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Background:One goal of diabetic regenerativemedicine is to convertmature pancreatic acinar cells into insulin-producing
cells.
Results: Ligand-bound thyroid hormone receptor � (TR�), which interacts with p85�, induces phosphatidylinositol 3-kinase
(PI3K) signaling and insulin expression.
Conclusion: PI3K signaling must be activated for TR�-induced reprogramming of pancreatic acinar cells.
Significance: TR� is critical for postnatal expansion of the �-cell mass.

One goal of diabetic regenerative medicine is to instructively
convertmature pancreatic exocrine cells into insulin-producing
cells. We recently reported that ligand-bound thyroid hormone
receptor � (TR�) plays a critical role in expansion of the �-cell
mass during postnatal development. Here, we used an adenovi-
rus vector that expresses TR� driven by the amylase 2 promoter
(AdAmy2TR�) to induce the reprogramming of pancreatic aci-
nar cells into insulin-producing cells. Treatment with L-3,5,3-
triiodothyronine increases the association ofTR�with the p85�
subunit of phosphatidylinositol 3-kinase (PI3K), leading to the
phosphorylation and activation of Akt and the expression of
Pdx1, Ngn3, and MafA in purified acinar cells. Analyses per-
formed with the lectin-associated cell lineage tracing system
and the Cre/loxP-based direct cell lineage tracing system indi-
cate that newly synthesized insulin-producing cells originate
from elastase-expressing pancreatic acinar cells. Insulin-con-
taining secretory granules were identified in these cells by elec-
tronmicroscopy.The inhibitionof p85� expressionby siRNAor
the inhibition of PI3K by LY294002 prevents the expression of
Pdx1, Ngn3, and MafA and the reprogramming to insulin-pro-
ducing cells. In immunodeficient mice with streptozotocin-in-
duced hyperglycemia, treatment with AdAmy2TR� leads to the
reprogramming of pancreatic acinar cells to insulin-producing
cells in vivo. Our findings suggest that ligand-boundTR�plays a
critical role in �-cell regeneration during postnatal develop-
ment via activation of PI3K signaling.

The formation of the pancreas and its subsequent differenti-
ation into various types of exocrine and endocrine cells during
development are controlled by the activation or repression of a

large number of genes (1). The expression of these genes is
regulated by a well organized cascade of transcription factors.
Pancreatic and duodenal homeobox 1 (Pdx1), basic helix-loop-
helix factor neurogenin 3 (Ngn3), and MafA are transcription
factors that are essential for the transdifferentiation of endo-
crine cells (1, 2). Pdx1 controls the growth and development of
the pancreatic bud;Ngn3 is required for formation of endocrine
progenitors; and MafA and Pdx1 are required for the matura-
tion of �-cells (3).

Cell differentiation type can be reprogrammed by overex-
pression of selected transcription factors, usually a subset of the
transcription factors required for formation of the relevant cell
type during normal development. Zhou et al. reported a repro-
gramming of pancreatic exocrine cells to �-like cells in vivo by
introduction of genes for the three transcription factors, Pdx1,
Ngn3, and MafA (4). Other studies have revealed that mature
cells have high plasticity in their differentiation capacity. Pan-
creatic acinar cells can transdifferentiate into endocrine cells.
Indeed, under appropriate culture conditions, dedifferentiated
acinar cells can be induced to become insulin-expressing cells
via Ngn3 expression (5). Cell lineage studies have also indicated
that pancreatic acinar cells possess sufficient plasticity to trans-
differentiate into endocrine cells.
Thyroid hormone influences various physiological pro-

cesses, including cell cycle progression and cell differentiation/
development in the vertebrate nervous system. The actions of
triiodothyronine (T3)2 are mediated through specific thyroid
hormone nuclear receptors (TR)s that function as ligand-de-
pendent transcription factors that increase or decrease the
expression of target genes (6, 7). Two TR genes located on dif-
ferent chromosomes encode four TR isoforms, designated as
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�1, �1, �2, and �3, which all bind to T3. These TRs regulate
target gene transcription by binding to specific DNA sequences
(thyroid hormone response elements on promoters. TR-medi-
ated transcription is regulated at multiple levels. In addition to
these genomic or thyroid hormone response element-mediated
effects of T3, nonnuclear or thyroid hormone response ele-
ment-independent actions of ligand-bound TR have recently
been described (8–11). These results indicate that T3 rapidly
modulates membrane potential, cellular depolarization, and
contractile activity by regulating ion flux across plasma mem-
brane ion channels.
Regarding the mechanism of transdifferentiation of pancre-

atic acinar cells, PI3K, Notch, and/or leukocyte inhibitory fac-
tor/signal transducers and activators of transcription (LIF/
STAT) signals are thought to be involved in the process, based
mainly on studies with signaling inhibitor compounds (5, 12,
13). However, the precise roles of these signals in the transdif-
ferentiation are not clear. Members of the steroid hormone
receptor superfamily, such as estrogen, vitamin D, and TRs,
cross-couple to the PI3K/Akt pathway, leading to the down-
stream activation of the PI3K signaling (14). Indeed, thyroid
hormone modulates the interaction of TR with the p85� sub-
unit of PI3K, leading to the activation of Akt and endothelial
NOS in vascular endothelial cells (11).
We have reported that intrapancreatic injection of adenovi-

rus vector that expresses TR� leads to the restoration of islet
function and an increase in the �-cell mass in immunodeficient
mice with streptozotocin (STZ)-induced diabetes (15). These
results suggest that ligand-bound TR� plays a critical role in
�-cell replication and expansion of the�-cell mass during post-
natal development. In the present study, we investigated the
physiological importance of the activation of PI3K by TR� and
the influence of TR� on the reprogramming of pancreatic exo-
crine cells to insulin-producing cells.

EXPERIMENTAL PROCEDURES

Primary Cell Culture—Immunodeficient, 4-week-old nude
mice (BALB/cAJc1-nu/nu) that were treated with 200 mg/kg
STZ (Sigma) were sacrificed, and their pancreases were
removed and digested with 1 mg/ml collagenase (Sigma). By
Ficoll gradient centrifugation, the exocrine fraction was pre-
pared as a pellet (5). Subsequently, the cells were cultured for
6 h on 35-mm culture dishes (Thermo Fisher Scientific). Float-
ing cells were collected and replated on 2-methacryloxyethyl
phosphorylcholine-coated plates (Cosmo Bio). The purified
cells were cultured in RPMI 1640 Gluta MAX-I medium sup-
plemented with 10% resin-stripped FBS (16) at 37 °C under 5%
CO2 atmosphere.
Construction of Recombinant Adenoviral Vectors—The

murine amylase2 promoter was PCR-amplified from mouse
liver genomic DNA. The PCR primers were: Amy2-KpnI-5�
(AAGGTACCGCAGGATGGCCTCAGAAGTAAGAT) and
Amy2-3�-XhoI (AACTCGAGAGTTGTCAGTGTTCTCTG-
TAGCAC) (17). The enzyme-digested promoter fragment was
ligated into the KpnI and XhoI sites of pGL3 basic vector (Pro-
mega). Pancreatic exocrine cell-specific activation of these pro-
moters has been established (17, 18) and confirmed by reporter
assay in AR42J cells, a rat pancreatic exocrine cell line (data not

shown). The FLAG-TR�1 plasmid (15) was used as the tem-
plate for cloning human TR�1 into pENTR-1A Dual Selection
(Invitrogen) by using PCR. The PCR primers were: kozak-SalI
5� (GGGGTCGACCACCATGGACTACAAAGACGATGACG-
ACAAG) and SpeI 3� (GGGCATCTCAGGATGTTAGACTTC-
CTGATCCTCAAAGAC).Then, amylase2promoter-driven ade-
novirus vector (AdAmy2TR�) was constructed by using the pAd/
PL-DEST Gateway vector kit (Invitrogen) according to the
manufacturer’s protocol. Cre-recombinase-expressing adenovi-
rus under control of the amylase2 promoter (AdAmy2Cre) was
assembled from synthetic oligonucleotides or PCR products. The
fragmentswere cloned into attL1 andattL2 sites byusing thepAd/
PL-DESTGateway vector kit.
Lineage Tracing Study—Wheat germ agglutinin (WGA) is a

lectin that binds to N-acetylglucosamine (19). Because of the
higher expression of this sugar on exocrine cells, WGA labels
only the acinar cells (20). For the specific labeling of acinar cells,
freshly isolated exocrine cells were incubated with 4 nM Qdot-
conjugated WGA (Invitrogen) in RPMI 1640 Gluta MAX-I
medium (Invitrogen) without serum for 10 min and washed
three times. To analyze the reprogramming of exocrine cells,
culture medium was supplemented with adenovirus at a multi-
plicity of infection (m.o.i.) of 30 and 100 nM T3 with or without
10 �M LY294002 (Cell Signaling Technology), a PI3K signal-
specific inhibitor. The culture medium was not changed
throughout the experiment. For lineage tracing with the Cre/
loxP-based system, ROSA26-lacZ mice (B6.129S4-Gt (ROSA)
26Sortm1Sor) were purchased from the Jackson Laboratory.
Purified pancreatic acinar cells from ROSA26-lacZ mice were
coinfected with 30 m.o.i. of AdAmy2TR� and AdAmy2Cre
withT3 treatment. After 24, 48, or 72 h of incubation, cells were
fixed in 10% buffered formalin and subsequently embedded in
paraffin. Then, 3-�m sections were permeabilized with 0.2%
Triton X-100 in phosphate-buffered saline for 10 min at room
temperature and blocked with 10% BSA and 0.2% Tween 20.
Real-time RT-PCR—RNAwas extracted from tissues or cells

by using an RNeasy mini kit (Qiagen) according to the manu-
facturer’s instructions. cDNA synthesis and real-time RT-PCR
were performed as described (15). TaqMan probes for glucoki-
nase, amylase2, insulin1, insulin2, Hnf6, Foxa2, Neurod1,
Nkx2.2, Ngn3, Mafa, Pdx1, and 18S were purchased from
Applied Biosystems.
Western Blot Analysis—Protein lysate was prepared by using

cell lysis buffer (Cell SignalingTechnology) according to theman-
ufacturer’s instructions. Determination of the protein abundance
byWestern blot analysis was performed as described (15)with the
following primary antibodies: anti-Ngn3 antibody (BD Biosci-
ences); anti-MafA, anti-Akt, anti-elastase, anti-GLUT2, anti-
GCK, anti-receptor-type tyrosine-protein phosphatase-like N,
and anti-carboxypeptidase E antibody (Santa Cruz Biotechnolo-
gy); and anti-prohormone convertase 1/3, anti-p85�, anti-Pdx1,
anti-phosphorylated Akt (Ser-473), and anti-phosphorylated Akt
(Thr-308) antibody (Cell Signaling Technology).
Negative control siRNA (Stealth RNAi) and siRNA against

p85� (Stealth RNAi) were purchased from Invitrogen. Pancre-
atic acinar cells (1.0–1.3 � 105) infected with adenovirus
(m.o.i., 30) were incubated with or without T3 for 12 h. Fifty
nanomoles of control siRNA or a mixture of two anti-p85�
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siRNAs were then transfected into the cells by using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. After 48 h, the cells were washed with phosphate-
buffered saline (Ca2�/Mg2�-free), and Western blot analysis
was performed.
Immunochemistry—Purified acinar cells that were infected

with 30 m.o.i. of AdAmy2TR� were incubated with 100 nM T3
for 12 h. Fifty nanomoles of control siRNAor anti-p85� siRNAs
was transfected. After 24, 48, or 72 h of incubation, the cells
were fixed in 10% buffered formalin and subsequently embed-
ded in paraffin.
Coimmunoprecipitation Analysis—To analyze the protein

expression of endogenous TR� in the cells, 500 �g of protein
lysate from purified �-cells or acinar cells was immunoprecipi-
tated with 5 �g of the C3 mouse monoclonal antibody against
the C terminus of TR� (Santa Cruz Biotechnology) or with 5�g
of mouse IgG by using the Dynabeads protein G immunopre-
cipitation kit (Invitrogen) according to themanufacturer’s pro-
tocol.Western blot analysis was performedwith anti-TR� anti-
body (Santa Cruz Biotechnology) against an N-terminal TR�
peptide.
The association of p85� and TR� in purified acinar cells was

determined by coimmunoprecipitation. To determine the
interaction of endogenous p85� and transfected TR�, acinar
cells infectedwithAdAmy2TR� at anm.o.i. of 30were cultured
with or without 100 nM T3. Cells were harvested after 24 h, and
cell lysates were immunoprecipitated with 5 �g of anti-FLAG
antibody by using the Dynabeads protein G immunoprecipita-
tion kit, followed by Western blot analysis with anti-p85�
antibody.
ElectronMicroscopy—Purified acinar cells that were infected

with AdAmy2TR� were incubated with 100 nM T3 for 12 h.
Fifty nanomoles of control siRNA or anti-p85� siRNAs was
transfected. After 48 h, the cells were pre-fixed with 2% glutar-
aldehyde in phosphate buffer (pH 7.4) at 4 °C. After fixation the
specimen was post-fixed with 2% osmium tetroxide in phos-
phate buffer (pH 7.4) for 45 min. Then, the specimens were
dehydrated in a graded series of ethanol replaced with propyl-
ene oxide and embedded in epoxy resin (Quetol 812). Ultrathin
sections (90–100 nm) were cut by using an Ultracut-UCT
(Leica) with a diamond knife and stainedwith 2%uranyl acetate
in distilled water for 15min followed by a lead staining solution
(21) for 5 min. Sections were examined with a JEM-1200EX
(JEOL) electron microscope at 80 kV.
For immunoelectron microscopy, samples were fixed with

0.5% glutaraldehyde and 4% paraformaldehyde in 0.1 M phos-
phate buffer (pH 7.4) at 4 °C. Afterward, these were dehydrated
in a graded series of ethanol and embedded in acrylate resin
(LR-White). The polymerizationwas performed using an ultra-
violet lamp equipped machine at �20 °C. Ultrathin sections
(100–120 nm) were cut using a Ultracut-UCT (Leica) and pre-
treated with 2% BSA. They were subsequently incubated with
anti-insulin antibody (diluted 1:100with 2%BSA in PBS) at 4 °C
overnight and then with colloidal gold-conjugated (15 nm)
anti-guinea pig IgG (BB International) at a dilution of 1:100
with 2% BSA. The sections were washed with distilled water
prior to staining with 2% uranyl acetate for 5min following by a
lead staining solution (21) for 1 min.

Animal Experiments and Vector Injection—Immunodefi-
cient, 4-week-old nude mice (BALB/cAJc1-nu/nu) were pur-
chased from Clea Japan. A single dose of 200 mg/kg STZ was
injected intraperitoneally (15, 22). Depletion of�-cells was con-
firmed by immunohistochemical staining of the pancreas as
well as by detection of severe hyperglycemia. After 7 days, mice
that showed hyperglycemia (almost 70% of STZ-injected mice)
were randomly divided into experimental groups (n � 6)
that received 6 � 1010 plaque-forming units/mouse of
AdAmy2TR� or AdAmy2LacZ, which are both controlled by
the amylase2 promoter. Mice were anesthetized, and adenovi-
rus was injected through the ampulla of Vater, also known as
the hepatopancreatic ampulla, into the pancreatic duct. The
abdomen was closed by using 2 layers of 4-0 vicryl sutures. T3
(0.25 �g/g body weight) was intraperitoneally injected once a
day for 3 days. At day 4 following pancreatic duct injection,
blood glucose levels or plasma insulin concentrationswere ana-
lyzed as described (15), and organs were removed from mice,
fixed in 10% buffered formalin, and subsequently embedded in
paraffin. Intraperitoneal glucose tolerance tests in STZ-treated
mice were analyzed as described previously (15). At day 4 fol-
lowing adenovirus injection, mice were intravenously injected
with a 5-bromo-2�-deoxyuridine (BrdU) labeling reagent, and
BrdU incorporationwas analyzed according to themanufactur-
er’s protocol (Roche Applied Science).
Statistics—Data are expressed as means � S.D. Statistical

analysis was performed by using one-way ANOVA or the
unpaired two-tailed Student’s t test. Probability (23) values
�0.05 were considered to be significant.

RESULTS

Interaction of TR� with PI3K—We first analyzed the expres-
sion of endogenous TR� in the pancreatic acinar or �-cells by
coimmunoprecipitation of the whole cell lysate with a mono-
clonal antibody that recognizes the TR C-terminal region or
with control mouse IgG. The immunoprecipitation was fol-
lowed byWestern blot analysis with antibody against an N-ter-
minal TR� peptide. As shown in Fig. 1a, TR� protein expres-
sionwas clearly observed in islets, but theTR� protein level was
diminished in acinar cells. There was no signal for TR� in
mouse IgG-precipitated samples of liver cells. These findings
indicate that the expression levels of TR� are different between
pancreatic acinar cells and �-cells and that large amounts of
TR� are present in insulin-producing cells. In contrast, little
TR� was expressed in pancreatic acinar cells.

To explore the effects of TR� on the reprogramming of pan-
creatic acinar cells, we constructed adenovirus vector that
expresses AdAmy2TR�. Ficoll-purified acinar cells or �-cells
were infected with AdAmy2TR� at anm.o.i. of 30. After 48 h of
incubation, the specific expression of FLAG-tagged TR� in
purified acinar cells but not in AdAmy2TR�-infected �-cells
was shown by Western blot analysis (Fig. 1b).
Several reports suggested that activation of EGF signaling

induces transdifferentiation of pancreatic exocrine cells into
endocrine cells (5, 20). To understand the functional conse-
quences of ligand-bound TR� with downstream signaling mol-
ecules of the EGF receptor, we focused on PI3K. Previous
reports indicated that TR� binds to the regulatory subunit of
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PI3K, p85�, and activates the PI3K/Akt pathway in vascular
endothelial cells (11). To determine whether ligand-bound
TR� can interact with p85� in pancreatic exocrine cells, we
performed coimmunoprecipitation studies with anti-FLAG
and anti-p85� antibodies (Fig. 1c). The expression levels of
endogenous p85� are no different in the lysates of purified aci-
nar cells infected with AdAmy2TR�with or without 100 nMT3
treatment. By using the coimmunoprecipitation assay, we
found that TR� and endogenous p85� are associated in a
T3-dependent manner in pancreatic acinar cells.
Ligand-bound TR� Enhances the Expression of Transcription

Factors Critical in Pancreatic Development—To identify the
role of TR� in the reprogramming of pancreatic �-cells, puri-
fied pancreatic acinar cells were infected with Ad Amy2TR�
and treatedwith orwithout T3. The expression of transcription
factors that are involved in the differentiation of pancreatic
endocrine cells was then analyzed by quantitative RT-PCR (Fig.
2 and Table 1). Infection with Ad Amy2TR� and incubation
with T3 for 72 h significantly enhanced the mRNA expression
of insulin1, insulin2, and glucokinase and induced the expres-
sion of transcription factors expressed at high levels in the early
developing pancreas, such as Hnf6, Foxa2, Nkx2.2, NeuroD1,
Pdx1,Ngn3, andMafA. In contrast, the expression level of amy-
lase2was decreased in theAdAmy2TR�-infected exocrine cells
treated with T3. These results indicate that ligand-bound TR�
specifically induced the genes characteristic of pancreatic
�-cells and suppressed the expression of amylase, which is spe-
cifically expressed in pancreatic exocrine cells.

Activation of PI3K Signals Required for Reprogramming of
Acinar Cells—We then investigated cellular signaling of PI3K
in the ligand-bound TR�-associated reprogramming of puri-
fied pancreatic acinar cells. Ligand-bound TR�-activated exo-
crine cells were treated with or without LY294002, a specific
inhibitor of PI3K. AdAmy2TR�-infected acinar cells (30m.o.i.)
were treated with 100 nM T3 in the presence or absence of
LY294002. After 24, 48, or 72 h, cells were collected, and the
expression of phosphorylated Akt, total Akt, Pdx1, Ngn3, and
MafA was examined by Western blot analysis. Phosphorylated
Akt was markedly expressed in pancreatic acinar cells after 24
and 48 h of incubation with ligand-bound TR� (Fig. 3a). Akt
was not activated in LY294002-treated cells. There was no dif-
ference in the abundance of total Akt protein between cells with
orwithout LY294002 treatment. The expression of Pdx1,Ngn3,
and MafA was induced after 24 h of incubation with ligand-
bound TR�. Pdx1, Ngn3, and MafA were not induced in
LY294002-treated cells.
To examine the effect of p85� protein depletion in

AdAmy2TR�-induced reprogramming of acinar cells, we per-
formed siRNA-mediated p85� knockdown. The protein abun-
dance of p85� was completely diminished in acinar cells trans-
fected with p85�-targeted siRNAs compared with control
siRNA-transfected cells (Fig. 3b). In control siRNA-transfected
acinar cells, AdAmy2TR� induced the expression of phosphor-
ylated Akt, Pdx1, MafA, and Ngn3 by Western blot analysis.
The levels of phosphorylated Akt, Pdx1, MafA, and Ngn3 were
significantly reduced in AdAmy2TR�-infected acinar cells
transfected with p85�-targeted siRNAs.

Immunochemical analysis indicated that the efficiency of
viral infection was 74.2% � 12.4% after 72 h of incubation.
Ligand-bound TR� induced the expression of C-peptide in the
cytoplasm (Fig. 4Ac), whereas C-peptide expression was not
induced in the cells with noTR� signal (Fig. 4Ag, arrow 1 versus
2). The TR�-induced reprogramming of acinar cells did not
occur in cells that were transfected with p85�-targeted siRNAs
(Fig. 4Ad).
Western blot analysis showed that AdAmy2TR� infection in

control siRNA-transfected acinar cells induced the expression
of prohormone convertase 1/3, carboxypeptidase E, and recep-
tor-type tyrosine-protein phosphatase-likeN,which are critical
for the secretion of insulin-containing secretory granules (Fig.
4B). The expression of these proteins was significantly dimin-
ished in AdAmy2TR�-infected acinar cells transfected with
p85�-targeted siRNAs. Furthermore, at the ultrastructural
level, the reprogrammed cells possess the small dense secretory
granules characteristic of insulin granules (Fig. 4Ca, arrow),
and insulin immunoreactivity was localized in the granules. In
contrast, insulin granules were not observed in AdAmy2TR�-
infected acinar cells transfected with p85�-targeted siRNAs
(Fig. 4Cb), nor do the reprogrammed cells express any other
pancreatic hormones such as glucagon, somatostatin, pancre-
atic polypeptide, or ghrelin (data not shown). These results
indicate that the interaction between TR� and p85� plays a
critical role in the activation of PI3K signaling and induces insu-
lin biosynthesis in mature pancreatic acinar cells.
ReprogrammingofAcinarCells to Insulin-producingCells—The

lectin WGA binds to N-acetylglucosamine and remains in the

FIGURE 1. Ligand-dependent interaction of TR� with PI3K. a, cell lysates
(500 �g) prepared from acinar cells or �-cells were immunoprecipitated (IP)
with 5 �g of mouse monoclonal anti-TR� antibody, which recognizes the TR�
C terminus (C3) or 5 �g of normal mouse IgG. Then, Western blot analysis of
the precipitates was performed by using an antibody against an N-terminal
TR� peptide. The same amount of protein extract prepared from the liver was
used as a positive control. b, to analyze the specific expression of
AdAmy2TR�, 10 �g of cell lysates prepared from AdAmy2TR�-infected acinar
cells was immunoblotted by anti-FLAG antibody. The same amount of pro-
tein lysates from acinar cells infected with cytomegalovirus promoter-driven
flag-tagged TR�-expressing adenovirus (15) was used as a positive control. c,
AdAmy2TR�- or control virus-infected acinar cells were treated with or with-
out 100 nM T3 for 24 h. Cell lysates (500 �g) were immunoprecipitated with
anti-FLAG antibody or normal IgG, and then the immunoprecipitate or 10 �g
of lysate was immunoblotted by anti-p85� antibody.
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cytoplasm of pancreatic acinar cells (20). To visualize acinar
cells, the purified exocrine fraction was incubated with fluores-
cein-conjugated lectin and infected with adenovirus. After 24 h
of incubation,WGAwas localized in acinar cells, with 62.5% �
4.8% of elastase-positive acinar cells being labeled (Fig. 5Aa). In
contrast,WGA staining was�0.1% in endocrine cells that were
stained with C-peptide-specific antibodies (Fig. 5Ad). There
were noWGA signals in duct cells stained with cytokeratin-19
antibody, vascular cells stained with PECAM, antibodies or
mesenchymal cells stained with nestin after 24 h of treatment

with lectin (data not shown). These results suggest thatWGA is
a highly selective and efficient marker for acinar cells. After 48
and 72 h of incubation with ligand-bound TR�, the number of
elastase-expressing cells was decreased (4.6% � 1.1% and 0.3%
� 0.2%, respectively) in WGA-labeled acinar cells (Fig. 5A, b
and c). Otherwise, the number of C-peptide-expressing cells
was significantly enhanced in WGA-labeled exocrine cells
infected with AdAmy2TR� and treated with T3 for 48 and 72 h
(35.2% � 5.5% and 78.6% � 13.2%, respectively) (Fig. 5A, e
and f).

FIGURE 2. Reprogramming of pancreatic acinar cells induced by AdAmy2TR�. mRNA levels for 11 genes associated with the differentiation of �-cells were
assayed in AdAmy2TR�-infected acinar cells treated with 100 nM T3. From four independent samples, total RNA was isolated. The amounts of insulin1, insulin2,
glucokinase, amylase2, Hnf6, Foxa2, Nkx2.2, NeuroD1, Pdx1, Ngn3, and Mafa mRNA were determined by quantitative real-time RT-PCR with 100 ng of cDNA in
triplicate. Relative quantification of target cDNA was determined by arbitrarily setting the control value from untreated samples to 1. All data are expressed as
the mean � S.D. (error bars). *, p � 0.05 compared with untreated cells.

TABLE 1
mRNA expression levels induced by ligand-bound TR�
mRNA for 11 genes associated with the differentiation of �-cells wasmeasured in AdAmy2TR�-infected acinar cells treated with T3. From four independent samples, total
RNA was isolated. Amounts of mRNA were determined by quantitative real-time RT-PCR with 100 ng of cDNA in triplicate. Relative quantification of target cDNA was
determined by arbitrarily setting the control value from untreated samples to 1. All data are expressed as the mean � S.D.

Time Insulin1 Insulin2 Glucokinase Amylase Hnf6 Foxa2 Nkx2.2 NeuroD1 Pdx1 Ngn3 MafA

Control1.0 � 1.5 1.0 � 0.7 1.0 � 0.5 1.0 � 0.5 1.0 � 0.4 1.0 � 0.5 1.0 � 0.9 1.0 � 0.3 1.0 � 2.5 1.0 � 1.4 1.0 � 0.4
24 h 12 � 10.7 8 � 3.5 44 � 32.8 0.3 � 0.3 48 � 18.0 16 � 25.2 502 � 23.0 170 � 21.0 68 � 14.5 478 � 21.1 588 � 21.1
48 h 25 � 24.1 45 � 36.4 48 � 42.1 0.1 � 0.1 48 � 13.2 43 � 33.7 286 � 89.0 121 � 53.3 98 � 24.6 195 � 15.6 189 � 43.2
72 h 59 � 27.9 117 � 29.9 81 � 18.3 0.0 � 0.0 222 � 40.1 230 � 82.6 177 � 74.2 115 � 32.5 46 � 13.2 116 � 24.5 66 � 28.1
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To confirm this observation, we generated adenovirus vec-
tor, AdAmy2Cre, in which the amylase2 promoter drives the
expression of Cre recombinase, for the genetic tracing of pan-
creatic acinar cells. In purified acinar cells derived from
ROSA26-lacZmice, the expression of�-galwas activated by the
removal of a transcriptional stop sequence byCre recombinase.
When groups of 100 AdAmy2TR�- and AdAmy2Cre-infected
acinar cells were examined, 72.3% � 4.6% (n � 3) of the acinar
cells were labeled after 24 h (Fig. 5B). The expression levels of
elastase were significantly decreased after 48 or 72 h of incuba-
tion (Fig. 5A, h and I, and C). In contrast, �-gal signals were
observed after 72 h by immunochemistry (Fig. 5A, g–l) orWest-
ern blot analysis (Fig. 5C). After 72 h of infection with
AdAmy2TR�, FLAG signals were still observed by Western
blotting analysis (Fig. 5C). In immunofluorescent analysis of
acinar cells from ROSA26-lacZ mice, AdAmy2TR� induced the
expression of C-peptide after 24 h of incubation (Fig. 5Aj). When
groupsof100�-gal-expressingacinarcellswereanalyzed,75.3%�
11.1% (n� 3) of cells expressedC-peptide after 48hof coinfection
with AdAmy2Cre and AdAmy2TR� (Fig. 5Ak). These results
demonstrate that the insulin-producing cells induced by ligand-
bound TR� originated frommature acinar cells.
Adenovirus Vector-mediated TR� Gene Transfer Induces the

Reprogramming of Pancreatic Exocrine Cells into Insulin-produc-
ing Cells in Vivo—To analyze the effect of TR� on postnatal pan-
creas regeneration, adenovirus that expressesTR�1orLacZunder

an amylase2 promoter (AdAmy2TR� or AdAmy2LacZ, respec-
tively) was injected into the pancreatic duct of immunodeficient
mice treated with STZ. In the AdAmy2LacZ-infected pancreas,
acinar cells expressed �-galactosidase and elastase (Fig. 6, a–c).
These results indicate that theAmy2promoter has specific activa-
tion in pancreatic acinar cells. The expression of Pdx1, Ngn3,
MafA, andC-peptide was not observed in AdAmy2LacZ-infected
acinar cells (data not shown). In AdAmy2TR�-infected pancreas,
transfected FLAG-tagged TR� was localized in the nucleus and
cytoplasm. Expression of Pdx-1 (d–f), Ngn3 (g–i), and MafA (j–l)
protein occurred in 73.4% � 6.3%, 68.8% � 4.3%, and 52.6% �
8.3% of AdAmy2TR�-infected acinar cells, respectively. Further-
more, histological analysis of AdAmy2TR�-infected pancreas
demonstrated insulin production in 55.4% � 3.3% of
AdAmy2TR�-infected acinar cells that were costained with anti-
FLAG antibodies and anti-C-peptide antibodies. The BrdU incor-
poration assay indicated that AdAmy2TR� treatment had no
effect on the proliferation of pancreatic acinar cells (data not
shown).
To explore the function of insulin-producing acinar cells, we

analyzed the blood glucose levels and insulin levels of
AdAmy2LacZ- or AdAmy2TR�-infected mice that were pre-
treated with STZ (Fig. 7). When subsequently injected with
AdAmy2TR�, fasting blood glucose levels that showed a signif-
icant improvement compared with animals injected with con-
trol virus (n � 6) had increased insulin levels in the serum. In

FIGURE 3. Activation of PI3K pathway in AdAmy2TR�-infected exocrine cells. a, expression levels of phosphorylated Akt, total Akt, Pdx1, Ngn3, and MafA
protein in AdAmy2TR�-infected cells exposed to 100 nM T3 for 24, 48 or 72 h with or without LY294002 treatment. b, effects of siNRA knockdown of p85� (or
control siRNA) on AdAmy2TR�-infected cells incubated with 100 nM T3 for 24, 48, or 72 h and analyzed by Western blotting of cell extracts. Loading controls for
�-tubulin are shown in the bottom panel. Western blot analysis was performed with 20 �g of protein.
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addition, the AdAmy2TR�-injected animals had increased glu-
cose tolerance (Fig. 7). These results are consistent with immu-
nochemical results in Fig. 6 that demonstrated that
AdAmy2TR�-infected mice possess large numbers of insulin-
producing cells. These results suggest thatTR�-induced�-cells
might release insulin in vivo.

DISCUSSION
Wehave shown that thyroid hormone can nontranscription-

ally activate the PI3K/Akt pathway in pancreatic exocrine cells.
In a ligand-dependentmanner, TR�was shown to interact with
PI3K in purified acinar cells by coimmunoprecipitation. The
activation of the PI3K/Akt pathway by ligand-boundTR� led to
increased expression of Pdx1, Ngn3, andMafA and reprogram-
ming into insulin-producing cells. These results indicate that

some of the transdifferentiation effects of the ligand-bound
TR� are attributed to the expression of islet-specific transcrip-
tion factors and insulin and suggest that the activation of PI3K
by ligand-bound TR� may be therapeutically beneficial in
diabetics.
We previously developed and validated an in vitromodel for

�-cell regeneration by stimulation of replicated �-cells with
overexpressed ligand-bound TR� (15). Upon treatment with
TR�-expressing adenovirus vector and T3, a large increase in
the absolute number of �-cells was observed (15). The size of
the �-cell mass is governed by the balance between the growth
(differentiation and replication) and death (apoptosis) of these
cells, but the mechanisms that sense the �-cell mass and main-
tain its homeostasis are largely unknown (24). It has also been

FIGURE 4. Reprogramming of AdAmy2TR�-infected acinar cells. A, AdAmy2TR�-infected cells transfected with control siRNA (a– c) or p85� siRNA (d–f) and
incubated with 100 nM T3 for 48 h were analyzed by immunostaining. The FLAG-tagged TR�-expressing cells were visualized by using anti-FLAG antibody and
Alexa Fluor 555-conjugated secondary antibody (red). C-peptide-positive mature acinar cells were visualized with Alexa Fluor 488 (green). The 1 arrows identify
the FLAG-TR TR�-expressing cells, which express insulin. The 2 arrows identify insulin-negative cells, which do not express FLAG-tagged TR�. B, the expression
of prohormone convertase 1/3 (PC 1/3), carboxypeptidase E (CPE), or receptor-type tyrosine-protein phosphatase-like N (PTPRN) in AdAmy2TR�-infected cells
transfected with control siRNA or p85� siRNA was analyzed by Western blotting. Loading controls for �-tubulin are shown in the lower panel. Western blot
analysis was performed with 20 �g of protein. C, electron microscopic analysis of AdAmy2TR�-infected cells transfected with control siRNA (a) or p85� siRNA
(b) was performed. Scale bars, 500 nm. Insulin immunoreactivities were detected in the secretory granules in AdAmy2TR�-infected cells transfected with
control siRNA (c). Scale bar, 500 nm. The arrows identify gold particles.
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reported that new �-cells arise from transdifferentiation of aci-
nar cells, based on a genetic lineage tracing study (5, 25). Several
mechanisms have been proposed to explain the process of adult
�-cell mass expansion, including neogenesis from pancreatic
duct cells or hematopoietic tissues, replication of highly active
�-cell progenitors within the islets, and simple �-cell prolifer-
ation. In the present study, we have expanded on our previous
study by showing that overexpression of ligand-bound TR�
induces insulin expression in pancreatic acinar cells in accord-
ancewith the activation of PI3K signaling. These results suggest
the possibility that regenerated�-cells can be derived from sev-
eral pathways, including by dedifferentiation from exocrine
cells.
A role for ligand-bound TR� in pancreas remodeling is sup-

ported by previous studies. Exocrine pancreas remodeling
occurs at metamorphosis in the Xenopus laevis tadpole (26).
Metamorphosis in X. laevis involves the remodeling of organs
including the skin, brain, intestine, liver, and pancreas. The
addition of thyroid hormone to the rearingwater induces organ
remodeling, and anti-thyroid chemicals prevent remodeling.
Thyroid hormone induces dedifferentiation of the entire exo-
crine pancreas to a progenitor state at the climax of metamor-
phosis (27). These cells then redifferentiate in the frog to form a
typical vertebrate pancreas. Additionally, a role for TR in
diversemetamorphic programswas demonstrated based on the
inhibitory properties of a dominant negative form of TR on the
metamorphosis of various cell types and organs (28–30). These
results support the hypothesis that ligand-bound TR has an
important role in the process of reprogramming pancreatic
exocrine cells into insulin-producing cells.
Previous results suggested that three transcription factors,

Pdx1, Ngn3, andMafA, are important for the embryonic devel-
opment of the pancreas and �-cells (3, 31). Studies on the
embryonic development of the endocrine pancreas have shown
that the transient expression of the basic helix-loop-helix tran-
scription factor Ngn3 drives a proendocrine fate (32, 33).
Ectopic expression of Ngn3 drives the development of proexo-
crine ductal cells and leads to a partial recapitulation of endo-
crine differentiation (34). In the developing pancreas, Ngn3 is a
marker for cells that are in transit fromundifferentiated epithe-
lial progenitor cells to mature endocrine cells. Our results indi-
cate that Pdx1, Ngn3, and MafA expression is crucial for the
reprogramming of pancreatic exocrine cells induced by ligand-
boundTR�. These findings suggest that AdAmy2TR�-infected
acinar cells regain the properties of immature pancreatic cells.
Our present results demonstrate that the PI3K signaling

pathway plays a critical role in the transdifferentiation of pan-
creatic exocrine cells into insulin-producing cells. In the
embryonic pancreas, EGF, which is upstream of the PI3K sig-
naling pathway, increases the number of undifferentiated endo-
crine precursor cells; upon removal of EGF, a large number of
�-cells are differentiated (35). Therefore, PI3K signaling might
be important in the proliferation of endocrine precursors and
endow the cells with a commitment to the endocrine lineage.
Several reports indicated that thyroid hormone activates EGF-

FIGURE 5. A, cell lineage tracing by a lectin-associated system or Cre/loxP-
based system. AdAmy2TR�-infected pancreatic acinar cells (m.o.i. 30) were
stained for elastase (a marker of mature exocrine cells) and C-peptide and
were analyzed by fluorescence microscopy. After 24, 48, or 72 h of incubation
with 100 nM T3, Qdot 655-conjugated WGA-labeled cells (red) expressed ela-
stase (a– c) (green) or C-peptide (d–f) (green). Pancreatic acinar cells from
ROSA26-lacZ mice were labeled by infection with AdAmy2Cre. AdAmy2Cre
and AdAmy2TR�-coinfected acinar cells, elastase (g–i) and C-peptide (j–l)
expression was detected by using anti-elastase or anti-C-peptide antibody,
respectively. Blue represents nuclear staining with DAPI. The arrows identify
the insulin-producing cells, which are WGA- or �-gal-positive and express
C-peptide. Scale bars, 20 �m. B, expression of FLAG-TR� and �-gal in
AdAmy2TR� (30 m.o.i.)- and AdAmy2Cre (30 m.o.i.)-infected acinar cells of
ROSA26-lacZ mice. After 48 h of incubation with 100 nM T3, the FLAG-tagged
TR�-expressing cells were visualized by using anti-FLAG antibody and Alexa
Fluor 488-conjugated secondary antibody (green). �-Gal-positive acinar cells
were visualized with Alexa Fluor 555-conjugated secondary antibody (red).
The arrows identify both FLAG-TR� and �-gal-positive acinar cells. C, expres-
sion of �-gal, FLAG-TR�, or elastase in AdAmy2TR� (30 m.o.i.)- and
AdAmy2Cre (30 m.o.i.)-infected acinar cells of ROSA26-lacZ mice. The cells

were incubated with 100 nM T3 for 24, 48, or 72 h and analyzed by Western
blotting. Loading controls for �-tubulin are shown in the bottom panel.
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FIGURE 6. Reprogramming of pancreatic acinar cells induced by AdAmy2TR�. Immunodeficient mice were injected with AdAmy2LacZ or AdAmy2TR� into
the pancreatic duct. The marker of pancreatic exocrine cells, elastase, was visualized with anti-elastase antibody and Alexa Fluor 488-conjugated secondary
antibody (green); transfected-TR� was visualized with an anti-FLAG antibody and Alexa Fluor 555-conjugated secondary antibody (red). Transcription factors
that are essential for the differentiation of pancreatic endocrine cells were visualized with Alexa Fluor 488 (green). Insulin-producing cells were stained with
anti-C-peptide antibody. Scale bars, 100 �m.
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or TGF-induced PI3K activation (36, 37). Indeed, our results
suggest that overexpression of ligand-bound TR� induced the
activation of the PI3K signaling pathway and transdifferentia-
tion of exocrine cells. This conversion is demonstrated with the
lectin cell tracing method.
The pancreas is composed of 2% endocrine cells and �90%

exocrine cells. Both the endocrine and exocrine cells originate
from a common pancreas progenitor, but the lineages diverge
around the onset of the secondary transition of pancreas devel-
opment. It has remained uncertainwhether neogenesis of islets,
by budding of new islets or islet cells fromprogenitor cells in the
ducts, contributes to the postnatal �-cell mass. Recently, line-
age tracing studies have demonstrated that during normal pan-
creas homeostasis in mice, new �-cells arise exclusively by pro-
liferation of preexisting �-cells (38). We previously reported
that it is possible to stimulate rodent �-cell replication, but it
remains unclear whether a significant �-cell mass expansion
can result from the replication. �-Cell regeneration can be
studied inmodels where the �-cells are selectively destroyed by
the injection of STZ, a DNA-alkylating agent. After infusion of
�-cellulin to STZ-diabetic animals, �-cell neoformation occurs
from somatostatin-positive islet cells (39). Minami et al.
reported that activation of the EGFpathway induced pancreatic
acinar cell transdifferentiation into insulin-secreting cells in
vitro (5). Thus, transdifferentiation of pancreatic acinar cells

into ductal cells (12) and insulin-producing cells (5) has been
proven under certain conditions without gene transfer in vitro.
However, direct evidence in vivo has been provided only for
acinar-to-ductal transdifferentiation in transgenic mice having
sole expression of Pdx1 in the pancreatic acinar cells (40).
Herein, overexpression of ligand-bound TR� by adenovirus
vector effectively induced the expression of transcription fac-
tors that are keymolecular factors involved in the development
of islets in pancreatic exocrine cells of diabetic mice. These
results indicate that gene transfer can induce the reprogram-
ming of pancreatic exocrine cells into insulin-producing cells in
vivo.
Improved understanding of the signals regulating the growth

and survival of adult �-cells remains one of themain challenges
in diabetes research. The mechanisms regulating pancreatic
�-cell mass are poorly understood. One goal of regenerative
medicine is to instructively convert adult cells into other cell
types for tissue repair and regeneration. In this study, by using a
strategy of reexpressing key developmental regulators, we iden-
tified a specific combination of nuclear hormone-dependent
transcription factors that reprogram pancreatic exocrine cells
into cells that closely resemble �-cells. Although many addi-
tional factors are also required for �-cell development, further
studies are necessary to understand the mechanism of �-cell
regeneration.

FIGURE 7. Insulin secretory properties of pancreatic exocrine-derived cells. A and B, morning postprandial levels of blood glucose (A) and plasma insulin
(B) in adenovirus-injected STZ-treated mice (n � 6). All data are mean � S.D. (error bars). *, p � 0.05 compared with AdAmy2LacZ-treated mice. C, glucose
tolerance test. Glucose tolerance improved in diabetic mice after injection with AdAmy2TR� (circles) compared with control virus (squares). n � 6 animals. *, p �
0.05. Data are means �S .D. (error bars).
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