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Expression of Transcription Factors and
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Differentiation in Rat Pancreas
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Multiple foci of morphologically and functionally differentiated hepatocytes are induced in the pancreas
of adult rats subjected to a copper depletion-repletion regimen. Differentiation of hepatocytes in pancreas
is preceded by irreversible depletion of over 90% of pancreatic acinar cells. Progressive acinar cell loss
during 4-6 weeks of copper deficiency results in the proliferation of oval cells, some of which may serve as
the hepatocyte precursor or stem cells. Albumin mRNA is detected in oval cells at 5 and 6 weeks by in situ
hybridization at which time no morphologically identifiable hepatocytes are evident in the pancreas.
Immunocytochemical analysis demonstrated the presence of stem cell factor (SCF) in proliferating oval
cells during 6 weeks of copper depletion, and Northern blot analysis revealed the expression of liver-
enriched transcription factors in the rat pancreas during this 4-6-week period of copper deficiency.
CCAAT/enhancer binding protein o (C/EBPa) mRNA was detected first at 4 weeks of copper deficiency.
By 5 and 6 weeks of copper deficiency, the expression of mRNAs of C/EBP«, 8, and 6, and hepatocyte
nuclear factor-38 (HNF-33) was markedly enhanced. This enhanced expression of liver-enriched transcrip-
tion factors and the SCF during oval cell proliferation in the pancreas preceding the expression of albumin
mRNA and subsequent differentiation of hepatocyte phenotype further supports the identity of these oval
cells as hepatocyte precursors or stem cells.
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HEPATOCYTES develop in the pancreas, with gested that some of these proliferating oval cells in

constancy, in adult rats subjected to a copper the copper-depleted rat pancreas differentiate into
depletion-repletion regimen (29,33). Rats main- hepatocytes (29,30). Furthermore, Northern anal-
tained on a diet deficient in copper and supple- ysis revealed the expression of albumin mRNA in
mented with a copper-chelator reveal relentless the pancreas of rats fed a copper-deficient diet for
pancreatic acinar cell apoptosis, beginning at 4 5 weeks, at which time period oval cells begin to
weeks, which culminates in global acinar cell loss proliferate, but morphologically discernible hepa-
by 8-9 weeks of deficiency (17,28,31,38). This aci- tocytes are not identifiable, implying that oval
nar cell loss appears to serve as a trigger for the cells may be expressing albumin transcripts (29).
proliferation of ductular/periductular cells that Visualization of albumin mRNA trascripts in
resemble oval cells, similar to those proliferating these oval cells by in situ hybridization further
in the liver under some experimental conditions suggests that these cells could be the precursor
(32). Sequential morphological observations sug- (stem) cells of pancreatic hepatocytes (29,30).
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Cell differentiation and expression of cell-
specific genes are regulated by transcriptional fac-
tors (2). In mammals, the determination of fore-
gut endodermal cells toward hepatic lineage is
dependent, to a certain extent, on cues from mes-
enchymal cells and expression of liver-enriched
transcription factors (4). In the adult liver, liver-
specific gene expression is controlled by several
transcriptional factors (9,16). Presently, four
liver-enriched transcription factor families,
namely CCAAT/enhancer binding protein (C/
EBP), and hepatocyte nuclear factor (HNF)-1, -3,
and -4 have been identified (18). Expression of
HNF-1 family of transcription factors appears
early during embryogenesis and these transcrip-
tion factors appear to participate in hepatocyte
differentiation and maintenance of the expression
of tissue-specific genes (5,9). HNF-3 consists of
three major DNA binding proteins, «, 8 and §,
that are expressed in different organs and play
a role in the differentiation and development of
structures derived from the primitive gut endo-
derm and formation of mesoderm and neural axis
(23). HNF-4, a member of the steroid hormone
receptor superfamily, also expressed in several tis-
sues, appears to be important in early murine de-
velopment and organogenesis (10). C/EBP family
of transcription factors consists of three proteins,
o, B, and 6§, that play a role in maintaining the
differentiated state of hepatocytes and inhibition
of cell proliferation (21,40). We postulated the
existence of stem cells in the adult pancreas and
suggested that they are induced to proliferate only
when there is a global loss of acinar cells (32).
Evidence indicates that stem cell factor (SCF) and
its receptor c-kit constitute an important signal
transduction system implicated in cell prolifera-
tion and differentiation (26). Recent studies have
shown that SCF may be important in liver stem
cell maintenance and proliferation (14). To under-
stand the early events that occur prior to the dif-
ferentiation of morphologically identifiable hepa-
tocytes in the pancreas, it is necessary to delineate
the expression of liver-specific transcription fac-
tors in the pancreas of rats maintained on a cop-
per-deficient diet. In the present study, we report
that the expression of liver-enriched transcription
factors and SCF occurs very early during the pro-
liferation of oval cells in the pancreas of rats
maintained on a copper-deficient diet, and the ex-
pression of these factors precedes the expression
of albumin mRNA and hepatocyte differentia-
tion. Once formed, the pancreatic hepatocytes
proliferate and persist throughout the life span of
these rats.
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MATERIALS AND METHODS
Copper Depletion Procedure

Male Fischer 344 rats, weighing 80-90 g, were
purchased from Charles River Breeding Labora-
tories (Wilmington, MA). After a week of accli-
matization, rats were housed in individual wire
mesh cages, allowed access to deionized water,
and fed a copper-deficient diet (U.S. Biochemical
Corp., Cleveland, OH) that was supplemented
with 0.6% triethylene tetramine tetrahydrochlo-
ride (Aldrich Chemical Company, Milwaukee,
WI) for a period of 4-6 weeks. Groups of four to
six rats maintained on the copper-deficient diet
were sacrificed at 4, 5, and 6 weeks. Four rats
maintained on Purina rat chow served as controls
and were sacrificed along with the 6-week copper-
deficient batch. Portions of each pancreas were
processed for light microscopy and the remainder
used for RNA extraction.

In Situ Hybridization for Albumin mRNA

Portions of pancreas from rats maintained on a
copper-deficient diet for 5 weeks were snap-frozen
in liquid nitrogen and 6-uM-thick sections were
cut using a cryostat and mounted on acid-cleaned
slides. These sections were fixed in freshly pre-
pared 4% paraformaldehyde in 0.1 M phosphate-
buffered saline, pH 7.5, for 20 min, and dehy-
drated through graded series of ethanol. Rat
albumin ¢cDNA was labeled with [a-*S]dCTP
(Amersham, Arlington, IL) to a specific activity
of 3-5 x 10® epm/ug DNA using the random
priming method. The prehybridization, hybridiza-
tion, and autoradiography were performed as de-
scribed previously (37).

Immunohistochemistry

Sections of pancreas from 6-week copper-
deficient rats were used for SCF immunostaining
as described elsewhere (13). Briefly, cold acetone-
fixed frozen sections were incubated with rabbit
polyclonal antibody against mouse SCF (at 1:100
dilution), and the avidin-biotin complex method
was followed as described by the manufacturer’s
instructions (Vector, Burlingame, CA). Following
immunohistochemical staining, the sections were
counterstained with hematoxylin or methyl green.

RNA Extraction and Northern Hybridization

Total RNA was extracted from the pancreas of
each experimental rat sacrificed at 4, 5, and 6
weeks and from the control rats according to the
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method described by Chomczynski and Sacchi (6).
Because of marked atrophy, pancreases from two
rats were pooled from the group fed copper-
deficient diet for 6 weeks. In addition, RNA from
livers of control rats was also extracted. Glyoxal
denatured RNA (15 ug) was electrophoresed in
1% agarose gels and transferred to nylon mem-
branes. Blots were prehybridized, and then hy-
bridized with the following nick-translated *’P-
labeled cDNAs: albumin, C/EBP«, 3, and 48, and
HNF-343. For assessing equal loading of RNA in
each lane, blots were hybridized for 18S ribosomal
RNA or were stained with methylene blue for 18S
and 28S RNA (15).

RESULTS
Morphological Changes

Sequential morphological alterations in the
pancreas of rats maintained on a copper-deficient
diet are similar to those previously described (31).
At 4 weeks of copper deficiency, the lobular archi-
tecture appeared well preserved and changes in ac-
inar cells were minimal. Apoptosis of an occa-
sional acinar cell was encountered at 4 weeks; by
5 weeks the number of apoptotic cells increased
significantly. Apoptotic changes in one or more
cells in a given acinar lobule and atrophy of re-
maining acinar cells mainfested in a disarray of
lobular architecure. Beginning at 5 weeks, the in-
terlobular spaces became prominent with focal
proliferation and streaming into the interstitial
spaces of nondescript oval cells from the small
pancreatic ductules. By 6 weeks of copper defi-
ciency, a majority of acinar cells were lost and the
pancreas at this period revealed marked prolifera-
tion of oval cells (Fig. 1).

Expression of Albumin mRNA

In situ hybridization with *S-labeled albumin
c¢DNA revealed the expression in pancreas of albu-
min mRNA in some ductular and many interstitial
oval cells at 5 weeks of copper deficiency (Fig. 2).
No labeling was noted in the islets of Langerhans,
in remaining acinar cells, and in the epithelium
lining the larger ducts. No labeling was observed
in normal pancreas and, as expected, hybridiza-
tion with sense probe failed to reveal any signal.
As previously reported, the expression of albumin
mRNA during 5-8 weeks of copper depletion was
most abundant in the oval cells (29,30). Although
a majority of oval cells that proliferate during the
copper depletion phase express albumin tran-
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scripts, it appears that only a small proportion of
these cells make a commitment to become hepato-
cytes and differentiate accordingly. These differ-
entiated hepatocytes then begin to proliferate to
form large discrete islands of hepatocytes in the
pancreas.

Expression of Liver-Enriched
Transcription Factors

In agreement with the in situ hybridization
data, Northern blot analysis (Fig. 3) indicated that
5-6 weeks of feeding a copper-deficient diet caused
a dramatic increase in the levels of the mRNA en-
coding albumin, a liver-specific gene product. Al-
bumin mRNA was not detected in the pancreas of
control animals and in those killed after 4 weeks
of copper depletion. The size of albumin tran-
script was similar to that of the albumin mRNA
found in the rat liver (Fig. 3A). To ascertain if
the expression of albumin gene in the pancreas
of copper-depleted rats is dependent upon on the
transcriptional activation of liver-enriched tran-
scription factors, we analyzed the expression of
mRNAs encoding C/EBP«, 3, and §, and HNF-
38 by Northern blotting. Pancreas from the 4-
week experimental group showed faint signal for
C/EBPa mRNA and at this time period there was
no albumin expression. Pancreas from rats on the
copper-deficient diet for 5 and 6 weeks showed
increased levels of C/EBP« and 6 mRNAs (Figs.
3 and 4). C/EBPS mRNA level was also increased
at 5 weeks, but unlike the C/EBP« and 3, the C/
EBPB mRNA level decreased at 6 weeks. In the
control pancreas, no C/EBP mRNAs were de-
tected. HNF-38 expression in the pancreas of con-
trol rats, and from 5- and 6-week copper-deficient
animals, was comparable (Fig. 3B). High levels of
expression of C/EBPa and (8, and HNF-383
mRNAs were seen in the livers, whereas the C/
EBP6 expression was very low.

SCF in Pancreatic Ovals Cells

Immunohistochemical analysis revealed the
presence of SCF in clusters of oval cells scattered
throughout the atrophic (acinar cell-depleted)
pancreatic parenchyma of rats maintained on cop-
per-deficient diet for 6 weeks (Fig. 5). Of interest
is the remarkable intensity of SCF expression in
oval cells surrounding the islets of Langerhans
(i.e., in the peri-insular region) (Fig. 5). It is
worth recaling that these peri-insular regions of
islets of Langerhans exhibit a greater propensity
for the differentiation of hepatocytes (34). The
proliferation of oval cells in this region that were
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FIG. 1 Pancreas from a rat maintained on a copper-deficient diet for 6 weeks showing marked acinar cell loss associated with
oval cell proliferation. Islet of Langerhans (1) and ducts (D) are unaffected. Hematoxylin and eosin stain, x 100.

FIG. 2. In situ hybridization of frozen section of pancreas from a rat maintained on a copper-deficient diet for 6 weeks for
localization of albumin mMRNA using 3S-labeled antisense RNA probe. Albumin transcripts are localized in periductular and oval

cells. Hematoxylin and eosin stain, x 120.

intensively positive for SCF is consistent with the
later development of hepatocytes in the copper-
deficient pancreas. Additional studies are essential
to obtain data on the coexpression of SCF and its
receptor c-kit at various intervals during copper
depletion and repletion model of hepatocyte dif-
ferentiation.

DISCUSSION

Liver-enriched transcriptional factors, C/
EBPa, |3, § and HNF-1, -3, and -4, although de-
tected in many tissues and organs, are abundantly
expressed in the liver and play a crucial role in
the transcription of many liver-specific genes and
possibly in the liver organogenesis (4,7,18,22). In
mammals, the liver develops from endoderm of
the embryonic foregut. The foregut epithelial cells
that are committed toward the liver cell lineage
proliferate and migrate into the adjacent septum
transversum and form liver. The intrahepatic bile
ducts develop from hepatocytes (12). During de-
velopment, the determination of stem cell fate,

migration, and tissue morphogenesis are depen-
dent on the interaction between extracellular ma-
trix and cells (20). Differentiation of primitive gut
endodermal cells into hepatocyte lineage has been
shown to be coincident with interaction with the
mesenchyme (4). Even after embryonic stage, the
normal milieu appears necessary to maintain the
differentiated state and has been well demon-
strated under in vitro conditions. Hepatocytes lose
phenotypic properties when grown on nonphysio-
logical substratum (3), but when grown on base-
ment membrane, they retain normal morphology
and functions, possibly due to cell-matrix interac-
tions resulting in the activation of specific tran-
scription factors (24).

There is overwhelming evidence to support the
existence of a stem cell compartment in the adult
liver (39), but to date, various attempts to isolate,
propagate, and induce differentiation of such
stem cells into functionally viable hepatocytes
have met with little success. Interestingly, in the
adult rat liver, hepatocytes appear to develop
from oval cells (39). Evidence for the participa-
tion of oval cells in hepatocyte differentiation is
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FIG. 3. Northern analysis of total RNA isolated from pan-
creas of copper-deficient rats for mMRNAs of albumin, and liver
transcription factors C/EBPa and (3, and HNF-3/3. Fifteen
micrograms of total RNA was hybridized with 3P-labeled
cDNAs. (A) Lanes 1and 2: liver; lanes 3-5: normal pancreas;
lanes 6-9 and 10-12: pancreas from 5- and 6-week copper-
deficient rats, respectively. (The sizes of cDNAs are: albumin,
2.3 kb; C/EBP@ 15 kb; C/EBPa, 2.7 kb.) (B) HNF-3/3
MRNA. Lanes 1and 2: liver; lanes 3-5: normal pancreas; lanes
6-8 and 9 and 10: pancreas from 5- and 6-week copper-
deficient rats, respectively. (Size of HNF-3/3 is 2.1 kb.) The
blot from albumin was stripped and rehybridized with 18S
rRNA probe to show that similar quantities of RNA is loaded
in each lane.

derived from the observation that these cells pro-
liferate markedly under different experimental
conditions, and they contain different transcrip-
tion factors and hepatocyte-specific gene products
(11,19,36). The observations of Nagy et al. (25)
suggested that HNF-4 may be responsible for the
final commitment of oval cells to differentiate into
hepatocytes. Although the transition of oval cells
in liver to hepatocytes has been suggested, the

12 3 4 65 67 8 9 101 12

FIG. 4. Expression of C/EBPa mRNA in the pancreas of con-
trol and copper-deficient rats. Lanes 1and 2: liver; lanes 3-5:
control pancreas; lanes 6-9 and 10-12: pancreas from 5- and
6-week copper-deficient diet, respectively. C/EBPo; cDNA size
is 1 kb.
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presence of preexisting mature hepatocytes in liver
makes it difficult to unequivocally establish these
lineage predictions. The rat pancreatic hepatocyte
model we developed and optimized offers several
advantages for the search for liver stem cell over
the hepatocyte oval cell system (35). First, there
are no preexisting hepatocytes within the pancreas
to confound the observation of lineage transition
and differentiation. Second, the copper deficiency
model offers a window of opportunity to identify
progenitor (stem) cells prior to the emergence of
differentiated mature hepatocytes. The liver-en-
riched transcription factors and the earliest mark-
ers of liver specific transcription may be localized
in these progenitor cells by in situ hybridization
and by other methods. Third, the use of retrovi-
rally driven /Tgalactosidase, as a marker gene for
lineage analysis, should allow the fractionation of
progenitor cells, and also permit analysis of their
fate under in vivo and in vitro conditions. Finally,
the ductal system of the pancreas is an effective
conduit to transfect various genes and introduce
growth factors at various intervals during copper
depletion, and study their influence on the lineage
and differentiation of the progenitor cells.

The results of the present study show that sev-
eral liver-enriched transcriptional factors are ex-
pressed in the pancreas much earlier than the
emergence of morphologically identifiable hepato-
cytes. The increased levels of mMRNASs of these fac-
tors coincide with the proliferation of oval and
ductular cells. The expression of C/EBPA mRNA,
which was detectable in the pancreas after 4 weeks
of copper deficiency, appears to precede the ex-
pression of albumin mRNA, indicating that this
transcription factor may be necessary for the ex-
pression of albumin gene in oval cells. C/EBP@3
and $mRNAs appeared at the same time as albu-
min mRNA. The levels of C/EBP@ mMRNA were
high at 5 weeks, followed by a decrease at 6 weeks.
C/EBP5 expression was very high in pancreas at 5
and 6 weeks and was not detectable in the normal
liver. This is not surprising because it is known
that C/EBP5 expression in the adult liver has been
reported to be very low (1). The level of HNF-3/3
mRNA expression was comparable in the control
pancreas and pancreas from 5- and 6-week cop-
per-deficient animals. HNF-3/3 has been shown to
be expressed in islets of Langerhans and proposed
to participate in the expression of insulin gene
(27). Nevertheless, in situ hybridization studies
are necessary to discern the nature of cells that
express these various transcrption factors during
copper deficiency induced oval cell proliferation
in the rat pancreas.
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FIG. 5. (A, B) Frozen section of pancreas from a rat maintained on a copper-deficient diet stained for stem cell factor by
immunoperoxidase method. Oval cells (arrows) in the interstitium and around the islets of Langerhans (I) are strongly stained.

Counterstained with hematoxylin.

Although preliminary in nature, our observa-
tions on the expression of SCF in oval cells distrib-
uted randomly in the pancreatic parenchyma and
more so in the proliferating oval cells in the peri-
insular regions are of considerable interest. Pan-
creatic oval cell proliferation and their differentia-
tion into hepatocytes may be dependent on the
expression of SCF. In the rat liver, it has been
shown that expansion of oval cell compartment
in partial hepatectomy and 2-acetylaminoflourene
model is associated with the expression of SCF
and its receptor, c-kit (14).

In summary, these and other studies suggest
that SCF and liver-enriched transcription factors
play a potentially critical role in oval cell prolifera-
tion and in influencing these cells to make a com-
mitment toward hepatocyte differentiation in the
adult pancreas. During the past several years, we
have presented ample evidence to show that these

1 Alam, T.; Ra An, M.; Papaconstantinou, J. Differ-
ential expression of three C/EBP isoforms in multi-
ple tissues during the acute phase response. J. Biol.
Chem. 267:5021-5024; 1992.

committed cells complete the hepatocyte differen-
tiation program within the pancreatic melieu and
these pancreatic hepatocytes respond to xenobiot-
ics and to partial hepatectomy. A recent claim that
this hepatocyte differentiation process is not com-
pleted in the pancreas is totally misleading and
ignores a well-illustrated and well-documented
body of evidence (8).
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