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Direct lineage reprogramming of abundant and accessible cells into therapeutically useful
cell types holds tremendous potential in regenerativemedicine. To date, a number of different
cell types have been generated by lineage reprogramming methods, including cells from the
neural, cardiac, hepatic, and pancreatic lineages. The success of this strategy relies on devel-
opmental biology and the knowledge of cell-fate-defining transcriptional networks.
Hepatocytes represent a prime target for β cell conversion for numerous reasons, including
close developmental origin, accessibility, and regenerative potential. We present here an
overview of pancreatic and hepatic development, with a particular focus on the mechanisms
underlying the divergence between the two cell lineages. Additionally, we discuss to what
extent this lineage relationship can be exploited in efforts to reprogram one cell type into the
other and whether such an approach may provide a suitable strategy for regenerative thera-
pies of diabetes.

Cell identity is imparted by temporal and spa-
tial integration of extrinsic signals and in-

trinsic determinants. It is now well established
that cell differentiation is not only a unidirec-
tional process (Gurdon 2006; Shi et al. 2017).
The differentiated state can be unlocked and
cells can be forced to change identity, either to
revert to a pluripotent state or to adopt another
differentiated identity, so-called lineage repro-
gramming (Gurdon 2006; Shi et al. 2017). De-
fining the mechanisms that allowmature cells to
switch identities is not only leading to an im-
proved understanding of developmental pro-
cesses and disease pathogenesis but it is also
opening doors to cellular replacement therapies

(Heinrich et al. 2015; Tanabe et al. 2015; Xu et al.
2015). For instance, such ability to adopt an
alternative fate can be harnessed therapeutically
to generate damaged or lost cells for regenerative
medicine.

Lineage reprogramming is conceptually at-
tractive in regenerative medicine, providing an
alternative approach with a relatively lower risk
of tumorigenesis when compared to the use of
pluripotent stem cells (Cohen andMelton 2011;
Xu et al. 2015). It also provides the opportunity
to directly convert cells in situ, which is relevant
in certain regenerative strategies (Heinrich et al.
2015). Finally, lineage reprogramming strategies
can be designed to use abundant and easily ac-
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cessible autologous patient-derived cell types as
a source, like skin or liver biopsies, which would
tremendously facilitate the clinical application.

Successful experimental strategies for repro-
gramming of one specialized cell type into an-
other are inspired by embryonic development
(Heinrich et al. 2015; Tanabe et al. 2015; Xu
et al. 2015). These approaches are typically
based on the ectopic expression of defined tran-
scription factors (TFs), which are necessary for
the acquisition of the desired cell fate. Also, an
embryological origin that is common to both the
cellular source and desired cell types might fa-
cilitate the fate switch (Heinrich et al. 2015; Ta-
nabe et al. 2015; Xu et al. 2015).

Particularly relevant in this context are the
so-called pioneer TFs, which act as master reg-
ulators of cell fate during normal development
via their interaction with chromatin and in co-
operation with lineage-specific TFs, including
FoxA, GATA4, C/ebpα, Ascl1 (Morris 2016).
Often, reprogramming strategies are based on
the combination ofmultiple TFs to superimpose
the program of the desired cell type; such com-
binations can either facilitate stepwise conver-
sion from a progenitor to a mature state, for
example with one TF being involved in the ini-
tial fate specification and the other one in sub-
sequent maturation, or alternatively one of the
TFs might act as a repressor to erase the original
cellular identity (Heinrich et al. 2015; Tanabe
et al. 2015; Xu et al. 2015). Finally, developmen-
tal factors acting at the branchpoint between
alternate lineages appear also particularly suit-
able for lineage reprogramming (Tanabe et al.
2015; Cerdá-Esteban et al. 2017).

The liver represents an ideal cellular source
for generating pancreatic cells through lineage
reprogramming because of the close develop-
mental origin between the two organs but also
because of its regenerative ability and accessibil-
ity (Si-Tayeb et al. 2010; Zaret 2016; Michalo-
poulos 2017). It might be potentially clinically
feasible to reprogram ex vivo human hepatic
biopsies and transplant them back into the
same patient, allowing the diabetic patient to
be the donor of her/his own healthy tissue. Be-
sides a common developmental origin, the two
organs share many features also in adult life,

including a common set of TFs and metabolic
properties (Zaret and Grompe 2008). Moreover,
as a result of these similarities, they represent a
remarkable example of intercellular plasticity
persistent throughout adulthood (Shen et al.
2003; Zaret and Grompe 2008). For instance,
occurrence of hepatic foci has been reported in
the pancreas of rodents upon injury, in response
to special dietary regimens (e.g., copper deple-
tion-diet), carcinogens, or extracellular cues, as
well as in rare human pancreatic cancers, such as
hepatoid carcinomas (Rao et al. 1989; Krakow-
ski et al. 1999; Grompe 2003; Shen et al. 2003).
Similarly, the emergence of cells displaying a
pancreatic phenotype in the liver, with expres-
sion of pancreatic gene markers, has been re-
ported in experimental animal models (Rao
et al. 1986; Shen et al. 2003; Shanmukhappa
et al. 2005) or human liver cancers, particularly
cholangiocarcinoma (Banales et al. 2016).

We review here the molecular and cellular
mechanisms underlying the acquisition of pan-
creatic and hepatic cell identities from endo-
derm progenitors, focusing in particular on the
divergence between the two lineages. We also
discuss how this knowledge has been applied
in the context of lineage reprogramming and
summarize past and current efforts to induce
the generation of insulin-producing β cells
from liver cells. We draw mainly from findings
in the mouse model that are also conserved in
other model organisms, including in humans.

THE LIVER AND PANCREAS: STRUCTURE
AND FUNCTIONS

The liver and pancreas are essential regulators of
the systemicmetabolism in vertebrates. The liver
performs a wide range of metabolic functions,
such as nutrient processing, maintenance of
blood metabolites and protein concentrations,
as well as life-saving detoxification processes
(Abdel-Misih and Bloomston 2010). Several
cell types of different embryological origin, in-
cluding hepatocytes, biliary epithelial cells, stel-
late cells, Kupffer cells, and liver sinusoidal
endothelial cells, compose the liver. The hepa-
tocytes are the major component of the organ
and operate in anatomical units termed lobules
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that are radially polarized by blood flow and
morphogens (Abdel-Misih and Bloomston
2010). Within this microenvironment, hepato-
cytes subspecialize based on their position along
the porto-central axis of the liver lobule into
either “periportal” or “perivenous” hepatocytes,
in a phenomenon called “liver zonation” (Ben-
Moshe and Itzkovitz 2019). For example, hepa-
tocytes in the region adjacent to the portal veins
are metabolically active and involved in choles-
terol synthesis, fatty acid oxidation, and bile acid
production, while the hepatocytes in the region
around the central vein are the major effector of
glycolysis and xenobiotic metabolism (Ben-
Moshe and Itzkovitz 2019).

The adult pancreas is a gland composed of
exocrine and endocrine tissues with divergent
metabolic functions (Klatt and Kumar 2015).
The exocrine pancreas produces and secretes
digestive enzymes, which are transported to
the duodenumvia a networkof pancreatic ducts,
while the endocrine cells produce the hormones
regulating glucosemetabolism and homeostasis,
including glucagon and insulin (Klatt and Ku-
mar 2015). Hormone-secreting endocrine cells
cluster together to form the pancreatic islets, also
known as islets of Langerhans, whereas in the
exocrine compartment acinar cells are organized
in functional units along the ductal network
(Spagnoli 2007). The endocrine islets consist of
mostly insulin-producing β cells (∼60% in hu-
mans) and glucagon-producingα cells (∼30% in
humans), with the remaining 10% made up of
δ cells, γ or pancreatic polypeptide (PP) cells, and
ε cells (Spagnoli 2007; Romer and Sussel 2015).

The importance of liver and pancreas for
human physiology and health is reflected in
the severity of the diseases associated with the
two organs, including chronic liver disease,
cancer, and diabetes mellitus. End-stage liver
diseases as well as diabetes are incurable condi-
tions, often life threatening, and represent huge
socioeconomic burdens, stressing the need for
novel regenerative therapies to treat them (Ab-
del-Misih and Bloomston 2010; Stanger and
Hebrok 2013; ADA 2014; Michalopoulos 2017;
Sneddon et al. 2018).

Because of the close embryonic origin and
intercellular plasticity between the two cell

types, targeting liver cells to generate insulin-
producing cells through lineage reprogramming
strategies has emerged as a valuable approach.
Moreover, the high regenerative ability and ac-
cessibility of the adult liver (Michalopoulos
2017) make it an ideal renewable source of
new β cells, whereas the opposite is not con-
ceivable, being the pancreas in an inaccessible
anatomical location and characterized by a very
limited capacity for regeneration (Stanger and
Hebrok 2013; Klatt and Kumar 2015).

THE LIVER AND PANCREAS ARE
DEVELOPMENTALLY RELATED

Many excellent and comprehensive reviews have
been written on the cellular and molecular
mechanisms underlying pancreas and liver de-
velopment separately (Duncan 2003; Gittes
2009; Si-Tayeb et al. 2010; Pan and Wright
2011; Shih et al. 2013; Romer and Sussel 2015;
Zaret 2016), here we mostly focus on the mech-
anisms underlying the divergence between the
two lineages. Fate mapping and lineage tracing
experiments in different vertebrate models have
shown that liver and pancreas are both deriva-
tives of the endodermal germ layer and arise
from cells of the posterior foregut (Deutsch
et al. 2001; Tremblay and Zaret 2005; Zorn and
Wells 2009; Angelo et al. 2012). In the mouse,
hepatic and pancreatic organ domains become
specified around embryonic (E) day 8.5 from
two distinct domains in the posterior foregut,
one located dorsally and the other ventrally
(Zorn and Wells 2009). The dorsal foregut en-
doderm will give rise to pancreatic tissue only,
while the ventral foregut endodermharbors pro-
genitors of the liver, pancreas, gallbladder, and
bile ducts (Fig. 1; Zorn and Wells 2009).

Although pancreatic progenitors arising
from the dorsal and ventral foregut are exposed
to different signaling environments and receive
different instructive cues, they form two organ
rudiments, which fuse during later development
to form a single organ, and give rise to func-
tionally indistinguishable pancreatic cell types
(Spagnoli 2007; Gittes 2009). To date, very little
differences in the cellular composition of pan-
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Figure 1. Specification of the hepatic and pancreatic organ domains. (A) Sagittal view of a mouse embryo at E8.5.
The endoderm (light beige) receives inductive signals from neighboring mesodermal tissues (septum trans-
versum mesenchyme, cardiac mesoderm, somites, notochord). Consequently, hepatic (orange) and ventral
pancreatic (green) organ domains form in the ventral foregut endoderm and a dorsal pancreatic (green) pro-
genitor domain in the dorsal foregut. (B) Schematics of the factors controlling fate specification of the dorsal
pancreatic endoderm. Activin and FGF2 secreted by the notochord repress expression of Sonic hedgehog (Shh) in
the presumptive dorsal pancreatic endoderm, which in turn allows Pdx1 expression (Hebrok 2003). Pdx1
expression is further promoted by retinoic acid from the somites (Gittes 2009). (C) Schematic overview of the
factors controlling the fate specification of hepatic and ventral pancreatic endoderm. Fibroblast growth factors
(FGFs) secreted from the cardiac mesoderm and bone morphogenetic proteins (BMPs) produced by the septum
transversum mesenchyme promote hepatic fate in the anterior ventral foregut, while suppressing ventral pan-
creatic identity (Zaret 2016). In the posterior ventral foregut, extrinsic signaling cues, such asWnt5a (Rodríguez-
Seguel et al. 2013), and cell-intrinsic transcriptional regulators, such as Tgif2 (Cerdá-Esteban et al. 2017),
establish ventral pancreatic identity while suppressing hepatic fate. Subsequently, specified organ domains
turn on hepatic (Albumin) or pancreatic marker genes (Pdx1). Slit ligands from the overlying mesenchyme
bind to Robo2 receptors expressed in the ventral pancreatic endoderm and facilitate the maintenance of pan-
creatic identity (Escot et al. 2018).
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creatic tissues of dorsal or ventral origin have
been identified (Spagnoli 2007).

In the posterior ventral foregut, hepatic and
pancreatic progenitors develop in close proxim-
ity to one another and express a set of common
TFs, such as Prox1, Hhex, and members of the
FoxA andGata families (Sosa-Pineda et al. 2000;
Bort et al. 2004;Watt et al. 2007; Zorn andWells
2009; Zaret 2016). Fate mapping and lineage
tracing experiments in mouse and fish, respec-
tively, have supported the notion that both he-
patic and pancreatic progenitors arise from a
common bipotent progenitor domain in the
ventral foregut and gradually segregate into lin-
eage restricted progenitor populations as devel-
opment progresses (Deutsch et al. 2001; Chung
et al. 2008; Angelo et al. 2012). Yet, defining the
precise nature of this population as well as the
temporal dynamics of the segregation require
more comprehensive in vivo analyses.

The first identifiable ventral pancreatic pro-
genitors in the mouse emerge at the posterior
end of the ventral foregut, a region called the
foregut lip, while hepatic progenitors become
specified more anteriorly in close proximity of
the developing heart and septum transversum
mesenchyme (Deutsch et al. 2001; Angelo
et al. 2012). Within the next 24 hours of devel-
opment, dorsal and ventral hepatopancreatic
organ domains form morphologically distinct
organ buds and grow into the surrounding mes-
enchymal tissue (Figs. 1 and 2; Spagnoli 2007).
Between E9.5 and E10.5, the ventral pancreatic
organ domain undergoes furthermorphological
changes and separates into two distinct buds,
which subsequently give rise to pancreatic and
biliary tissues, respectively (Figs. 1 and 2; Spence
et al. 2009; Uemura et al. 2010).

Studies over the last two decades have begun
to uncover the mechanisms by which a putative
homogenous progenitor population within the
ventral foregut endoderm segregates into dis-
tinct hepatic and pancreatic organ domains
and how cells acquire lineage-specific fates.
Experiments done using explant cultures of
E8.0–8.5 mouse endoderm identified fibroblast
growth factor (FGF) signaling molecules re-
leased from the cardiac mesoderm and bone
morphogenetic proteins (BMPs) from the sep-

tum transversum mesenchyme as necessary for
hepatic fate specification (Deutsch et al. 2001;
Rossi et al. 2001; Wandzioch and Zaret 2009).
In the absence of these prohepatic signals, ven-
tral foregut cells appeared to undertake a pan-
creatic differentiation program, referred to as the
“default fate” of this foregut region (Deutsch
et al. 2001; Zaret 2016).

Studies in different vertebrate models high-
lighted a role for Hedgehog signaling in restrict-
ing pancreatic progenitor population size and
location, but interestingly this pathway is not
modulated in the ventral foregut and does not
seem to antagonize ventral pancreatic fate there
(Hebrok 2003). FGF10 signaling has been well
characterized for its roles in growth and differ-
entiation of pancreatic progenitors in the mouse
(Bhushan et al. 2001) and was also reported for
being essential in lineage segregation between
hepatic, pancreatic, and biliary tissues in zebra-
fish (Dong et al. 2007). Notch signaling has also
been involved in this fate decision; specifically,
its downstream effector Hes-1 is required for
gallbladder formation andHes1 genetic ablation
promotes the conversion of biliary tissue into
pancreatic fate in the mouse embryo (Sumazaki
et al. 2004; Fukuda et al. 2006).

Recent RNA-seq analysis of hepatic and
pancreatic progenitors isolated frommouse em-
bryos at the time of their lineage divergence has
provided further insights into intrinsic and ex-
trinsic factors regulating the fate decision pro-
cess (Rodríguez-Seguel et al. 2013). Many
unique progenitor receptor–ligand signatures
have been unveiled from these data sets, includ-
ing noncanonical Wnts and Slit/Robo signaling
(Rodríguez-Seguel et al. 2013; Escot et al. 2018).
Specifically, noncanonical Wnt ligands and re-
ceptors have been found enriched in foregut and
pancreatic progenitors, while absent in hepato-
blasts, and to control the lineage segregation by
favoring the acquisition of pancreatic fatewithin
the ventral foregut (Rodríguez-Seguel et al.
2013). More recently, the Slit/Robo guidance
pathway has been shown to establish a pro-
pancreatic niche to preserve pancreatic identity
in cells of the mouse ventral foregut (Escot et al.
2018). Consistently, in the absence of theRobo1/
2 receptors, progenitor cells with hepatic
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Figure 2. Organogenesis of the liver and pancreas. (A–D) Schematic representation of the developing hepato-
pancreatic organ systems in the mouse embryos at the indicated stages. The liver grows dramatically during this
developmental time window, forms characteristic hepatic chords, and invades the surrounding septum trans-
versum mesenchyme. Dorsal and ventral pancreatic organ domains form epithelial buds and expand into the
surrounding mesenchyme. The ventral pancreatic organ domain (A–C) eventually gives rise to gallbladder,
common duct, and ventral pancreas (D). (A0–D0, A00–D00) Representative immunofluorescence stainings of the
hepatopancreatic organ system at E9.0 (A0, A00), E9.5 (B0, B00), E10.0 (C0, C00), or E11.5 (D0, D00) either in whole-
mount (A0–D0) or on cryosections (A00–D00). Prox1 (red) marks all hepatopancreatic tissues, Pdx1 (blue) marks
ventral and dorsal pancreas, and Sox17 (green) marks ventral pancreas, gallbladder, and endothelial cells.
Staining for Ecad (red,D0) defines all epithelial tissues. (cd) commonduct, (da) dorsal aorta, (dp) dorsal pancreas,
(gb) gallbladder, (ht) heart, (lv) liver, (splm) splanchnic mesoderm, (stm) septum transversum mesenchyme,
(vp) ventral pancreas. Scale bars, 100 µm.
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features were found within the ventral pancreas
(Escot et al. 2018).

Overall, the experimental manipulation of
the developmental signals identified so far re-
sults in a shift in the balance between hepatic
and pancreatic progenitor domains, underlining
the important cellular plasticity in this embry-
onic territory. Further studies are needed to bet-
ter define the source of these signaling factors
and whether the surrounding mesenchyme ad-
jacent to the pancreatic endoderm is the same as
the one next to the hepatic endoderm or wheth-
er a separate mesenchyme migrates to surround
and guide pancreatic differentiation.

Besides the fine tuning of multiple signaling
pathways, mouse mutant studies indicated the
relevance of a subset of transcriptional regula-
tors in ventral foregut cells (Zorn and Wells
2009). For instance, genetic ablation of Hhex,
Onecut1 (also known as Hnf6), or Hnf1β in
the mouse embryo resulted in concurrent phe-
notypes affecting ventral foregut derivatives, in-
cluding malformations or developmental delay
in liver, biliary, and ventral pancreas organogen-
esis (Clotman et al. 2002; Bort et al. 2004; Hau-
maitre et al. 2005; Hunter et al. 2007).

Recent work on the TF Sox9 has established
a first connection between the intrinsic tran-
scriptional program and extrinsic signaling
molecules. Specifically, Seymour et al. showed
that the deletion of Sox9 in pancreatic progeni-
tors leads to the loss of pancreatic cell identity
and gain of the hepatic one (Seymour et al.
2012). This is because of the down-regulation
of Fgfr2b expression, which in turn is required
for transducing FGF10 mesenchymal signals
(Seymour et al. 2012). Likewise, genetic ablation
of the TALE-homeodomain transcriptional reg-
ulator TGIF2 in the mouse endoderm resulted
in ventral pancreas hypoplasia and a concurrent
increase in liver bud size (Cerdá-Esteban et al.
2017). TGIF2 acts as a transcriptional co-
repressor for TGFβ/BMP-activated Smads and
is specifically expressed in ventral pancreatic pro-
genitors at early developmental stages, possibly
defining a cell-autonomousmechanism to local-
ly repress prohepatic BMP signaling (Cerdá-
Esteban et al. 2017). Additionally, genetic
ablation of Sox17 in the mouse foregut endo-

derm resulted in gallbladder agenesis and the
emergence of ectopic Pdx1-positive pancreatic
cells in the liver bud and common duct (Spence
et al. 2009; Uemura et al. 2010).

Although the precise hierarchy of signaling
events leading to the separation of the ventral
foregut endoderm into hepatic, biliary, and
pancreatic tissues is not yet established, the
aforementioned studies underscore the intricate
relationship between cells of the ventral foregut.
Such cellular plasticity within the ventral foregut
has also been highlighted by recent single-cell
(sc)-RNA-seq analyses, pinpointing to interme-
diate progenitor states with the potential to give
rise to the pancreas as well as to the hepatobili-
ary tract (Li et al. 2018). Future genetic lineage
tracing experiments combined to further single-
cell transcriptomics are required to establish the
exact lineage relationship existing between the
two cell types and the extent of plasticity.

Importantly, human genetic syndromes,
such as the Martínez-Frías syndrome (Martí-
nez-Frías et al. 1992), Mitchell–Riley syndrome
(Mitchell et al. 2004), as well as a number of
congenital human defects featuring multiorgan
phenotypes (Ashraf et al. 2005; Galán-Gómez
et al. 2007; Chappell et al. 2008), suggest an in-
tertwined development of ventral foregut deriv-
atives in humans, like in the mouse. Most of
these human genetic disorders are caused by
autosomal recessive genetic defects of unknown
etiology and usually present a combination of
gallbladder agenesis, intestinal atresia, duodenal
malrotation, and pancreatic hypoplasia. In some
cases, including the Mitchell–Riley syndrome,
patients also suffer from neonatal diabetes. It is
possible that gene defects affecting proper line-
age segregation of common ventral foregut pro-
genitors toward hepatic, pancreatic, and biliary
fates underlie these congenital malformations.
Conservation of these developmental processes
in the human embryo is also supported by recent
transcriptome analyses, which revealed many
gene expression signatures in common between
human and mouse pancreatic and hepatic pro-
genitors (Jennings et al. 2017; Petersen et al.
2018; Ramond et al. 2018).

In sum, the mechanistic and temporal
events underlying hepatic and pancreatic fate

Reprogramming Liver into Pancreas

Cite this article as Cold Spring Harb Perspect Biol 2020;12:a035626 7



acquisition within the ventral foregut remain
incompletely understood. A comprehensive
molecular and cellular characterization of the
bipotent potential of ventral foregut cells in
vivo at the single-cell level is still missing as
well as the identity of its surrounding microen-
vironment is elusive.

REGENERATIVE THERAPEUTIC
APPROACHES TO TREAT DIABETES

Diabetes is a chronic, metabolic disease that af-
fects over 420 million people worldwide (ADA
2014). Type 2 diabetes (T2D) is the most com-
mon form of the disease, it develops during
adulthood and is characterized by β cell dysfunc-
tion, insulin resistance, and metabolic stress,
which eventually lead to a β cell mass reduction
(Ashcroft and Rorsman 2012;Weir and Bonner-
Weir 2013). Type 1 diabetes (T1D) is an autoim-
mune disorder characterized by the specific im-
mune destruction of pancreatic β cells, which
leads to insufficient production of insulin and
hyperglycemia (Weir and Bonner-Weir 2013;
Pociot and Lernmark 2016). Loss (T1D) or dys-
function (T2D) of insulin-producing cells result
in impaired control of glycemia, which leads to
long-term complications, such as retinopathies,
kidney failure, and heart attacks, that ultimately
reduce life expectancy (Weir and Bonner-Weir
2013).

Despite the availability of insulin as a treat-
ment to temporarily restore the glucostasis in
diabetic patients, this remedy is unable to avoid
either the acute dangers of hypoglycemia or the
long-term complications of hyperglycemia.
Current efforts in regenerative medicine aim at
restoring glycemic control in diabetic patients
either by replacing β cells or by preserving or
enhancing the remnant endogenous β cell
mass (Fig. 3; Ellis et al. 2017; Sneddon et al.
2018). So far, among these different approaches,
the replacement of β cells by whole-organ or
pancreatic islets transplantation have been suc-
cessful in achieving glycemic control in diabetic
patients (Cogger and Nostro 2015; Shapiro et
al. 2017). Islet transplantation when combined
with proper immunomodulatory regimens leads
to insulin independence for 5 years in at least

25% of patients in certain specialized centers
(Cogger and Nostro 2015; Shapiro et al. 2017;
Sneddon et al. 2018). Thus, the proof-of-con-
cept for cell replacement therapy in T1D has
been laid down. However, this approach is
extremely limited by the scarcity of cadaveric
donor tissue and the high risks linked to immu-
nosuppressive regimens. Establishing a renew-
able source of insulin-producing cells that can
be used in transplantation would eliminate the
reliance on cadavers and permit the broad
application of these therapies. Moreover, if the
cellular source could be autologous in origin
(from the same patient), this would help to ad-
dress the adverse consequences of the immune
response normally triggered by the transplanted
tissue (Sneddon et al. 2018).

Efforts into establishing an insulin-produc-
ing cell supply from human pluripotent stem
cells or different somatic cell types have seen
promising advances over the past decade. Also,
a first clinical trial has been launched by the
company Viacyte based on human ESC-derived
pancreatic endoderm cells (#NCT03163511).
Moreover, significant efforts are directed toward
defining strategies on how to protect transplant-
ed cells from the body’s immune response either
by improving immune modulation or by encap-
sulation devices. Excellent reviews have been
written on the current state-of-the-art in β cell
replacement relying on stem-cell-derived cells
(Cogger and Nostro 2015; Johnson 2016; Ellis
et al. 2017; Sneddon et al. 2018); here, we review
instead efforts aimed at generating β-like cells
through direct lineage reprogramming, especial-
ly from liver cells.

Reprogramming of Somatic Cells
to a Pancreatic β Cell State

Lineage reprogramming potentially offers a cure
for diabetes (Cohen and Melton 2011; Heinrich
et al. 2015). The discovery of a high degree of
cellular plasticity in the adult pancreas has in-
deed reinvigorated this field, and several studies
have pointed to pancreas-resident cells as poten-
tial sources for new β cells (Fig. 3; Cavelti-Weder
et al. 2015; Heinrich et al. 2015). Seminal work
from Melton and colleagues provided the first
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evidence that pancreatic acinar cells can be di-
rected to acquire a β cell phenotype upon in vivo
forced expression of the TFs Pdx1, MafA, and
Ngn3 (hereafter referred to as PMN), which are
key developmental regulators of β cell fate (Zhou
et al. 2008). Since then, the same triplet of genetic
factors has been applied to convert multiple cell
types into β-like fate, including pancreatic ducts
(Wang et al. 2018), as well as nonpancreatic cell
types, enteroendocrine cells (Chen et al. 2014;
Ariyachet et al. 2016), liver cells (Banga et al.
2012), and gallbladder cells (Wang et al. 2016;
Galivo et al. 2017). Given the close origin and
common endocrine functions (Pan and Wright
2011; Romer and Sussel 2015), fate interconver-
sion between pancreatic islet cells has also been
extensively explored by various groups (Brams-
wig et al. 2013; Courtney et al. 2013;Wilcox et al.
2013; van der Meulen and Huising 2015; Chera
and Herrera 2016; Chakravarthy et al. 2017; Fu-
ruyama et al. 2019). Nevertheless, the pancreas
resides in an anatomically inaccessible location,
making both exocrine and islet cells a poor cel-

lular source for ex vivo reprogramming followed
by cell-replacement approaches. Thus, an alter-
native approachwithmore immediate therapeu-
tic applications might be to use other cellular
sources, which aremore easily accessible outside
of the pancreas (referred here to as interorgans
reprogramming) (Fig. 3).

An in vivo reprogramming screen based on a
transgenic mouse model, which allows doxycy-
cline-regulated expression of the PMNTFs in all
tissues, identified the enteroendocrine cells of
the gut as a putative source of insulin-producing
cells (Chen et al. 2014).More recently, Zhou and
colleagues showed that the enteroendocrine
cells resident in the stomach undergo conver-
sion into insulin-positive cells upon PMN over-
expression more efficiently than the intestinal
ones (Ariyachet et al. 2016). Moreover, the en-
teroendocrine cells in the intestinal crypts have
been shown to respond to Foxo1 ablation in vivo
in themouse by inducing ectopic insulin expres-
sion, even though they retain intestinal proper-
ties (Talchai et al. 2012).

Differentiation
from PSC

A B C D
PSC

Liver

Gallbladder

Pancreas Intestine

Stomach
Pancreatic

ducts

Acini

Islet of
Langerhans

Acinar cell Duct cell

Endogenous β cell

+++

+++

α CellHepatocyte Bile duct cell Enterocyte Gastric cell

DE

FG

PP

EP

β-Like cell Induced β-like cell Induced β-like cell

Interorgans
Lineage reprogramming

Intraorgan
Proliferation

of β cells

Figure 3. Cell-replacement strategies for treating diabetes. Schematic representation of different approaches to
generate de novo β cells to restore the glycemic function in the context of diabetes. A β-like cell state can be
induced through (A) differentiation from pluripotent stem cells, (B) direct lineage reprogramming of endoderm-
derived cell types (liver, gallbladder, intestine, and stomach), or (C) other pancreatic cell types (acinar cells, duct
cells, endocrine α cells). Alternatively, the proliferative capacity of the endogenous β cells could be reawakened to
replenish the pool of insulin-secreting cells. (PSC) pluripotent stem cells, (DE) definitive endoderm, (FG)
foregut, (PP) pancreatic progenitor, (EP) endocrine progenitor.

Reprogramming Liver into Pancreas

Cite this article as Cold Spring Harb Perspect Biol 2020;12:a035626 9



Grompe’s group reported that the gallblad-
der, which is part of the extrahepatic biliary
system and shares common development with
the ventral pancreatic rudiment, retains a certain
potential to reprogram into the pancreatic
lineage. Specifically, adenoviral-mediated over-
expression of the PMN transgene, along with
inhibition of the Hedgehog and BMP pathways,
induce endocrine molecular features both in
mouse (Wang et al. 2016) and human (Galivo
et al. 2017) gallbladder cells. Nevertheless, the
obtained cell products do not inactivate com-
pletely the gallbladder program and display
multihormonal properties.

Reprogramming of Hepatocytes into
Pancreatic Cell Types

The similarities between hepatic and pancreatic
cells together with the high regenerative ability
of the adult liver and its accessibility make the
liver a very attractive cellular source of new
β cells in the context of interorgan lineage re-
programming (Fig. 3).

To date, most of the liver-to-pancreas re-
programming efforts have relied on forcing
the expression of pancreatic TFs in hepatic cells
(Table 1). Experiments in the laboratory of
Sarah Ferber pioneered the use of an adenovi-
ral-mediated expression of Pdx1 in hepato-
pancreatic transdifferentiation (Ferber et al.
2000). This work was then expanded by her
group and others by combining Pdx1 with oth-
er pancreatic TFs (e.g., Ngn3, NeuroD1,
Nkx6.1, MafA, Pax6) and/or by supplementing
the culture medium with various small mole-
cules and growth factors in mouse and human
liver cell cultures (Table 1; Ber et al. 2003; Ko-
jima et al. 2003; Gefen-Halevi et al. 2010; Ham
et al. 2013; Nagasaki et al. 2014). Quite com-
monly these studies showed that adult liver cells
transduced with Pdx1-adenovirus in vitro are
able to produce insulin to some extent and
ameliorate the glycemic status of diabetic mice
upon transplantation (Ferber et al. 2000; Ber
et al. 2003; Sapir et al. 2005).

Despite the well-established and fundamen-
tal role of Pdx1 in pancreatic development, little
is known about its downstream transcriptional

cascade and how this TFmight work in the liver-
to-pancreas conversion. Pdx1 has been shown to
promote liver-to-pancreas conversion more ef-
ficiently in Xenopus and mouse when modified
and fused to a VP16 transcriptional activation
domain (Horb et al. 2003; Kaneto et al. 2005).
These findings suggest that Pdx1 works together
with an activator, in the context of pancreatic
progenitors, and perhaps the identification of
such a factormight help Pdx1 “reprogramming”
activity, for example, in a hepatocyte cellular
context. More recent ChIP-Seq analyses from
the Dunn’s group showed that PDX1 occupies
and binds at hepatic gene loci, not only in dif-
ferentiating human ESCs but also in HepG2
hepatoma cells (Teo et al. 2015). Consistently,
Pdx1 overexpression in hepatoma lines sup-
presses the expression of a subset of endogenous
liver genes, such as Albumin (Teo et al. 2015) as
well as Hnf1a and Hnf4a (Donelan et al. 2015).
Thus, Pdx1 might act as a context-dependent
transcriptional repressor and activator within
the same cell type, possibly explaining its activity
when overexpressed in liver cells.

In lineage reprogramming experiments,
Pdx1 is often combined with Ngn3 and MafA
(Table 1; Fig. 3). Adenoviral vectors have been
used by various groups to induce abundant ex-
pressionof thePMNtransgene invivo in the liver
as well as in vitro in hepatic cultures (Table 1).
Slack and colleagues showed that PMN overex-
pression in vivo in the liver of NOD-SCIDmice,
rendered diabetic by treatmentwith streptozoto-
cin, results in the induction of insulin-positive
cells; these cells showed amixed phenotype, dis-
playing some typical features of duct cells and
some β cell properties (Banga et al. 2012). More-
over, the induced “insulin-positive duct-like”
cells were shown to arise from a Sox9-positive
cell population, which are probably cells of the
small bile ducts (Banga et al. 2012). The PMN
transgene induces a similar partial repro-
gramming also in fetal liver cultures; but in this
context, the hepatoblasts seem more prone to
undergo reprogramming than the Sox9-positive
cells (Yang et al. 2013). Thus, PMN-mediated
reprogramming in the liver context results in
an immature and hybrid cell type, yet to be fully
characterized.
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It should be noted that the aforementioned
studies used adenoviral vectors for mediating
the expression of pancreatic TFs (Table 1). Ac-
tually, when the same TFs (e.g., Pdx1 andNgn3)
were delivered to the liver of diabetic mice using
adeno-associated virus (AAV) vectors, which
have a high transduction efficiency but lower
immunogenic potential compared to adeno-
viruses, the mice remained hyperglycemic
(Wang et al. 2007). This study went further to
show that unspecific elements of the adenovirus
capsid are required together with the pancreat-
ic TFs for inducing some insulin expression
(Wang et al. 2007). It is therefore likely that
adenoviral vectors may establish an inflamma-
tory microenvironment that is more conducive
to reprogramming, as previously suggested in
other contexts (Lee et al. 2012).

Hence, it seems that the most appropriate
route for reprogramming hepatocytes into pan-
creatic β cells has yet to be defined. To define
additional reprogramming factors and success-
ful strategies for converting hepatocytes into
pancreatic cells, we and others carried out thor-
ough analyses of developmental regulators
controlling the fate decision between the two
lineages (Rodríguez-Seguel et al. 2013; Escot
et al. 2018; Li et al. 2018). From these studies,
we found for example that TGIF2 acts as a reg-
ulator of the cell fate binary choice between liver
and pancreas (Cerdá-Esteban et al. 2017). In the
embryo, TGIF2 promotes the establishment of
the pancreatic identity at the expenses of the
hepatic one (Cerdá-Esteban et al. 2017), being
therefore a suitable candidate to induce cell con-
version. Consistently, when ectopically ex-
pressed in mouse hepatocytes in vivo and in
vitro as well as in hepatic cell lines, Tgif2 triggers
repression of the hepatic phenotype and induces
activation of a pancreatic progenitor program
(Cerdá-Esteban et al. 2017). The obtained re-
programmed cells can be further differentiated
along the pancreatic cell lineage and produce
some insulin upon transplantation in diabetic
mouse models (Cerdá-Esteban et al. 2017).
This strategy represents therefore a starting
point for achieving full conversion into mature
β cells upon combination of TGIF2 with addi-
tional TFs or modified culture conditions.

Another open question is whether all hepa-
tocytes are equally competent to undergo repro-
gramming. Alternatively, which cells in the liver
undergo reprogramming? Only few of the liver-
to-pancreas reprogramming studies performed
lineage tracing to answer this question or used
genetic tools to specifically target adult hepato-
cytes (Yechoor et al. 2009; Banga et al. 2012;
Cerdá-Esteban et al. 2017). Banga et al. (2012)
used lineage tracing to show that the cells in the
liver that respond to the PMN transgene in their
experimental set-up and acquire some β cell fea-
tures are Sox9-descendant cells. In vivo studies
based on the adenoviral-mediated expression of
Ngn3 in the liver suggested that putative progen-
itor-like cells (also known as oval cells) localized
in the periportal region can undergo fate con-
version and become insulin-positive cells (Ye-
choor et al. 2009; Li et al. 2015). In Cerdá-Es-
teban et al., Tgif2 expression was specifically
targeted in vivo to the hepatocytes by the virtue
of the AAV serotype and the use of the hepato-
cyte-specific thyroid-binding globulin promoter
(Cerdá-Esteban et al. 2017). Nevertheless, fur-
ther investigations are required to determine
whether a subset of hepatocytes is more prone
to undergo reprogramming and whether a
more plastic population could be targeted to
increase the reprogramming efficiency.

CONCLUDING REMARKS

Direct lineage reprogramming technologies are
opening new doors in regenerative medicine,
whereby the patient’s own tissue might con-
stitute a therapeutic source either by in situ tar-
geting or by in vitro genetic modification and
subsequent transplantation. However, translat-
ing these findings into clinical applications still
presents significant challenges.

First, all findings obtained in the mouse or
other models need to be validated and trans-
posed onto human model systems, which often
require important modifications of the experi-
mental strategies. Human primary cells of good
quality are not always accessible. For instance,
even though methods for hepatocyte isolation
have improved resulting into higher yields of
viable cells, to culture them in vitro and for
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long-term remains very challenging (Guguen-
Guillouzo and Guillouzo 2010). Moreover,
high-quality primary hepatocytes are primarily
reserved to the clinics for transplantation and
less available for research. At present, 3D orga-
noid cultures in combination with human
pluripotent stem cells are helping to improve
long-term culture and expansion of adult hu-
man liver cells and also to develop human liver
tissue models (Shinozawa et al. 2016). These
models will move forward the ex vivo repro-
gramming efforts in human cells or organ-like
contexts. Moreover, humanized models will
serve to perform in vivo lineage reprogramming
of human cells but also to assess the functional-
ity of reprogrammed cells before any repro-
gramming strategy can be tested in patients.

Comprehensive and standardized assays
need to be put in place to more rigorously char-
acterize the cells obtained through reprogram-
ming. Also, reprogrammed cells need to be
always compared to their in vivo counterparts
to assess how similar and interchangeable they
are. Specifically, surrogate pancreatic β cells
induced by lineage reprogramming should un-
dergo deep phenotyping at the transcriptome,
epigenome, and functional levels (e.g., insulin
content, secretion, and dynamic response to
blood glucose) (Johnson 2016). The gold stan-
dard assay commonly used for testing induced
β-like cells is their ability to counteract hyper-
glycemia upon transplantation into diabetic
mouse models (Table 1); however, the field is
reconsidering the value of a comprehensive in
vitro testing of the properties of induced β-like
cells. Moreover, it is now well accepted that not
all insulin-secreting β cells are equal (Tritschler
et al. 2017). For example, phenotyping plat-
forms should become available for single-cell
functional analysis of the generated β-like cells,
including measuring metabolic parameters and
electrophysiological properties of the cells. Im-
portantly, publicly available data sets obtained
from deep-phenotyping of human islets should
be used for benchmarking the β-like cells ob-
tained in a laboratory.

Full understanding of the basic mechanisms
behind lineage reprogramming is required for
improving the efficiency and specificity of the

process. Most of the studies reviewed here re-
ported incomplete conversion of liver cells into
pancreatic cells, generating hybrid states that of-
ten express only a subset of pancreatic genes and
fail to silence the original hepatic program (Fer-
ber et al. 2000; Ber et al. 2003; Cao et al. 2004;
Yatoh et al. 2007; Yechoor et al. 2009; Gefen-
Halevi et al. 2010; Yang et al. 2013). The activa-
tion or repression of certain genes might be
impeded by their chromatin configuration.
Thus, including in the “reprogramming factors
cocktail” pioneer TFs or epigenetic modifiers
that have the ability to trigger remodeling of
chromatin domains and recruit specific repro-
gramming factors to the target sites (Iwafuchi-
Doi and Zaret 2014)might help to enhance a full
cell identity switch. In line with this, the pioneer
factors FoxA1/2 and GATA4 have been used for
the reprogramming of fibroblasts into hepatic
cells (Huang et al. 2011; Sekiya and Suzuki
2011). Likewise, the standard pancreatic repro-
gramming cocktail could benefit from the addi-
tion of lineage-specific pioneer factors, yet to be
identified.

Single-cell technologies are offering unpre-
cedented insight into cell heterogeneity, reveal-
ing the behavior of rare cell populations that
are typically masked in bulk population analyses
(Natarajan et al. 2017; Kester and van Oude-
naarden 2018). Therefore, sc-RNA-seq ex-
periments will allow full appreciation of (1)
cellular heterogeneity during reprogramming
of hepatocytes into pancreatic cells, (2) discov-
ery of cell-state-specific genes, and (3) alterna-
tive “off-target” programs emerging during re-
programming. New experimental techniques
that combine single-cell transcriptome sequenc-
ing with genetic lineage labels or viral barcode
approaches have been developed, by which it is
possible to reconstruct lineage trajectories dur-
ing reprogramming and identify barriers or pre-
dict elements that could enhance the full con-
version (Biddy et al. 2018). Thus, insights from
sc-RNA-seq will help to increase efficiency and
precision in reprogramming approaches toward
the generation of functional pancreatic β cells.

Finally, the next step will be to combine lin-
eage reprogrammingwith tissue engineering ap-
proaches tomove from the “one-cell scale” to the

Reprogramming Liver into Pancreas
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“tissue scale.”Often, cells derived fromESC pro-
gramming or lineage reprogramming need
three-dimensional environments and proper
cell–cell interactions to complete their matura-
tion. Pancreatic organogenesis relies on the con-
tinuous interplay between pancreatic progeni-
tors and the surrounding tissues (Sakhneny
et al. 2019; Seymour and Serup 2019).Moreover,
each organ is composed of multiple cell types
within a well-organized structure, which rep-
resents an additional challenge to reproduce.
For instance, the pancreatic tissue displays a
completely different cellular organization com-
pared to the liver. Thus, the next challenge in
lineage reprogramming is to take into account
the tissue architecture and reproduce the func-
tional pancreatic tissue or islet units along with
their respective organ niche(s). This combina-
tion will have transformative impact on regen-
erative medicine.
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