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Abstract

Adenovirus-mediated transient expression of the pancreatic duodenal homeobox transcription
factor Pdx1 in mouse liver activates pancreatic endocrine and exocrine genes, the latter reportedly
resulting in severe hepatitis. Expression of a super-active form of Pdx1 or Pdx1-VP16 selectively
transdifferentiates hepatic WB cells into functional pancreatic beta-like insulin-producing cells,
without evidence of exocrine differentiation. No study has systematically compared the
transdifferentiation efficiency of Pdx1 and Pdx1-VP16 at the cellular and molecular level.
Comparisons can be ambiguous when vectors harboring a transcription factor cDONA have
differing extents and duration of gene expression. In view of the remarkable capacity of lentiviral
vector (LV) for delivering and integrating transgene into both dividing and nondividing cells, we
transduced rat hepatic stem cell-like WB cells with LV-Pdx1 or LV-Pdx1-VP16, and then used the
limiting-dilution technique to clone single-cell-derived cell lines that stably express either Pdx1 or
Pdx1-VP16. With these cell lines, we studied: (a) the expression of Pdx1 or Pdx1-VP16 protein by
Western blotting and immunocytochemistry; (b) the repertoire of long-term expression of Pdx1- or
Pdx1-VP16-induced pancreatic gene expression using RT-PCR methods; and (c) their capacity to
serve as beta-cell surrogates in restoring euglycemia in streptozotocin-treated diabetic mice. We
found that cell lines expressing either Pdx1 or Pdx1-VP16 long-term exhibited similar profiles for
expression of genes related to pancreatic development and beta-cell function, and reversed
hyperglycemia in diabetic mice. We also examined short-term expression of Pdx1 or Pdx1-VP16,
and the results demonstrated that expression of Pdx1-VP16 is more efficient in initiating liver-to-
endocrine pancreas transdifferentiation. Our findings demonstrate: (a) that the LV system is highly
effective in producing persistent expression of Pdx1 or Pdx1-VP16 in WB hepatic cells; and (b)
long-term, persistent expression of either Pdx1 or Pdx1-VP16 is similarly effective in converting
hepatic stem cells into pancreatic endocrine precursor cells that, upon transplantation into diabetic
mice, become functional insulin-producing cells and restore euglycemia.
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Pancreatic duodenum homeobox protein-1 (Pdx-1) is a homeodomain protein of 283 amino
acids whose expression is absolutely required for the pancreas to develop. This protein is
now recognized to be a critically important transcription factor involved in regulating the
expression of multiple genes essential for proper functioning of the beta cells in the
endocrine pancreas (islets of Langerhans) that produce insulin.! In humans and other animal
species, the embryonic development of the pancreas requires Pdx1, as demonstrated by the
identification of an individual with pancreatic agenesis resulting from a mutation that
impaired the transcription of a functionally active Pdx1 protein.2 In adults, Pdx1 is essential
for normal pancreatic islet function as suggested by its regulatory action on the expression
of a number of pancreatic genes, including insulin, somatostatin, islet amyloid polypeptide,
the glucose transporter type 2 and glucokinase.3

Recent studies show that ectopic and transient Pdx1 expression in liver /n vivo using
adenoviruses results in both exocrine and endocrine pancreatic gene expression, with
insulin- as well as glucagon-producing cells located in the proximity of hepatic central
veins. Such gene therapy persistently reduces streptozotocin (Stz)-induced hyperglycemia in
diabetic mice,*° suggesting that reprogramming liver cells to pancreas by Pdx1 expression
may serve as a reliable approach for generating endocrine-pancreatic tissue to replace
malfunctioning beta cells in patients with diabetes. However, other studies show that Pdx1
expression alone is not sufficient in converting liver cells into pancreatic insulin-producing
cells (IPCs), and causes severe hepatitis in the mouse liver® and liver dysmorphogenesis.’
This is probably due to the lack of selectivity of Pdx1-induced liver-to-pancreas conversion.
Our recently published study showed that Pdx1-VVP16, a fusion protein of Pdx1 and the
activating domain of the viral VP16 transcription factor,® can selectively transdifferentiate
rat hepatic stem-like WB cells into IPCs without any evidence of pancreatic exocrine
differentiation.® These studies raise an important and clinically relevant question: Do Pdx1
and Pdx1-VP16 have similar potency in their ability to mediate liver-to-pancreas
transdifferentiation?

We recognized the possibility that Pdx1-VP16 may only appear to be more effective when
delivered by a vector having a relatively low transfection potential. Up to now, no study has
systematically compared Pdx1- and Pdx1-VP16-mediated liver cell transdifferentiation by
probing the underlying changes at molecular and cellular levels. We therefore generated
lentiviral vectors (LVs) containing both mouse Pdx1 and its modified form mouse Pdx1-
VP16 and transduced rat hepatic stem-like WB cells with the LVs. Single-cell-derived
clones containing either Pdx1 or Pdx1-VP16 genes were derived. Gene expression profiles
and the ability of the Pdx1- or Pdx1-VP16-expressing cells to become IPCs were
systematically compared under various /n vitro culture conditions and followed by /in vivo
implantation in diabetic animals. Our study shows that a persistent expression of Pdx1 or
Pdx1-VP16 are equally effective in reprogramming hepatic cells into pancreatic precursor
cells that, upon transplantation into diabetic mice, further differentiate into mature IPCs and
reverse hyperglycemia.

Materials and methods

Plasmid Constructs and Lentiviral Production

LV constructs containing mouse PadxI or rhGFP genes were constructed by inserting the
entire mouse Pax1 coding sequence (gift of CV Wright) or rAGFP (Stratagene La Jolla, CA,
USA) into the pTYF vector cassette under control of the elongation factor-1a (eEF-1a)
promoter. A PaxI-V/P16 expression vector was constructed by fusing the coding sequence
for the 80-residue VP16 activation domain to the C-terminus of mouse Pdx1.19 Lentivirus
was produced and the titer was determined as previously described.11-13
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Transduced Cell Lines

Rat liver epithelial WB cells (passage 23), representing the cultured counterpart of liver
stem-like cells, 1415 were derived from normal liver cells from an adult male Fisher 344 rat.
WB cells were transduced with Pdx1, Pdx1-VP16, or rhGFP genes at a multiplicity of
infection (MOI) of 20. The single-cell-derived clones containing either Pdx1 or Pdx1-VP16
were obtained by limiting dilution. Cell transduction by LVs was conducted as previously
described.11-13 Transduction efficiency was more than 95%, as determined by transducing
WB cells with L V-rhGFPat a MOI of 20 for 72 h by fluorescence microscopy. WB cells
(passage 9) were transduced with either LV-Pdx1 or LV-Pdx1-VP16 at a MOI of 20 and the
cells were used to harvest total RNA for short-term gene expression studies.

Cell Culture Conditions

WB-derived cell lines were maintained in RPMI 1640 medium supplemented with 10% FCS
and 11.1 mM D-glucose. The single-cell-derived clones were selected by Western blotting
with anti-Pdx1 or anti-VP16 antibodies. Three clones from both Pdx1 and Pdx1-VP16-
positive cells were expanded and maintained, either in a low-glucose condition (5 mM) or a
high-glucose condition (20 mM). The total RNA and cellular proteins were harvested from
the cells monthly to the end of the observation (3 months). The rat INS-1 cell line (clone
832/13) (gift from Christopher B Newgard) has been maintained continuously for 1.5 years
in RPMI 1640 medium and served as a positive control for rat cells.16

Western Blotting

RT-PCR

The cell clones were expanded into six-well plates and the cellular proteins were obtained
by collecting the cells into 2 x SDS sample buffer and heating at 95°C for 5 min. Pdx1 and
Pdx1-VP16 fusion proteins were detected according to our previously published methods.®
In brief, cellular proteins from each clone were separated by SDS-PAGE using 12% Tris-
HCI gels (Bio-Rad) and transferred to the filter paper. Proteins blotted with rabbit anti-Pdx1
serum (1:5000) (a gift of CV Wright), or anti-VP16 (1:200, BD Pharmagen), followed by
HRP-conjugated secondary antibody (1:20 000). All proteins were visualized by enhanced
chemiluminescence (ECL) Western blotting detection kit (Amersham Bioscience).

Total RNA was prepared from cells using TRI-reagent, and gene expression was determined
by RT-PCR as previously described.®-17 The forward and reverse PCR primers were
designed to be located in different exon(s) and have been previously described (Table 1).°

Measurement of Insulin by ELISA

Insulin content in cell lysates and insulin release into the culture medium from the cells were
measured in triplicate as previously described.®1 In brief, various WB-derived cells were
cultured under low- or high-glucose conditions. The culture medium was collected for the
determination of static insulin release. The cell lysates were collected in RIPA buffer and the
protein concentrations were determined. Insulin release and insulin contents were
determined using a commercial ELISA kit for rat insulin (Linco).

Cell Transplantation

Male NOD-scid mice (8-10 weeks old) were made hyperglycemic by i.p. injections of Stz at
50 ug/g body weight daily for 5 days, as previously described.19 When blood glucose levels
reached >350 mg/dl, mice were transplanted with WB-Pdx1, WB-Pdx1-VP16 or WB-rhGFP
cells (2 x 106 cells/mouse) into the left renal capsular space. The blood glucose levels were
monitored regularly at 1600 in nonfasting condition. Mice were killed around day-40 post-
transplantation to assess metabolic activity and morphologic characteristics. The control
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hyperglycemic mice were terminated around day-40 post-transplantation. Intraperitoneal
glucose tolerance test (IPGTT) was performed as previously described® in WB-derived cell
transplanted mice after blood glucose levels were normalized as well as in normal control
mice.

Statistical Analysis

Results

The statistical significance of our experimental findings was analyzed by using an
independent sample £test, using a P-value of less than 0.05 for the data to be considered
significant.

Generation of Pdx, or Pdx1-VP16-Positive Single-Cell-Derived Hepatic Cell Lines

To systematically compare the effects of Pdx1 or Pdx1-VP16 on reprogramming liver-to-
pancreas transdifferentiation, we first generated cell lines derived from stably transfected
single cells. Briefly, rat hepatic WB cells (passage 23) were grown to 70-80% confluence
and transduced with LV containing Pdx1, Pdx1-VP16, or rhGFP that were constructed,
produced, concentrated, and titered as described previously.11-13 At 3 days after
transduction, the cells were seeded into 96-well plates by a limiting dilution to obtain single-
cell clones. A total of 10 single-cell clones from either Pdx1 or Pdx1-VP16-transduced cells
were randomly selected, expanded, and characterized for their expression of Pdx1 or Pdx1-
VP16 fusion protein by Western blotting with anti-Pdx1 or anti-VP16 antibodies. As shown
in Figure 1a, nine of 10 Pdx1-transduced WB cell clones expressed the appropriate Pdx1
proteins. Five out of 10 selected Pdx1-VP16-transduced clones expressed Pdx1-VP16 fusion
protein, as confirmed by both anti-Pdx1 and anti-VP16 antibodies (Figure 1b). Pdx1-positive
clones express a predominantly active form of Pdx1 (46 kDa), and the inactive 31-kDa Pdx1
form was expressed in clones 2, 4, and 9 (Figure 1a). Similarly, Pdx1-VP16-positive clones
predominantly express Pdx1-Vp16 fusion protein (upper arrow), and clone 7 also expressed
both forms of endogenous Pdx1 as indicated by lower arrows (Figure 1b).

Persistent Expression of Pdx1 or Pdx1-VP16 Proteins in Single-Cell-Derived Clones

To determine whether the expression of Pdx1 or Pdx1-VP16 in the isolated cell clones is
persistent, three clones were selected from Pdx1 + or Pdx1-VP16 + cell lines. These cells
were continuously expanded for 3 months (15-18 passages). The cell lysates were collected
by the end of 3 month’s culture. The expression of Pdx1 or Pdx1-VVP16 fusion protein was
determined. Figure 2a shows a persistent Pdx1 or Pdx1-VVP16 protein expression after 3-
month culture in these hepatic WB-derived cell lines, as revealed using Western blot by anti-
Pdx1 antibody. To determine the nuclear localization of Pdx1 or Pdx1-VP16, the cells were
spun down onto slides and immunocytochemistry was performed using anti-Pdx1 antibody.
Figure 2b shows dark-brown nuclear staining of Pdx1 protein present in both Pdx1- and
Pdx1-VP16-expressing cells. A similar pattern is also seen in positive control INS-1 cells
but not in WB-GFP cells, indicating that these exogenous Pdx1 or Pdx1-VP16 proteins are
able to translocate to the nucleus to exert their transcription function.

Gene Expression Profiles of Short-Term Expression of Pdx1 and Pdx1-VP16

To determine the molecular difference in the gene expression profiles in both short-term and
long-term Pdx1- or Pdx1-VP16-expressing cells, we first transduced WB cells with LV-
Pdx1 or LV-Pdx1-VP16 at a MOI of 20. Total RNA from the freshly transduced cells at
day-6 was collected and gene expression profiles of short-term expression of Pdx1 or Pdx1-
VP16 were compared by RT-PCR.
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As shown in Figure 3, short-term expression of Pdx1 or Pdx1-VP16 at day 6 (post-lentiviral
transduction) activated genes related to pancreatic beta-cell development, including HNF-1,
Ngn3, NeuroD, Glut-2, MarfA, glucagon, and glucagon-like peptide-1 receptor (GLPI-R).
Neither Pdx1 nor Pdx1-VVP16 activated endogenous rat Padx1, Pax4, NKx6.1, Pax6, Isl-1,
GK, insulin I, pancreatic polypeptide (PP) or somatostatin (5S) gene expression.
Interestingly, the major difference is noted in the expression of NKx2.2and insulin I/ genes.
Pdx1-VVP16-expressing cells activated both Nkx2.2and insulin 11 genes, whereas Pdx1-
expressing cells failed to have any noticeable effect on such gene expression. These results
indicate that both transcription factor genes are able to initiate the liver-to-pancreas
transdifferentiation at a short-term, but Pdx1-VP16 is much more efficient in inducing
expression of Nkx2.2and insulin /1 genes.

Gene Expression Profiles of Long-Term Expression of Pdx1 and Pdx1-VP16

To determine the effects of long-term expression of Pdx1 or Pdx1-VP16 and the effects of
glucose concentrations on the liver—pancreas transdifferentiation, we used single-cell-
derived Pdx1- or Pdx1-VP16-expressing clones and cultured the cells under either low-
glucose (5 mM) or high-glucose (25 mM) conditions for different times (1, 2, and 3
months). The same amount of total RNA collected at various times was reverse-transcribed,
and the cDNA was used to amplify the genes related to beta-cell development and function.
Figure 4 shows the comparisons of gene expression profiles following long-term expression
of Pdx1- and Pdx1-VP16 protein under low- or high-glucose culture conditions. Rat
insulinoma INS-1 (823/13) cells were used as positive controls (lane 1) and RNA samples
without RT were performed to exclude DNA contamination (lane 2). As demonstrated in
Figure 4, long-term persistent expression of Pdx1 or Pdx1-VVP16 under the low-glucose
condition led to expression of endogenous rPadx1, ngn3, NeuroD, Nkx2.2, isl-1, glucagons,
MarA, and GKin both types of cells. Late-stage genes related to beta-cell development
(Pdx4, Paxe6, isl-1) and beta-cell function (/nsulin-1 and 1) were not detected under this low-
glucose culture. Interestingly, in high-glucose culture, expression of many genes (Ngns3,
NeuroD, Insulin 11, HNF-1, Kir6.2, GK, and PP) was upregulated, with expression
correlating with duration of culture under high-glucose conditions. These results
demonstrated no major significant differences in the expression levels of the beta-cell
related genes at both low and high-glucose culture conditions for either Pdx1- or Pdx1-
VP16-expressing cells. Both types of cells are able to respond to a prolonged high-glucose
environment by differentiating and maturing along the pathway of beta-cell development.

Additional evidence for further cell differentiation along the beta-cell pathway is the pattern
of hormonal gene expression. Upon short-term expression of either Pdx1 or Pdx1-VP16,
both cell treatment groups expressed glucagon and insulin I/ genes, findings consistent with
an early pancreatic precursor phenotype.18 However, glucagon gene expression became
silent in the cells with long-term expression of Pdx1 or Pdx1-VP16, indicating more
differentiated beta-like precursor cells. Therefore, we conclude that prolonged and persistent
expression of Pdx1 or Pdx1-VP16 reprograms the hepatic WB cells along the pancreatic
beta-cell pathway to transdifferentiate into IPCs. However, short-term or transient
expression of these transgenes resulted in a significant difference in terms of the efficiency
of initiating liver-to-pancreas transdifferentiation. We also examined the expression profile
of the liver-related genes including albumin, cytokeratin 19 (CK19), hexokinase, and
transforming growth factor a (TGF-a) in the rat liver, parental WB cells, Pdx1- and Pdx1-
VP16-expressing cells. Figure 4c shows that gene expression of sexokinase and 7GF-a does
not change significantly after 3-month high-glucose culture. Albumin is not expressed in
either native WB cells or those transduced with Pdx1 or Pdx1-VP16. However, there is a
noticeable reduction of CK19 gene expression in Pdx1-VP16-expressing cells, as compared
to the level of CK19 in WB cells and Pdx1-expressing cells.
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Functional Studies of Liver-Derived Pancreatic Beta-Like Cells

Our studies show that persistent expression of Pdx1 or Pdx1-VP16 in WB cells produces
similar gene-activation profiles in these two sets of cells. Both sets of cells expressed lower
levels of insulin Il gene under low-glucose culture conditions, and higher levels of insulin 11
gene under high-glucose culture conditions. To determine whether these cells produce and
release insulin, we measured cellular insulin content and insulin levels released into the
culture medium in cells cultured under the maintenance condition (11.1 mM glucose). We
found low levels of insulin content (0.3740.13 vs 0.36+0.16 ng/mg protein) for Pdx1 and
Pdx1-VP16-expressing cells, respectively. There also was a low level of constitutive insulin
release in Pdx1- and Pdx1-VP16-expressing cells after derivation of single-cell clones (data
not shown), but the cells were not consistently sensitive to glucose stimulation. There was
no significant difference between Pdx1-VP16-expressing cells vsPdx1-expressing cells in
terms of insulin production and release.

We next examined the effectiveness of Pdx1- and Pdx1-VP16-expressing hepatic stem-like
WB cells at reversing hyperglycemia in diabetic mice. Stz-induced diabetic NOD-scid mice
(n = three per group) were transplanted with Pdx1-, Pdx1-VP16, or GFP-expressing WB
cells (~2 x 106 cells/mouse) into the subrenal capsular space and the blood glucose levels
were monitored every 3 days to observe the effect of these cells on the blood glucose levels.
As demonstrated in Figure 5a, both Pdx1- and Pdx1-VP16-expressing cells were capable
reversal of hyperglycemia within 3 weeks after transplantation. In contrast, the mice
receiving GFP-expressing WB cells showed no reduction in their blood glucose levels and
maintained a persistent hyperglycemia. Removal of the transplanted cells by left
nephrectomy in one mouse from each group resulted in rebound hyperglycemia, indicating
that amelioration of hyperglycemic effects is the direct consequence of the transplanted
Pdx1- or Pdx1-VP16-expressing cells. To further determine the ability of the transplanted,
genetically modified, liver-derived IPCs to respond to a glucose challenge, the mice were
given a loading dose of glucose, and the blood glucose levels were monitored as described
in the methods. As shown in Figure 5b, IPGTT showed that those mice receiving the
transplanted Pdx1- or Pdx1-VP16-expressing cells have a similar pattern to that observed
with normal control mice without cell transplantation. This finding suggests that these liver-
derived IPCs indeed further differentiate and mature into functional pancreatic beta-like
cells. We may thus conclude that both Pdx1- and Pdx1-VP16-expressing WB cells are
capable of differentiating and maturing into functional IPCs that reverse diabetes in mice.

Discussion

Forced expression of the ‘master control gene’ Pdx14° or its modified form Pdx1-VP16%19
reprograms liver cells to take different, but related, differentiation pathways toward
pancreatic fate. Controversy arose as to whether expression of Pdx1 alone is sufficient to
convert the liver cells into pancreatic beta cells.*® Several studies showed that transient
ectopic expression of Pdx1 or Pdx1-VP16 mediated by adenovirus vectors successfully
activated genes encoding pancreatic exocrine enzymes,*:19 but both resulted in unwanted
production and release of pancreatic exocrine enzymes to the liver, causing harmful hepatitis
in the liver parenchyma.b.” More importantly, transient expression of only Pdx1 in mouse
liver failed to convert sufficient numbers of hepatocytes into IPCs, whereas the combined
expression of transcription factor MeuroD and beta-cell promoting factor beta-cellulin in the
mouse liver successfully converted the liver cells into sheets of precursor of pancreatic
endocrine cells.® That study raised the possibility that additional transcription factors or
further modification of Pdx1 may be required to reliably transduce liver cells along the
pancreatic endocrine differentiation pathway. We previously demonstrated that persistent
expression of Pdx1-VP16 fusion protein, as mediated by LV, selectively transdifferentiated
hepatic WB stem-like cells into functional IPCs without evidence of pancreatic exocrine
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differentiation.® These liver-derived IPCs completely normalized hyperglycemia in the Stz-
induced diabetic NOD-scid mice. Recent studies from Japanese groups compared the in vivo
effect of adenovirus-mediated transient expression of Pdx1 and Pdx1-VP16 on glucose
levels of diabetic mice and concluded that Pdx1-VP16 is superior to Pdx1 expression in the
efficiency of conversion of the liver cells into IPCs and reduction of hyperglycemia in
mice.20-21 However, studies from Ferber’s group have shown that expression of Pdx1 alone
is sufficient to convert the mouse liver cells into sufficient number of IPCs which have a
lasting effect on reversal of experimental diabetes in mice.?

In order to resolve these unsettled issues, we tested the hypothesis that vector efficiency may
be an obstacle in characterizing Pdx1-mediated reprogramming of liver cell differentiation
into pancreatic beta cells. In the current study, we used LV for systematic comparison of the
effects of both short-term and long-term expression of Pdx1 or Pdx1-VP16 in hepatic stem-
like WB cells on gene expression profiles as well as beta-cell functional studies. In short-
term experiments, we transduced WB cells with LV-Pdx1 or LV-Pdx1-VP16 and obtained
total RNA from the resulting cells (day-6 post-transduction) for evaluation of the effects of
short-term expression profiles of the transgenes. LV-Pdx1-VP16 was found to be more
effective than LV-Pdx1 in initiating liver-to-pancreas transdifferentiation. Both Pdx1- and
Pdx1-VP16-expressing cells activated /nsulin /1 and glucagon genes (Figure 3), a pattern of
coexpression consistent with reported features of early pancreatic endocrine precursor
cells.18 These precursor cells have potential to further differentiate into functional IPCs in a
conducive microenvironment, as evidenced by our next experiments.

For long-term studies, we transduced WB hepatic stem-like cells with mPdx1- and mPdx1-
VP16 LV and generated single-cell-derived Pdx1 or Pdx1-VP16-expressing clones for the
comparison studies in gene expression profiles and in functional studies carried out /n7 vitro
and /n vivo. Because Pdx1 plays an essential role in pancreas development and in
maintaining beta-cell function,! our long-term Pdx1 and Pdx1-VP16 expression studies were
performed, under either low- or high-glucose culture conditions. Our results indicated that
persistent long-term expression of either Pdx1 or Pdx1-VP16 proteins resulted in similar
expression profiles of genes including pancreatic transcription factors related to beta-cell
development (HNF1, rPax1, Ngn3, NeuroD, Nkx2.2, Nkx6.1, Pax4, Pax6, Is/-1, MarA) and
pancreatic endocrine hormones (glucagon, PP, insulin I and insulin 1), and genes related to
the regulation of beta-cell function (Kir6.2, snare 25, IAPP, GK, Glut-2, chromagranin A,
and GLP-1R).22:23 Specifically, persistent expression of Pdx1 or Pdx1-VP16 in the hepatic
WB cells activated upstream genes (rPax1, Ngn3, NeuroD, and Nkx2.2) as observed in early
beta-cell development; however, they failed to activate late-stage genes (Pax4, /s/-1, and
Pax®6), as well as other functional genes (GK, Glut-2, Kir6.2, snare 25). We previously
demonstrated that IPC can be obtained either by long-term high-glucose culturel’ or by
expressing Pdx1-VP 16 in liver stem cells.® Indeed, when the cells were previously cultured
in a high-glucose medium for prolonged periods, many genes (ngn3, neuroD, Nkx2.2,
insulin 1, GK;, Kir6.2, and PP) were gradually upregulated and reached peak expression
after 60-90 days. In the current study, we observed that glucagon expression ceased during
the high-glucose culture of either Pdx1- or Pdx1-VP16 expressing cells.

These patterns in gene expression profiles are consistent with progressive pancreatic beta-
cell differentiation and maturation, moving from short-term to long-term expression of
Pdx1- or Pdx1-VP16. However, some late-stage transcription factors such as Pax4, isl-1, and
Pax6 were not expressed, suggesting that additional external factors?* or a diabetic
microenvironment are needed for their activation.® As demonstrated in Figure 5, both Pdx1-
and Pdx1-VP16-expressing WB cells were able to reverse diabetes by normalizing blood
glucose levels within 3 weeks after transplantation into the diabetic mice, and they both
show a similar pattern in response to a glucose challenge, as indicated in IPGTT. Such
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findings demonstrate that liver-derived IPCs can become fully functional when exposed to
the /n vivo diabetic microenvironment. In the latter instance, there is no dramatic difference
between the effects of long-term expression of Pdx1 and Pdx1-VP16 in terms of gene
expression /n vitro, and capacity of becoming functional IPCs in the diabetic
microenvironment /n vivo. The powerful effects of the diabetic microenvironment in vivo
may be due to both hormonal factors, such as hyperglycemia and cell—cell interactions.

In our ongoing work, we have systematically compared the implanted cells to native
pancreatic beta cells with respect to their histology, immunostaining (for insulin, Pdx1,
glucagon, Islet 1, and Nkx6.1 proteins), and their ultrastructural characteristics by electron
microscopy. Both Pdx1- and Pdx1-VP16-expressing implanted cells express strong insulin
protein as well as pancreatic beta cell-specific transcription factors Pdx1, islet-1, and
Nkx6.1, but not glucagon, and these results will be presented in a separate report.

Most published /n vivo studies delivered the Pdx1 gene to the liver cells by adenoviral gene
transfer,4:6:20 inducing transient expression of Pdx1, which typically peaked within a week,
then fell off rapidly and disappeared after 2 weeks.20:25 For this reason, we deliberately
chose to examine the short-term gene expression profiles between Pdx1-and Pdx1-VP16-
expressing WB cells at day-6 after lentiviral transduction. Our results indicated that
expression of Pdx1-VP16 short-term is more efficient than Pdx1 in initiating the process of
the liver-to-endocrine transdifferentiation (eg NKx2.2 activation) and inducing insulin Il
gene expression (Figure 3). Although fetal neuronal cells may share a similar developmental
pathway at the early developmental stage as to the early stage of pancreatic beta cells by
expressing Ngn3, insulin I, and Nkx2.2, our complete gene expression profile as well as our
in vivo animal studies indicate that forced expression of Pdx1- and Pdx1-VP16 in WB cells
indeed redirected the liver stem cells towards the developmental pathway for pancreatic beta
cells. Since Pdx1 has been shown to activate its target genes by association with several
cofactors such as PBX26:27 and the expression of these protein partners are absent in the
liver, a possible explanation for the effectiveness of Pdx1-VP16 expression in initiating
transdifferentiation and generating earlier IPCs in the liver is that the powerful activation
domain of VP16 potentiates transcription of the gene to which it is fused®28 by recruiting
the target genes to the proximity of Pdx1 without the need for other cofactor proteins.19
Interestingly, neither Pdx1 nor Pdx1-VP16 expression at day 6 could induce endogenous rat
Pdx1 activation (Figure 3), suggesting a longer time and sustained dosage of Pdx1 or Pdx1-
VP16 expression is needed for the activation of endogenous Pdx1. It is possible that the
variations of the timing and dosage for Pdx1 or Pdx1-VP16 expression in an individual liver
cell are partially responsible for the various effects of adenovirus-mediated Pdx1 expression
in the mouse liver on the degree of the reducing hyperglycemia in diabetic mice and on the
numbers of IPCs identified in the liver observed by different investigators.46

In summary, short-term PadxI-VP16expression in hepatic stem-like WB cells is more
efficient than PadxZ expression in its ability to initiate liver-to-pancreas transdifferentiation.
However, long-term, persistent expression of either Pdx1 or Pdx1-VP16, as mediated by
LV, results in similar profiles of gene expression. Both Pdx1 and Pdx1-VP16 promote
pancreatic beta-like cell differentiation upon long-term high-glucose induction in vitroand
after transplanting these transduced cells into diabetic mice. To the best of our knowledge,
this is the first study to use a highly efficient and persistent expression vector to
systematically probe Pdx1- or Pdx1-VP16-mediated liver-to-pancreas transdifferentiation at
multiple levels of molecular, cellular, and whole animals. The information presented here
demonstrates the great promise of lentivectors and provides new clues on the
reprogramming of liver cells to generate beta-cell surrogates for cell replacement therapy in
treating and/or curing diabetes.
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Figure 1. Generation of single-cell-derived Pdx1 or Pdx1-VP16-expressing cell clones

Rat hepatic WB cells were transduced by lentiviral Pdx1- or Pdx1-VP16-vector and single-
cell-derived positive clones for either Pdx1 or Pdx1-VP16 were isolated by limiting dilution.
The expression of Pdx1 or Pdx1-VP16 was confirmed by separating cellular proteins via
SDS-PAGE, transferring to the filter membrane, and blotting with anti-Pdx1 polyclonal
antibody (1:5000). (a) Pdx1-tranduced single-cell-derived clones. (b) Pdx1-VP16-
transduced single-cell-derived clones. Arrows indicate the positions for active Pdx1 (46
kDa), inactive Pdx1 (31 kDa), and a fusion protein of Pdx1-VP16 (~52 kDa).
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Figure 2. Confirmation of a persistent expression of Pdx1 or Pdx1-VP16 proteins and their
nuclear localization

(a) Persistent expression of Pdx1 and Pdx1-VP16 proteins. Three positive clones from Pdx1
(clones 2, 4, and 9 in Figure 1a) or Pdx1-VP-expressing (1, 2, and 7 in Figure 1b) clones
were chosen to be continuously expanded for 3 months under normal culture condition
(glucose 11.1 mM). The Pdx1- or Pdx1-VP16 protein expression was examined as described
in the methods and detected by anti-Pdx1 antibody. Lanes (1-3) represent Pdx1-VP16
expressing clones and lanes (4-6) Pdx1-expressing cell clones. Two arrows were placed in
Pdx1 and Pdx1-VP16 proteins indicating phosphorylated (upper) or unphosphorylated
(lower) forms, respectively. (b) Immunocytochemistry with anti-Pdx1 antibody. Cytospin
slides were made from the 3-month expanded Pdx1- or Pdx1-VP16-expressing WB cells,
WB-GFP cells (negative control), or rat insulinoma INS-1 cells (positive control). The slides
were incubated with anti-Pdx1 antibody (1:4000) or rabbit serum (1:4000) (not shown) for 1
h at room temperature and secondary antibody (1:10 000) for 30 min. The pictures were
taken under x 100 oil lens.
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Figure 3. Profiles of short-term gene expression of Pdx1 or Pdx1-VP16
Total RNA was extracted by trizol reagent and treated with DNAse. A total RNA (2 ) was
reversely transcribed and PCR was performed at 35 cycles and 1/5 of PCR products were
analyzed by 1.8% of agarose gel and visualized with ethidium bromine. All primers were
designed to cross intron (s) except for MafA and ngn3 (genes have only one exon) and the
primer sequences are provided in Table 1. Rat insulinoma INS-1 (823/13) cells serve as
positive controls for beta-cell gene expression. Parental WB cells transduced with LV-GFP
serve as baseline for lentiviral vector control. Total RNA samples without RT were
performed to exclude DNA contamination. Actin serves as house-keeping gene control to
give relative expression levels in each sample. Pdx1 and Pdx1-VVP16 plasmid were used as

positive controls.
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Figure 4. Gene expression profiles of long-term expression of Pdx1- or Pdx1-VP16 under low or
high culture conditions

(a) Expression of genes related to beta-cell development. (b) Expression of genes related to
beta-cell function. Total RNA was extracted by triazol reagent and treated with DNAse; and
2 ug of total RNA was reversely transcribed. All primers were designed to cross intron (s)
except for mafA and ngn3, and the sequences are provided in Table 1. PCR was performed
at 35 cycles and 1/5 of PCR products were analyzed by 1.8% of agarose gel and visualized
with ethidium bromine. Rat insulinoma INS-1 cells serve as positive controls for beta-cell
gene expression. Total RNA samples without RT serve as negative controls for RT-PCR
products. Actin serves as house-keeping gene control to give relative expression levels in
each sample. Samples were from Pdx1-expresssing cells cultured in LG and HG for 1, 2,
and 3 months (left); and samples from Pdx1-VP16-expressing cells in LG and HG culture
conditions for 1, 2, and 3 months are at right for both (a) and (b). (c) Expression of liver-
related genes in WB-derived cells. Total RNA was extracted from parental WB cells, as well
as Pdx1- and Pdx1-VP16 expressing WB cells after 3 months of high-glucose culture.
Expression of the liver-related genes such as albumin, CK19, hexokinase, TGF-a, was
determined by RT-PCR.
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Figure 5. In vivo animal studies

(a) Reversal of hyperglycemia by transplanted Pdx1- or Pdx1-VP16-expressing WB cells.
Single-cell-derived Pdx1-, Pdx1-VP16-expressing WB cells or WB-GFP-expressing control
cells (2 x 106 cells/mouse) were transplanted (upward arrow, Tx) into Stz-induced diabetic
mice after blood glucose reached around 400 mg/dl (7= 3 mice per group). The blood
glucose levels were monitored by tapping the tail vein every three days. Left nephrectomy
was performed on one mouse from each group (downward arrows, indicated by Ex), and
blood glucose levels were measured 24 h after removal of left kidney. The animals were
sacrificed at indicated times. Meanzs.e.m., ***/<0.001. (b) Intraperitoneal glucose
tolerance test (IPGTT). Mice received a loading dose of glucose (2 mg/g body weight) and
the blood glucose levels were monitored at indicated times. The results represent the means
+s.e.m. of the blood glucose levels of three mice in each group. Naive mice were used as
control mice for IPGTT. Meanxs.e.m., 7= 3 mice per group.
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