 rpm, 5 min at 

4◦C). Then supernatant was collected as total insulin. Protease inhibitor cocktail was 

added to each sample for ELISA according to manufacturer’s manual to protect 

degradation of insulin by proteases released in tissue culture. Cell pellets were 

resuspended in 0.1M NaOH for total protein amount measurement. The concentrations of 
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medium insulin and total insulin were measured by Ultrasensitive Mouse Insulin ELISA 

kit (ALPCO), according to manufacturer’s protocol. Protein amount in the cells was 

measured by Pierce BCA Protein Assay (Thermo Scientific) accorrding to the 

manufacturer’s instructions. 

 

9. Administration of small molecules and Ad-PNM on Pdx1-GFP hepatoblasts 

 

E14~16 hepatoblasts were isolated from Pdx1-GFP transgenic mouse embryos using the 

procedures described before and plated in 24-well plates, maintained in Kubota’s 

medium. Small molecules, as described in the text, were applied to the culture 

immediately (Day 0). After incubation overnight, small molecules were removed (Day 1). 

Two days after plating (Day 2), cells were transduced with Ad-PNM at a MOI of 5000.  

 

10. Fluorescence activated cell sorting (FACS) for GFP positive cells 

 

E14~16 Pdx1-GFP hepatoblasts pretreated with small molecules and transduced with 

Ad-PNM were dissociated at day 9 with TrypLE and were collected into FACS tubes. 

Control cells without Ad-PNM transduction were used for gating. Then GFP positive 

cells were sorted with a FACS Aria. 

 

11. Cell transplantation 

 

Adult male NOD-SCID mice (2-month-old) weighting between 22g to 27g were injected 

intraperitoneally with streptozotocin (Sigma-Aldrich) at a dose of 120 mg/kg of body 

mass. After 1 week to 10 days, mice were considered as diabetic as if their blood glucose 

level elevated to a stable value over 300 mg/dl. The diabetic mice received cell 

transplantation using the following procedures: 105 GFP positive cells sorted by FACS 

were resuspended in 7μl fibrinogen solution (Sigma-Aldrich). A jelly cell pellet was 

formed after mixing 7μl cell-fibrinogen solution with 7ul trombin solution (Sigma-

Aldrich). Then the cell pellet was inserted underneath the membrane of the right kidney 
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capsule. Blood was collected from the tail vein and blood glucose levels were measured 

with a glucose meter every two days for the first two weeks, and every three days for the 

next two weeks. 4 weeks after cell transplantation, glucose tolerance experiment was 

performed and the kidney with transplanted cells was removed. Frozen slides of the 

kidney and pancreas were immunostained against insulin and PDX1. 

 

12. Glucose tolerance experiment 

 

28 days after transplantation, mice were fasted for 15 hours. The following morning the 

mice were weighed and i.p.  injected with 2 grams/kg body weight of 20% D-glucose. 

The blood glucose levels were tested at 15, 30, 60, 120 min by glucometer strip. Blood 

samples were collected from cheek bones at 15, 60, 120 min for insulin ELISA 

experiments. Blood samples were centrifuged at 4◦C, highest speed. Supernatant was 

collected, separately.  

 

Results 

 

1. Liver buds of early developmental stages can be reprogrammed by Ad-PNM 

 

After plating, liver buds become thin and flat, with mesenchymal cells and hepatoblasts 

spreading out around the attached tissues. As the Ad-PNM just infects superficial cells, 

hepatoblasts inside the 3-dimensional intact liver buds cannot be infected, which is the 

first step for cell reprogramming. Therefore, we administrated Ad-PNM 2 days after the 

organ culture was set up. The spreading monolayer hepatoblasts received the 3 pancreatic 

transcription factors and many of them began to express insulin 4 days after infection 

(Figure 6). A small proportion of cells were only positive for insulin, suggesting their 

downregulation of albumin expression. While many insulin-positive cells still expressed 

albumin, representing an intermediate state between hepatic and pancreatic lineages. It 

was also possible that the adenoviral transgenes directly activated endogenous insulin 

genes and the cells were not reprogrammed. 
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Figure 6. Hepatoblasts in intact liver buds were reprogrammed to insulin-secreting cells 

by Ad-PNM 

Hepatoblasts in E10(A) and E11(B) liver buds could be reprogrammed by Ad-PNM and 

became to secrete insulin. Scale bar is 100 μm. 

 

 

Considering survival rate and infection efficiency, we teased liver buds into fine tissue 

pieces. The survival rates of tissue pieces were significantly increased while hepatoblasts 

and mesenchymal cells rapidly spread out from the teased edges. We administrated Ad-

PNM immediately after plating because the highly proliferative mesenchymal cells 

overgrew and covered the spreading hepatoblasts in just a few hours (Figure 7), which 

substantially reduced the infection rates of hepatoblasts. Immunofluorescence for PDX1, 

NGN3 and MAFA showed cultured cells were infected by Ad-PNM and the three 

transgenes were efficiently expressed, in both hepatoblasts and mesenchymal cells. Only 

hepatoblasts marked by albumin expression and accumulated in the cell mass could begin 
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to express insulin (Figure 8). Co-localization of insulin and C-Peptide in the same cell 

indicated the reprogrammed cells did synthesize and process insulin protein, instead of 

false positive results that they absorbed insulin from the medium (Figure 9). 

 

Figure 7. Teased liver buds could be reprogrammed by Ad-PNM 

(A) Control culture without Ad-PNM infection. (B) After Ad-PNM infection, 

hepatoblasts become reprogrammed and started to secrete insulin. Scale bar is 100 μm.
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Figure 8. Infection efficiency of Ad-PNM.  

Ad-PNM infects both hepatoblasts and fibroblasts: PDX1(A), NGN3 (B), and MAFA (C). 

Infected fibroblasts were not reprogrammed as all the insulin-positive cells accumulated 

in hepatoblast mass, showing by albumin positive cells. Scale bar is 100 μm. 

 

 

Figure 9. Reprogrammed hepatoblasts also expressed C-peptide. 
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2. Gene expression profiles of reprogrammed cells  

 

Besides expression of insulin, the gene expression profiles of reprogrammed cells were 

significantly changed (Figure 10) . The expression levels of the three transgenes were 

high but not equal. The Ngn3 gene was not strongly expressed compared with Pdx1 and 

MafA, possibly resulting from an intrinsic defect in the viral construct containing 2 2A 

self-splicing peptide sequences. In addition to the significant activation of both insulin 

genes (Ins1 and Ins2), the endogenous counterpart of Pdx1 and Ngn3 were also activated, 

showing an irreversible cell reprogramming instead of transient regulation by exogenous 

transgenes. Reprogrammed cells also began to express the β cell transcription factor 

genes Mnx1, Pax4, NeuroD1, Rfx6, Arx, Nkx2.2 and Nkx6.1, indicating the transcription 

factor network was switched from a hepatic fate towards a pancreatic β cell fate. β cell 

membrane protein genes Abcc8, Gck, Kir6-2 and Glut2 were activated as well. 

Importantly, the activation of these glucose-binding proteins or channel proteins, which 

play primary roles in glucose metabolism pathways suggested a potential glucose-

responsive feature of these reprogrammed cells. Sox9 expression level was slightly 

increased, which may indicate an intermediate state in cell reprogramming process. 

Moreover, several pancreatic endocrine hormone genes Sst, Ppy and Gcg were highly 

expressed. These genes may be activated in a same reprogrammed cell, indicating an 

immature state of transdifferentiation. The other possibility was that these hormone genes 

were activated in different cells, indicating a heterogenous population of reprogrammed 

cells. Because the reprogrammed cells accounted for a minority in the unsorted samples, 

the increase in β cell gene expression profiles reflected the dramatic changes in these 

specific cells while slight decrease in hepatic markers showed the majority features. 
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Figure 10. Gene expression profile of E12 liver buds after 4 days of Ad-PNM transduction 

Gene expression profiles of E12 liver buds 4 days after isolation (light purple, Ct-Control, without Ad-PNM infection) and 4 days 

after Ad-PNM infection (dark purple, Ct-V) were compared by qRT-PCR. Gene expression levels were normalized to the Gapdh level. 

 



 

 26 

3. KSFM could reduce de-differentiation of cells in the primary culture but could 

not repress overgrowth of mesenchymal cells 

 

To get mature β cells for therapeutic purpose, the reprogrammed insulin-secreting cells 

should mimic the embryonic development of β cells where scattered immature cells 

undergo an epithelial-mesenchymal transition to delaminate from the ductal tree and to 

aggregate into the islet structure. However, the sheet of mesenchymal tissues covering 

monolayer culture of hepatoblasts may inhibit this possibility and reprogrammed cells 

remained scattered and immature. To solve the problem of overgrowth of mesenchymal 

cells, we tried different culture conditions using three keratinocyte serum-free media with 

slightly different modifications. Embryonic hepatoblasts could efficiently expand from 

teased liver pieces and vimentin expression was significantly downregulated in 12 days. 

However, mesenchymal tissues were not reduced and they occupied all the space 

between liver pieces, restricting further expansion of hepatoblasts or hepatocytes (Figure 

11, A-J). As reported before, adult mice hepatocytes could not be reprogrammed by Ad-

PNM while embryonic liver buds could be reprogrammed. Therefore we supposed the 

progenitor state of embryonic liver cells was the primary factor accounting for 

reprogramming competency. To maintain the immature progenitor state of hepatoblasts, 

we used Kubota’s medium (Figure 11-K), which has been claimed to support the 

proliferation of hepatic and pancreatic progenitor cells while mature hepatocytes or 

pancreatic cells could not survive. Compared to DMEM supplemented with FBS or the 

three modified KSFMs, the survival rates of liver bud pieces were not reduced. In 

addition, it was harder to trypsinize cells cultured in Kubota’s medium than in other 

medium, as there were more small cells which attached to plates tightly. So we decided to 

use Kubota’s medium for the  next experiment with dissociated hepatoblasts. 

 

Figure 11. KSFM could not repress the overgrowth of mesenchymal cells. 

(A) E12 liver buds 3 days after isolation, maintaining in DMEM supplemented with 0.5% 

FBS. Vimentin-expressing mesenchymal cells surrounded the extending hepatoblasts. (B-

D) After 3 days culture in 0.5% FBS DMEM, E12 liver buds were maintained in medium 
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1 for another 3 days (B), 6 days (C), 9 days (D), respectively. (E-G) After 3 days culture 

in 0.5% FBS DMEM, E12 liver buds were maintained in medium 2 for another 3 days 

(E), 6 days (F), 9 days (G), respectively. (H-J) After days culture in 0.5% FBS DMEM, 

E12 liver buds were maintained in medium 3 for another 3 days (H), 6 days (I), 9 days (J), 

respectively. (K) E12 liver buds maintained in Kubota’s medium for 9 days. Scale bar is 

100 μm. 
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4. Dissociated hepatoblasts needed to be plated in high density to reduce 

interference from overgrowth of mesenchymal cells 

 

Considering the therapeutic purpose, we decided to reprogram dissociated cells, which 

could be sorted and transplanted to rescue animals. Freshly dissociated cells from E14 

liver buds were plated in a density of 1×106 cells per well in 6-well plates. However, as 

the hepatic hematopoiesis had already been established in this developmental stage, many 

hematopoietic cells accumulated in the liver buds, and the red blood cell lysis buffer 

could not eliminate all of them. The hepatic progenitor cells accounted for only a small 

fraction of this cell culture. 3 days after plating, compact cell colonies appeared in which 

the boundaries of small cells were quite obscure (Figure 12 A-B). We supposed these 

small cell colonies were hepatic progenitor cells, probably a more immature 

developmental stage compared to hepatoblasts, and these cells could be reprogrammed by 

Ad-PNM. 7 days after plating, those colonies expanded slightly with mesenchymal 

tissues occupying the rest of the space (Figure 12 C-D). Hepatoblasts constituted the 

majority of embryonic liver buds, but the growth rate of mesenchymal cells was much 

higher than hepatoblasts. To reduce interference from overgrowth of mesenchymal cells 

and to achieve a more homogeneous culture of hepatic progenitor cells, we decided to 

plate cells in higher density. When plated in high density, monolayer cell culture 

appeared instead of the formation of cell colonies (Figure 12-E). In such monolayer 

culture, cells possess clear boundaries and a square shape, indicating their potential 

identity as hepatoblasts. 

 

Figure 12. Dissociated hepatoblasts formed colonies in low-density culture while formed 

monolayer in high-density culture 

(A-B) Dissociated hepatoblasts isolated from E14 liver buds plated in low density, 

maintained in Kubota’s medium for 3 days. (A) 10× phase, (B) 20× phase. (C-D) Low 

density hepatoblast culture maintained in Kubota’s medium for 10 days. (C) 10×, (D) 20×. 
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(E) Dissociated hepatoblasts plated in high density, maintained in Kubota’s medium for 2 

days. Scale bar is 100 μm. 

 

 

5. The competency of hepatic progenitor cells to be reprogrammed by Ad-PNM 

decreased with their maturation 

 

According to our hypothesis the immature status of hepatic progenitor cells was the main 

factor accounting for their competency to be reprogrammed, this reprogramming 

competency should decrease as the maturation of these cells. Thereby, we plated 
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dissociated cells from liver buds of different embryonic developing stages and transfected 

them with Ad-PNM. Insulin-positive cells could be found in all cultures (Figure 13 A-F). 

Some cells were shown to have insulin co-localized with AFP, indicating a transient 

status of reprogramming. Also some insulin-positive cells no longer expressed AFP, but 

were surrounded by AFP positive cells, indicating their lineage was changed and they 

probably originated from hepatoblasts. With the embryonic development, the percentage 

of AFP-positive hepatoblasts in the embryonic liver decreased, coincident with the 

decrease of reprogramming competency, confirming by decreased percentages of Insulin-

positive cells to AFP-positive cells (Figure 13-G). To achieve a highest yield of Insulin-

positive cells per well, we decided to use E14 to E15 hepatic cells for next animal 

experiment.  

 

To further specify the progenitor state of those cells capable of being reprogrammed, we 

did co-staining for insulin and hepatoblast markers and some hepatic markers which also 

served as significant regulators for pancreatic genes (Figure 14). Ecad is a typical 

hepatoblast marker, and most of the reprogrammed cells identified by insulin expression 

no longer express Ecad (Figure 14-A, E, H, M), in consistence with the result of 

downregulation of hepatic markers in gene expression profiles. The Sox9 gene is 

expressed in the early ductal plates, and SOX9-positive cells contribute to hepatic 

progenitor pool and the bile duct tree. In our study, after Ad-PNM administration, 

insulin-positive cells were never brightly SOX9 positive (Figure 14-B, C, O). As we did 

not perform Sox9 lineage tracing, we could not tell whether the SOX9-bright cells 

downregulated SOX9 expression after Ad-PNM infection or of they were resistant to 

being reprogrammed. DLK1 is a marker for proliferating hepatoblasts, and several 

DLK1-positive colonies could be found in early stage cultures. The insulin-positive cells 

were negative for DLK1 but they surrounded the DLK1-positive colonies (Figure 14-D). 

As the reprogramming effect of Ad-PNM was identified in proliferating cells, it was quite 

reasonable that DLK1-positive cells were reprogrammed and exited the cell cycle. 

EpCAM is a pan-epithelial marker in many kinds of tumors and has been identified as 

one significant marker for the progenitor state. Insulin was found co-expressed by 



 

 31 

EpCAM-positive cells (Figure 14-F), indicating their immature status. OV-6 is a marker 

for hepatic oval cells, which might be proliferating hepatic progenitors differentiated 

from potential hepatic stem cells in injured livers. And OV-6 is also expressed by 

embryonic hepatoblasts. In our experiments, OV-6 was homogeneously expressed by 

hepatoblasts, and a small proportion of cells co-expressed OV-6 and insulin after Ad-

PNM reprogramming (Figure 14-G). HNF1 (Figure 14-K) and HNF6 (Figure 14-L) are 

predominantly expressed in liver, but they also function as regulators in promoters or 

enhancers of many pancreatic genes including Pdx1. The expression patterns of HNF1 

and HNF6 were not homogeneous across the wells, and they were slightly downregulated 

in insulin-positive cells, suggesting a transition from hepatic fate to pancreatic lineage. 

Albumin was the earliest marker for the liver, but its expression was increased as the 

developmental process. With the strong expression of ALB in late-stage embryonic livers, 

hepatoblasts gradually matured into hepatocytes and the number of insulin-positive cells 

was decreased (Figure 14-N). Therefore, hepatoblasts could be reprogrammed by Ad-

PNM into insulin-positive cells while the maturation process was coincident with 

decrease of reprogramming capability. 

 

Figure 13. Competency to be reprogrammed by Ad-PNM of hepatoblasts was decreased 

as their maturation 

Hepatoblasts isolated from E11 (A), E12 (B), E13 (C), E14 (D), E16 (E), E18(F), 

respectively, was amplified in Kubota’s medium for 2 days to achieve confluence. Then 

they were infected by Ad-PNM and fixed for immunostaining 4 days later. (G) The 

numbers of insulin-positive cells and AFP-positive cells were counted in 20× 

magnification. Scale bar is 100 μm. 
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Figure 14. Insulin-positive cells downregulated or co-expressed hepatoblast markers 

(A-B) Hepatoblasts isolated from E11 liver buds could be reprogrammed into insulin-

positive cells by Ad-PNM. (C-G) E13 hepatoblasts expressed insulin 4 days after Ad-

PNM infection. (H-L) E16 hepatoblasts expressed relatively less Ecad, and EpCAM 

which were the hepatoblast markers, while expressed more albumin, indicating the 

gradual maturation during liver development. Insulin-positive cells downregulated HNF1 

and HNF6. (M-O) E18 hepatoblasts further reduced expression of Ecad, and the number 

of reprogrammed cells was reduced compared to early stages. Scale bar is 100 μm. 
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6. Characterization of initial cell populations which were capable of being 

reprogrammed 

 

Cells isolated from mice embryonic livers were a mixture of hepatoblasts, hepatocytes, 

mesenchymal cells, hematopoietic cells. After confirming the reprogramming capability 

of these cells, we characterized the initial populations by immunofluorescence (Figure 

15). Cells isolated from E11 to E13 liver buds formed compact colonies surrounding by 

mesenchymal cells. Possibly because the overall cell number of the liver buds at such 

early developmental stages was small, hepatic progenitor cells or hepatoblasts could not 

occupy the whole plates, so the rapidly proliferating mesenchymal cells expanded in the 
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rest of the space. In contrast, hepatoblasts isolated from later stages were numerous 

enough to take most of the space, thus forming a relatively homogeneous cell monolayer 

culture. The colonies of early-stage cultures and cell monolayer of later-stage cultures 

both expressed AFP, Ecad, EpCAM, OV6 and cEBPα, which are the markers for fetal 

hepatoblasts. DLK1-positive colonies could also be found in the culture, representing 

highly proliferative cell population. CK19 is a marker for the ductal biliary and hepatic 

progenitor cells in both embryonic and adult livers. CD133 is a marker for endodermal 

stem cells, and it is reported that CD133 can be used in magnetic bead sorting for hepatic 

stem cells. We could find a few CD133-positive cells forming small compact colonies in 

early-stage cultures. But such colonies could hardly be seen in later-stage cultures. As 

such potential hepatic stem cells marked by CD133 only constituted a rare population, 

compared with the high proportion of cells could be reprogrammed by Ad-PNM, we 

proposed the reprogrammed cells were not necessary to originate from CD133-positive 

cells. These were the cell populations which we supposed would give rise to 

reprogrammed β-like cells. SOX9 positive cells could be found scattered in the later stage 

cultures. In addition, these hepatoblasts also expressed albumin, which was supposed to 

be expressed in both hepatoblasts and mature hepatocytes. Towards the later stage of 

hepatic development, the AFP, Ecad and EpCAM expression were gradually decreased 

while the ALB expression was increased, showing a maturation process from 

hepatoblasts to hepatocytes. In the cell cultures of E17 to E18 stages, we found not many 

cells could survive even though a huge amount of cells were plated in the plates. It is 

reasonable as Kubota’s medium is supposed to support the growth of progenitor cells 

instead of mature cells and by then  most of the hepatoblasts have undergone maturation 

during the embryonic development 

 

Figure 15. Initial cell population of reprogramming 

E11 (A-C), E12 (D-F), E13 (G-I) hepatoblasts formed colony structures and expressed 

AFP, Ecad and sox9. Cells between colonies, which were negative for hepatoblast 

markers, were probably overgrowing mesenchymal cells. E13 hepatoblast colonies (J-Q) 

were also identified with other cell markers. (R-U) E15 hepatoblasts formed monolayer 
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culture. (V-Y) E18 cell culture exhibited reduced expression for hepatoblast markers and 

increased expression for mature hepatocyte marker albumin. Scale bar is 100 μm. 
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7. Reprogrammed dissociated liver cells exhibited similar changes in gene 

expression profiles 

 

The qRT-PCR showed after Ad-PNM transfection mice primary embryonic hepatoblasts 

started to express many pancreatic endocrine transcription factors and β cell membrane 

components (Figure 16). The overall gene expression profiles represented a similar trend 

as shown by the reprogrammed undissociated liver buds, indicating the dissociation 

process did not affect the reprogramming competency of these cells. Nevertheless, the 

reprogrammed cells did not undergo epithelial-mesenchymal transition which was the 

primary step for β cell maturation in an elongated culture for 10 days. Insulin-positive 

cells were scattered in the monolayer culture, instead of forming neoislet structures.
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Figure 16. Gene expression profile of dissociated E14 hepatoblasts 4 days after Ad-PNM transduction 

Gene expression profiles of dissociated E14 hepatoblasts 4 days after isolation without Ad-PNM infection (dark blue, Control) and 4 

days after Ad-PNM transduction (light blue, PNM) were compared in qRT-PCR. Gene expression levels were normalized to Gapdh. 
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8. Cell division stopped upon transformation by Ad-PNM 

 

It was reported that AR42J-B13 cells reprogrammed by Ad-PNM would stop 

proliferation immediately, so we would like to know whether mice primary hepatoblasts 

would continue to proliferate after reprogramming. When Ad-PNM was administrated 

after 1.5h incubation with EdU, some insulin-positive cells were found to be co-localized 

with EdU labeling (Figure 17-A). 3 days after Ad-PNM transduction while others were 

not labeled (Figure 17-B), indicating transformation could occur in both dividing cells or 

quescient cells. However, as mesenchymal tissues could not be eliminated from primary 

cell culture, many EdU-labeled cells might be mesenchymal cells instead of hepatoblasts 

or hepatic progenitor cells. In addition, when Ad-PNM was administered first, and 3 days 

or 5 days later cells were incubated overnight with EdU, most of the insulin-positive cells 

were negative for EdU (Figure 17-C). One or two insulin-positive cells were found to be 

co-localized with EdU (Figure 17-D), however, we could not conclude that some 

reprogrammed cells continued to divide, as possibly the EdU labeled cells were overlying 

mesenchymal cells.  

 

Figure 17. E14 hepatoblasts proliferation assay with EdU 

(A) E14 hepatoblasts were incubated with EdU for 1.5 hours before Ad-PNM 

administration. 3 days after Ad-PNM infection, cells were fixed and immunostained. (B) 

3 days after Ad-PNM infection, cells were incubated with EdU overnight. The next day 

cells were fixed and immunostained. (C) 5 days after Ad-PNM infection, cells were 

incubated with EdU overnight. The next day cells were fixed and immunostained. (D) 

The proportion of insulin-positive, EdU-positive, and double-positive cells per field, cell 

numbers were counted in 20× magnificance. Scale bar is 100 μm. 
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9. Reprogrammed cells did not secrete insulin in a glucose-responsive manner 

 

The most significant characteristic of mature pancreatic β cells is their glucose-

responsive insulin-secreting pattern, underlying their normal function to systemically 

regulate blood glucose level. However, even though several different protocols to derive 

β-like cells from ES or iPS cells are available, none of them can achieve a mature β cell 

state as showing glucose-response insulin secretion. In consideration of upregulation of 

many β cell glucose-sensing genes in reprogrammed cells represented by qRT-PCR data, 

we measured the total insulin amount in the cells as well as insulin amount secreted to the 

medium when cells were exposed to high glucose (20mM) or low glucose (2.8mM) 

medium. In accordance with the immunostaining results, Ad-PNM reprogrammed cells 

secreted a large amount of insulin into medium while the no Ad-PNM control cells 

secreted only a trace amount of insulin (Figure 18). The reprogrammed cells may account 

for 40% of the hepatoblast population or 20% of the total cell population, and the insulin 

amount was increased by about 10 fold compared with control. Nonetheless, these 

reprogrammed cells failed to secrete insulin in a glucose-responsive pattern, indicating 

their immature status. Based on these results, we concluded that Ad-PNM could 

reprogram hepatic progenitor cells into β-like cells, which constitutively secreted insulin 

in an unregulated pattern, similar to immature β cells. 

 

Figure 18. Reprogrammed cells failed to present glucose-responsive insulin-secreting 

pattern 

(A) E14 hepatoblasts with (P) or without (C) Ad-PNM transduction were exposed to low 

glucose medium (LG) or high glucose medium (HG). The amount of insulin secreted by 

these cells was measured by insulin ELISA. (B) The total insulin amount was measured 

by insulin ELISA. Controls were performed 9 days after isolation and experimental 

groups were performed 7 days after Ad-PNM transduction. 
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10. Reprogrammed hepatoblasts from Pdx1-GFP transgenic mice could be 

sorted by FACS 

 

Upon Ad-PNM administration, E14-15 hepatoblasts from Pdx1-GFP mice initiated 

transdifferentiation program, representing by the endogenous Pdx1 gene activation 

(Figure 19). The majority of GFP-positive cells were also insulin-positive, but not all 

insulin-positive cells were positive for GFP. As the specific amount of Ad-PNM 
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transfected in specific cells and the status of each cell were slightly different, 

reprogrammed cells which activate endogenous Pdx1 may not develop further along the 

endocrine lineage. Also, we noticed that some insulin-positive cells were not co-localized 

with GFP. This may be due to direct upregulation of insulin genes by the transgene 

products, without full reprogramming. Generally, all insulin-positive cells accumulated 

together with GFP-positive cells, indicating an inevitable step of endogeneous Pdx1 gene 

activation in cell reprogramming process. 

 

Figure 19. Endogeneous Pdx1 gene was activated after Ad-PNM transduction 

GFP and insulin expression in E14 hepatoblasts 4 days after Ad-PNM infection. Scale bar 

is 100 μm. 

 

 

11. Reprogrammed Pdx1-GFP cells could maintain normal blood glucose levels 

indiabetic mice but failed to secrete insulin in response to glucose challenge 

 

To achieve a higher percentage of insulin-positive cells in the culture, we used a 

combination of three small molecules, DAPT, NECA and BIX. Treatment with this small 

molecule cocktail could substantially increase the reprogramming efficiency. After 

getting a high percentage of reprogrammed cells, we sorted 105 GFP-positive cells by 

FACS from 107 cells. These cells were transplanted under a kidney capture of STZ-

treated diabetic NOD-SCID mice while control mice were not transplanted. The blood 

glucose levels of three control mice remained in hyperglycemia with slight fluctuation. In 

contrast, the blood glucose levels of two experimental mice which received the cell 
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transplantation decreased by more than 100 (μg/ml) in 2 days. One of the transplanted 

mice relapsed into hyperglycemia after 1 week, possibly due to death of transplanted 

cells. While the other one maintained a normal blood glucose level in about 4 weeks 

(Figure 20) . However, according to in vivo glucose tolerance results, the transplanted 

cells could not secrete enough insulin to control the blood glucose level. In 2 hours after 

glucose injection, the blood glucose level continued to escalate but dropped to a low level 

in the next day. So the transplanted cells might still be immature with no glucose-

responsive characteristic, or these cells were not enough to control the blood glucose 

level. We noticed the blood glucose level of control 2 escalated immediately after glucose 

injection but dropped to its initial level in 2 hours. One likely reason was that the β cells 

in this mouse got recovered from STZ-induced diabetes. In a similar way, we could not 

exclude the possibility that the regenerated β cells of the experimental 2 functioned to 

maintain its blood glucose level, instead of the transplanted cells. To further analyze the 

insulin-response of transplanted cells, we collected serum from mice 15, 60 and 120 min 

after glucose injection and performed insulin ELISA. The transplanted mouse did secrete 

insulin twice the amount of control mice, however, it failed to secrete in a glucose-

responsive way. It was reasonable as its blood glucose level continued to escalate in the 

whole 2 hour experiment. Possibly the amount of transplanted cells was not big enough 

to produce enough insulin into serum thus to downregulate the blood glucose level 

rapidly. We could not find any insulin-positive cells in the frozen slides of the pancreas 

isolated from this mice, indicating the downregulation of blood glucose levels was not a 

result of surviving or recovered β cells.  

 

Figure 20. Transplanted cells could rescue diabetic mice but failed to secrete insulin in 

the glucose-responsive pattern 

(A) Mice were given STZ to induce diabetes 10 days before transplantation. Cells were 

transplanted under the kidney capsule at day 0. Blood glucose levels were measured 

every 2 or 3 days. 32 days after transplantation, the kidney with transplanted cells were 

taken out to perform immunostaining. (B) Glucose responsive experiment was performed 

28 days after transplantation. Blood glucose levels were measured 15 min, 30 min, 60 
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min, 120 min after glucose solution injection. (C) Blood was collected through 

cheekbone 15 min, 60 min, 120 min after glucose solution injection. The insulin amount 

of the serum was measured by ELISA. 
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Discussion 

 

In this study, we optimized the culture conditions for reprogramming hepatoblasts 

towards a β cell lineage and showed with their maturation the hepatoblasts gradually lose 

their competency to be reprogrammed. In addition, the reprogrammed β-like cells were 

immature as they failed to secrete insulin in a glucose-responsive pattern. 

 

In previous studies in our lab, mouse primary hepatocytes were shown to be quite 

resistant to reprogramming by Ad-PNM transduction. Less than 1% hepatocytes became 

insulin-positive after Ad-PNM infection, and only Ins1 and Gcg genes were activated. In 

contrast, rat primary hepatocytes activated more β cell genes upon transduction with Ad-

PNM, perhaps because rat hepatocytes may possess a relatively looser chromatin 

landscape than mouse hepatocytes, resembling the epigenetic status of hepatic progenitor 

cells. In our project, the mouse embryonic hepatoblasts showed a significant response to 

Ad-PNM, with endogenous counterparts of the transgenes activated and many β-cell 

genes up-regulated. This suggests the developmental relatedness between liver and 

pancreas underlies a strong competency of immature hepatic progenitor cells to be 

reprogrammed by Ad-PNM.  

 

In addition, our lab has shown that in vivo reprogramming of liver to pancreatic cells 

occurred upon administration of Ad-PNM, and the reprogrammed cells co-expressed 

sox9 and formed duct-like structures[42]. Specifically, these cells were glucose-responsive 

but they still expressed multiple hormones, indicating an immature status.The precursor 

cells may be hepatoblast-like progenitor cells in adult liver. The oval cells are generally 

accepted as proliferating progenitor cells differentiated from potential hepatic stem cells. 

When compared to our work, the embryonic hepatoblasts were also highly competent to 

be reprogrammed, and the reprogrammed cells exhibited similar immature status of 

multi-hormonal to these in vivo reprogrammed cells. However, our reprogrammed cells 

failed to response to glucose challenge, which might be a significant defect of in vitro 

culture system. As the primary culture of hepatoblasts could not be kept for a relatively 
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long time (7 days), we could not doscover whether this reprogramming effect is transient 

or irreversible. But the activation of endogenous counterparts of the exogenous 

transgenes in these cells is an important indicator of true reprogramming. Additionally, in 

the characterization of hepatoblasts, insulin-positive cells were not SOX9-positive or 

SOX9-bright, which seems to be inconsistent with the in vivo project. There are two 

possibilities: one is that the in vivo reprogrammed cells are bile duct cells and not oval 

cells or hepatic progenitor cells; the other is that the reprogrammed cells indeed originate 

from hepatic progenitor cells, but limited knowledge of the in vivo niche and signaling 

pathways and lack of efficient methods for long-term culture of primary hepatoblasts 

meant that we could not promote the duct structure formation seen in in vitro culture. We 

did notice that insulin-positive cells accumulated near SOX9-positive cells in the early-

stage colonies but we could not confirm whether these reprogrammed cells originate from 

SOX9-positive cells and down-regulate SOX9 expression or not. To further clarify the 

identity of these competent cells, we will need to perform SOX9 lineage-tracing 

experiments. 

 

Previous reports showed in vitro transdifferentiation of liver to pancreas by 

overexpression of different pancreatic master transcription factors, including Pdx1-

VP16[43], a combination of Pdx1-VP16 and Pax4[44], a combination of Pdx1-VP16 and 

Nkx6.1[45], a combination of Pdx1 and Ngn3[46]. The subject of initial cells included 

human HepG2 (hepatoma) cells, hepatic cell lines derived from rat liver epithelial WB 

cells, human liver cells, and mouse adult hepatocytes. All of those cells could be 

reprogrammed but the reprogramming efficiencies were very low, and all the 

reprogrammed cells suffered from immaturity as lack of glucose-responsive insulin-

secretion pattern, no matter which kinds of transcription factors or initial cell types were 

used. Compared to previous research, our project significantly increased the 

reprogramming efficiency and the reprogrammed cells could maintain subdiabetic and 

stable glucose levels in STZ-treated mice for 1 month. The common problem of our 

project and previous work is the immaturity of reprogrammed cells, even though we force 

the expression of MafA which promotes the maturation process of β cells in normal 
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pancreatic endocrine development. Therefore, it will be interesting to investigate a good 

method for long-term in vitro culture of these reprogrammed cells and to combine with 

small molecules or growth factors to mimic the in vivo dynamic interactions between 

pancreatic β cells and their microenvironment.  

 

In summary, our project provides another cell source for cell therapies against diabetes, 

evident with the significant changes in gene expression profiles of cells reprogrammed 

with PNM. Taking advantage of the developmental relatedness between liver and 

pancreas, we can increase the reprogramming efficiency of Ad-PNM. Furthermore, the in 

vitro amplification of hepatoblasts could contribute to infinite cell sources for 

reprogramming. relieving the shortage of islet donors.  
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