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Therapies for liver diseases with stem and progenitor
cells will require a detailed knowledge of the molec-
ular mechanisms driving the in vivo differentiation
process toward adult hepatic tissue. We applied quan-
titative gene expression methods to analyze the dif-
ferentiation process of fetal liver progenitor cells af-
ter transplantation into an animal model of liver
regeneration. Enhanced green fluorescent protein
(EGFP)-transgenic liver progenitor cells were isolated
from fetal mouse liver at stage embryonic day 13.5
and transplanted into uPA/RAG-2 mice. Two, 4, and 6
weeks after cell transplantation cryosections of liver
tissue were analyzed for EGFP-positive regeneration
nodules. RNA from laser-microdissected EGFP-posi-
tive tissue was isolated and used as template for quan-
titative real-time reverse transcriptase-polymerase
chain reaction. Phenotypic differentiation was ana-
lyzed by staining of the canalicular marker enzyme
dipeptidyl-peptidase IV. Proliferation in regenerative
nodules and surrounding tissue was monitored with
the BrdU incorporation assay. Alpha fetoprotein gene
expression had already decreased 2 weeks after trans-
plantation in EGFP-positive regeneration nodules
compared to pretransplantation values and was not
detectable after 4 and 6 weeks, whereas albumin
slightly increased in transplanted cells indicating dif-
ferentiation into a mature phenotype. The dipeptidyl-
peptidase IV antigen was associated with some liver
progenitor cells 2 weeks after transplantation and in
virtually all cells after 4 and 6 weeks. Cell prolifera-

tion index in transplanted cells was maximally in-
creased (4.8% BrdU-positive cells) after 2 weeks and
decreased (0.4%) after 6 weeks to normal levels. Our
results demonstrate that gene expression in liver pro-
genitor cells changes from fetal to adult phenotype
within 4 to 6 weeks after transplantation despite on-
going proliferation of the transplanted cells in a
mouse model of liver regeneration. Quantitative gene
expression profiles as shown here will have impor-
tant implications in our understanding of the in vivo
differentiation process of stem cells. (Am J Pathol
2003, 162:37–45)

Cell senescence and the proliferation of hepatocytes that
retain their functional repertoire are the primary limitations
of the production of the substantial numbers of hepato-
cytes1 necessary for liver cell therapies to become rou-
tine.2–4 Stem cells representing a renewable resource for
cell transplantation are actively studied for their ability to
generate parenchymal cells and tissues and may thus
open up new avenues in the treatment of liver disease.
When normal reparative pathways of regeneration are
impaired, the liver activates a facultative stem cell com-
partment to restore the liver mass and function. Like other
epithelial organs, facultative liver stem cells display an
extensive growth potential and are pluripotent with re-
gard to their differentiation potential.5–9 Recent reports
suggest that stem cell tissues from outside the liver may
also participate in the hepatic regeneration process.
Cells derived from transplanted bone marrow differenti-
ate into hepatocytes after liver injury and proliferate in the
liver of animals with impaired hepatic regeneration.10–12

Bone marrow-derived hepatocytes have also been de-
tected in the livers of humans with substantially no liver
damage, indicating participation of bone marrow in phys-
iological liver regeneration.13
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Stem cells with the ability to differentiate into adult
hepatocytes can also be derived from embryonic tissue.
Embryonic stem cells differentiate into hepatic precursor
cells in vitro, when appropriate mediators are supplied.14

Determined liver progenitor cells can be isolated and cul-
tured from the early embryonic liver and from fetal liver.15

Fetal liver cells from rats and mice have been shown to
differentiate into cells with biliary and hepatic phenotype
after transplantation into recipient animals.16,17

Lack of normal nontransformed liver progenitor cell
lines has resulted in limited understanding of the linear
relationships of different stages of liver cell differentiation.
Consequently, differentiation and transdifferentiation of
stem cells into fully functional hepatocytes have been
observed only after transplantation experiments in vivo.
Genetic information at different stages of differentiation,
however, is critical for our understanding of lineage com-
mitment and development into parenchymal cells.

In the present study we combine cell transplantation
with gene expression analysis in laser-microdissected
tissue samples to characterize the in vivo differentiation of
transplanted fetal liver progenitor cells. We generated
quantitative expression data for the developmentally reg-
ulated genes albumin and alpha fetoprotein (AFP) and
followed changes in gene expression levels throughout
the liver regeneration process. Our results demonstrate
that only 2 weeks after transplantation into uPA/RAG2
mice, differentiation toward a mature hepatic phenotype
can already be detected despite ongoing proliferation of
the transplanted cells in the regenerative liver.

Materials and Methods

Animals

Enhanced green fluorescent protein (EGFP)-transgenic
mice (C57BL/6-TgN(ACTbEGFP)1Osb) were purchased
from The Jackson Laboratory, Bar Harbor, ME). The uPA/
RAG-2 mice were generated by crossbreeding of uPA-
transgenic mice originally described by Sandgren and
colleagues18 with the RAG-2 mouse as described else-
where.19,20 All animals were maintained and handled in
accordance with institutional guidelines. For preparing
fetal liver progenitor cells from EGFP embryos (embryon-
ic day 13.5) the livers were removed under the binocular
microscope. Cells were isolated by collagenase/dispase
(Roche, Mannheim, Germany) digestion for 20 minutes at
37°C. The cells were washed twice in cold Dulbecco’s
modified Eagle’s medium with 10% fetal calf serum, re-
suspended in phosphate-buffered saline (PBS) at 3 �
107 cells/ml and stored on ice. Intrasplenic transplanta-
tion of 1.5 � 106 cells in 13- to 21-day-old uPA/RAG-2
mice was performed under ketamine/rompun anesthesia.
After 2, 4, and 6 weeks mice were sacrificed and the
livers were removed, embedded in OCT, and snap-fro-
zen in liquid nitrogen. One hour before sacrifice, 2 mg of
BrdU solution was injected intraperitoneally for analysis
of the proliferation activity.

Flow Cytometry

A 1:10 aliquot of the isolated fetal liver progenitor cells
was incubated with a biotin-conjugated anti-mouse
TER119 antibody (1:100 dilution) for 5 minutes on ice.
Cells were washed and stained with a 1:100 dilution of a
streptavidin-phycoerythrin conjugate (SAv-PE; both from
BD Pharmingen, Heidelberg, Germany) for an additional
5 minutes on ice. After final washing the cells were ana-
lyzed in the presence of 1 �g/ml of propidium iodide with
a FACSCalibur fluorescence flow cytometer (BD Bio-
sciences, Heidelberg, Germany).

Staining Procedures

For hemalaun-eosin staining 5-�m cryosections were
fixed with 4% p-formaldehyde (Merck, Darmstadt, Ger-
many) in PBS for 5 minutes, washed, stained with hema-
laun for 3 minutes, washed again, and stained with 0.5%
eosin for an additional 3 minutes. After an additional
washing step with water the slides were dehydrated in
70%, 96%, and 100% ethanol, and in xylol before they
were embedded in DPX (Polysciences, Eppelheim, Ger-
many).

Immunofluorescence staining of the dipeptidyl-pepti-
dase (DPPIV) antigen was performed with acetone-fixed
5-�m cryosections using the anti-mouse CD26 (DPPIV)
antibody (BD Pharmingen) in a 1:200 dilution. We used
Cy3-labeled goat anti-rat IgG (Jackson ImmunoRe-
search/Dianova, Hamburg, Germany) in a 1:400 dilution
as the second antibody and a 1:200 diluted AlexaFluor
488-labeled anti-EGFP antibody (A-21311; Molecular
Probes, Leiden, The Netherlands) for detecting the
EGFP-positive regeneration nodules, because their fluo-
rescence is lost during acetone fixation.

For analysis of the proliferation activity the BrdU-label-
ing Kit I (Roche, Mannheim, Germany) was used accord-
ing to the protocol given by the manufacturer with one
exception: as the second antibody Cy3-conjugated goat
anti-mouse IgG polyclonal antibody (Jackson Immu-
noResearch) was used at a 1:200 dilution. For counter-
staining of the nuclei we added 1 nmol/L of 4,6-dia-
midino-2-phenylindole (Sigma, Taufkirchen, Germany)
and for visualization of the regeneration nodules (1:200
dilution) AlexaFluor 488-labeled anti-EGFP antibody dur-
ing the incubation of the second antibody.

Laser-Manipulated Microdissection and Laser
Pressure Catapulting

For laser-manipulated microdissection and laser-pres-
sure catapulting we used the PALM Microbeam System
(P.A.L.M., Bernried, Germany). The system was adapted
to an inverted fluorescence microscope (Carl Zeiss,
Oberkochen, Germany) and was equipped with a digital
video camera and appropriate image analysis systems.
Cryostat sections (10 �m) of livers from transplanted
uPA-mice were mounted onto a 0.9-�m polyester mem-
brane on thin microscope slides and kept at �20°C.
Before performing laser-manipulated microdissection the
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specimens were dried at 37°C. EGFP-positive regenera-
tion nodules were identified by fluorescence microscopy
and areas with �50 cells were cut by laser-assisted
microdissection. One �l of RLT lysis buffer (RNeasy kit;
Qiagen, Hilden, Germany) was pipetted in a cap of a
0.5-ml Eppendorf tube, the cap was moved close to
and above the specimen and the microdissected cell
area was captured by laser-pressure catapulting. Af-
terward the cap was placed on its tube that was filled
with an additional 9 �l of RLT buffer. The captured cell
areas were collected by centrifugation at 8000 � g for
3 minutes.

RNA Preparation and cDNA Synthesis

The RNeasy Mini Kit (Qiagen) was used for isolation of
total RNA of all samples. DNase digestion of 7 �l of total
RNA was performed using 1 U DNase (Gibco Life Tech,
Karlsruhe, Germany) with the supplied buffer in presence of
40 U of RNasin (Promega, Mannheim, Germany). For cDNA
synthesis 10 �l of total RNA were mixed with 1 �l (100 ng)
of T7-oligo dT primer 5� GCATTAGCGGCCGCGAAATTAA-
TACGACTCACTATAGGGAGA(T)21ACG 3� and 9 �l of RT
premix (4 �l 5� first strand buffer, 2 �l of 100 mmol/L
dithiothreitol, 1 �l of 10 mmol/L dNTP, and 100 U Super-
script II Polymerase (Gibco Life Tech). Samples were incu-
bated for 45 minutes at 42°C followed by heat inactivation at
65°C for 15 minutes.

Quantitative Real-Time Reverse Transcriptase-
Polymerase Chain Reaction (RT-PCR)

Specific mRNA were quantified using the TaqMan tech-
nique,21–23 the qPCR Core Kit (Eurogentec, Seraing, Bel-
gium), and the iCycler system (Bio-Rad, Munich, Germa-
ny). Primers and hybridization probes were designed
with the Primer3 software (http://www-genome.wi.mit.
edu/cgi-bin/primer/primer3�www.cgi) and were as follows:
albumin: forward: 5�-CTCAGGTGTCAACCCCAA-3�, re-
verse: 5�-TCCACACAAGGCAGTCTC-3�, probe: 5�-FAM-
CGTGGAGGCTGCAACAAACCTAGG-TAMRA-3�, AFP: for-
ward: 5�-GTTTTCTGAGGGATGAAACCTATG-3�, reverse: 5�-
GAAGCTCTTGTTTCATGGTCTGTA-3�, probe: 5�-FAM-
CTTCCACAAGGATCTGTGCCAAGC-TAMRA-3�, GAPDH:
forward: 5�AAGGAGTAAGAAACCCTGGACCAC-3�, reverse:
5�-GAAATTGTGAGGGAGATGCTCAGT-3�, probe: 5�-FAM-
CACTGAGCAAGAGAGAGGCCCTATCC-TAMRA-3�, EGFP:
forward: 5�-CGACGGCAACTACAAGAC-3�, reverse: 5�-
TAGTTGTACTCCAGCTTGTGC-3�, probe: 5�-FAM-ACT-
TCAAGGAGGACGGCAACATCCT-TAMRA-3�. Ten pmol/L of
the primer and hybridization probes each were used in a
reaction volume of 50 �l. The amplification protocol was: 30
seconds at 95°C, 35 seconds at 55°C for 40 cycles after an
initial denaturation step of 10 minutes at 95°C. All experiments
were done in triplicates and threshold cycle (Ct) values are
given in means � SD.

Results

Characterization of Isolated Fetal Liver Cells

EGFP-transgenic breeder pairs were phenotyped for
green fluorescence of their naked skin and eyes using a
standard blacklight lamp. Because EGFP homozygous
mice were reported to be lethal,24 heterozygous mice
were used with the consequence that some prepared
fetal livers did not contain EGFP-positive cells. Nucleated
cells express EGFP, but not mature red blood cells,
which are the most common cells in fetal liver. Therefore,
freshly prepared cells from fetal livers were characterized
by flow cytometry (Figure 1, a and b). Of all isolated vital
cells 92.5% showed TER119-positive staining (Figure 1c)
and were EGFP-negative. From the remaining 7.5% TER-
negative cells the majority (85.1%, representing 6.4% of
all cells) was EGFP-positive (Figure 1d), illustrating only a
small proportion of EGFP-negative fetal livers in the initial
tissue preparation procedure. The propidium iodide ex-
clusion test revealed an overall vitality of 97.5%.

Table 1 gives a summary of the mouse transplantation
procedures. As recipients we used immunodeficient
mice that express the uroplasminogen activator in the
liver, controlled by the albumin promotor (uPA/RAG2-
mice).11,12 Because for each transplantation 1.5 � 106

total fetal liver cells were used we estimated to have
transplanted �1 � 105 EGFP-positive/TER-negative cells
(6.4% of total cells). From the analysis of at least six

Figure 1. FACS analysis of day 13.5 fetal liver progenitor cells of EGFP-
C57BL/6 mice. For fluorescent cell cytometry analysis of cell suspension
derived from fetal liver (embryonic day 13.5) staining with the erythrocyte
marker TER119 was performed and vitality was determined by propidium
iodide (PI) exclusion. Cells (n � 100,000) were collected and PI-negative
cells (97.5%, data not shown) were analyzed by the foreword/sideward
scatter (a). Most of the cells in fetal livers were of hematopoietic origin with
a high percentage of erythrocytes (92.5% TER-positive) that did not express
EGFP (c). Because heterozygous mice were used for the mating, there are
some embryos with EGFP-negative liver progenitor cells. From the remaining
7.5% TER-negative cells the majority was EGFP-positive (85.1%), demonstrat-
ing a small number of cells derived from EGFP-negative fetal livers only (d).
The overall percentage of TER119-negative EGFP-positive cells was 6.4%.
These cells contained the fraction of liver progenitor cells and were distrib-
uted typically in the FSC/SSC blot (b).

Gene Expression of Fetal Liver Progenitor Cells 39
AJP January 2003, Vol. 162, No. 1



different specimens per liver we calculated a total of 100
to 150 EGFP-positive regeneration nodules representing
1 to 2% of the regenerated liver mass.

Analysis of EGFP-Positive Regeneration
Nodules

Two weeks after fetal liver progenitor cell transplantation,
small EGFP-positive regeneration nodules were detect-
able by immunofluorescence in the uPA/RAG2 mouse
liver. Hemalaun-eosin staining showed distinct regener-
ation nodules surrounded by diseased liver tissue (Figure
2, a and c) as well as larger EGFP-negative parenchyma
of endogenous regenerated liver cells. Four weeks (Fig-
ure 2, b and d) and 6 weeks after the cell transplantation,
the EGFP-positive nodules became larger and were more
and more integrated in the EGFP-negative regenerated
parenchyma, although some demarcation was visible
most likely because of freezing and staining procedures.

For further analysis of these EGFP-positive regenera-
tion nodules (Figure 3; a, d, and g) immunofluorescence
staining of the ecto-ATPase DPPIV was performed.

DPPIV is typically located on the apical membrane of
hepatocytes resulting in a canalicular-staining pattern
(Figure 3; b, e, and h). The overlay of the corresponding
EGFP and DPPIV fluorescence proved the presence of
DPPIV in fetal liver cell-derived regeneration nodules 2, 4,
and 6 weeks after transplantation (Figure 3; c, f, and i).
Additionally these nodules were increasingly well inte-
grated in the surrounding tissue throughout time (Figure
3f), which suggests functionality of the transplanted cells.

During the regeneration process cell proliferation is
needed to restore the cell mass of the diseased liver,
which was investigated by BrdU incorporation. Ten areas
of fetal liver cell-derived green fluorescent regeneration
nodules were analyzed 2, 4, and 6 weeks after cell trans-
plantation by counting BrdU-incorporating versus 4,6-
diamidino-2-phenylindole-stained nuclei. Two weeks af-
ter transplantation �4.8% of the fetal liver cells showed
proliferation activity (Table 1; Figure 4, a and b), decreas-
ing to 1.7% (Figure 4, c and d) and 0.4% 4 and 6 weeks
after transplantation, respectively. Most of the proliferat-
ing cells were observed in the periphery, which suggests
expansion of the regeneration nodules. As expected, 2

Table 1. Experimental Groups of uPA/RAG2 Mice Transplanted with EGFP-Positive Fetal Liver Progenitor Cells

Mouse no. No. of transplanted cells Time of sacrifice Proliferation activity

1245 1.5 � 106 cells 2 weeks after transplantation (64/1342)
1246 4.77%
1258

1255 1.5 � 106 cells 4 weeks after transplantation (27/1625)
1272 1.66%

1303 1.5 � 106 cells 6 weeks after transplantation (6/1453)
1305 0.41%
1308

Experimental groups of uPA/RAG2 mice transplanted with EGFP-transgenic fetal liver progenitor cells. The proliferation activity was calculated by
the number of BrdU-incorporating versus the total number of DAPI-stained nuclei in 10 fetal liver progenitor cell-derived regeneration nodules.

Figure 2. Regeneration nodules after transplantation of EGFP-positive fetal liver progenitor cells in uPA/RAG-2 mice. Five-�m cryosections of uPA/RAG-2 mouse
livers were stained with hemalaun-eosin and consecutive slides were analyzed for EGFP fluorescence after EGFP-positive fetal liver progenitor cell transplantation.
Two weeks (a and c) after transplantation, small EGFP-positive regeneration nodules (arrows) are detectable between normal endogenously regenerated (a, left)
and uPA-damaged liver tissue (a, right). After 4 weeks (b and d) the damaged liver tissue nearly was diminished and the nodules have become larger, whereby
the liver morphology in the H&E staining developed a normal pattern (b). On the right part of this nodule there is a demarcation line, which is probably a result
of the freezing, fixation, and staining procedure.
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weeks after transplantation endogenous proliferating
nodules were also detectable (�1.9% BrdU-positive nu-
clei), but 4 weeks and 6 weeks after transplantation the
surrounding tissue shows no increased proliferation ac-
tivity (Figure 4, e and f).

Gene Expression Profiles in Fetal Liver
Cell-Derived Tissue

Gene expression profiling is a suitable tool for staging
differentiating processes in the liver because transcripts
of the fetal liver cell protein AFP are hardly detectable in
adult tissue, whereas the RNA level of the major secretion
protein albumin rises constantly during liver develop-
ment. Regeneration nodules derived from the trans-

planted cells were identified by fluorescence microscopy
and isolated by laser-mediated microdissection. In pre-
liminary examinations a pool of five microdissected ar-
eas, each of �50 cells, has been proven to result in
sufficient RNA quantities for 12 analyses, which are
needed for expression profiling of four genes in tripli-
cates. This amount of RNA gave Ct values in the same
order of magnitude as obtained with 2 ng of standard
cDNA. Therefore, the complete RNA of five pooled areas
was transcribed into cDNA (20 �l) and diluted 1:3 for
12 � 5-�l sample volumes.

For the analysis of the eight different mouse liver sam-
ples, two iCycler runs had to be performed, including
nontemplate controls and standard cDNA of adult and
fetal (day 13.5) mouse liver (Table 2). Quantitative RT-

Figure 3. Immunofluorescence analysis of the DPPIV antigen in EGFP-positive regeneration nodules. Five-�m cryosections from uPA/RAG2-mouse livers were
analyzed 2 weeks (no. 1246, a–c), 4 weeks (no. 1255, d–f), and 6 weeks (no. 1308, g–i) after transplantation of EGFP fetal liver cells. For analysis of the fluorescent
(green) regeneration nodules co-staining of the hepatic marker enzyme DPPIV was performed (red fluorescence), illustrating the canalicular membranes of
polarized hepatocytes (b, e, h). The overlay of the green fluorescent regeneration nodules with the red DPPIV signal shows the presence of few polarized
hepatocytes 2 weeks after transplantation (c), much more after 4 weeks (f), and a normal pattern after 6 weeks (i), demonstrating the developing liver architecture
and the integration of the regenerative tissue.
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PCR of 2 ng of fetal liver cDNA gave Ct values of 26.7 and
25.8 for albumin, of 29.3 and 27.2 for AFP and of 32.3 and
30.3 for the housekeeping gene GAPDH (Table 2), result-
ing in a difference of albumin and AFP expression of �1.4
to 2.6 cycles. For comparison, in 2 ng of adult liver cDNA
Ct values of 24.1 and 23.5 were measured for albumin
and Ct values of 32.6 and 31.5 for GAPDH, whereas the

AFP expression was not detectable until cycle 38 in these
samples. So, the albumin/AFP difference rises to �13.9 in
adult mouse liver. No EGFP expression was found in our
standard cDNA of fetal and adult liver from wild-type
mice. These data were additionally shown in Figure 5a,
by normalizing the albumin and AFP expression as differ-
ences to the GAPDH Ct values.

Figure 4. Proliferation activity index in EGFP-positive regeneration nodules. Specimens of fetal liver progenitor cell-derived regeneration nodules (green
fluorescence) in uPA/RAG2-mouse liver were analyzed 2 weeks (no. 1246, a and b) and 4 weeks (no. 1255, c–f) after transplantation for BrdU incorporation (red
nuclear fluorescence, arrows in a, c, e). The ratio of the number of BrdU versus the total number of 4,6-diamidino-2-phenylindole staining of all nuclei (b, d,
f) was calculated, as demonstrated by the corresponding arrows. Some unspecific autofluorescence in the diseased liver tissue appears in the green and red
channel resulting in yellow spots around the regeneration nodules. Increased proliferation activity is shown in regeneration nodules at 2 weeks (a and b) and
at a lower degree also at 4 weeks (c and d) after fetal liver progenitor cell transplantation, whereas in the surrounding endogenously regenerated liver tissue (e
and f) only few proliferating cells are detectable (see also Table 1).

Table 2. Gene Expression Profile of Regeneration Nodules 2, 4, and 6 Weeks after Transplantation of Day 13.5 Fetal Liver
Progenitor Cells in uPA/RAG2 Mice

Sample Albumin AFP GAPDH EGFP � (Alb-AFP)

Standard, day 13.5 2 ng 26.7 � 0.38 29.3 � 0.35 32.3 � 0.59 n.d. (�38) 2.6
Standard, day 13.5 2 ng 25.8 � 0.40 27.2 � 0.26 30.3 � 0.49 n.d. (�38) 1.4
Standard, adult 2 ng 24.1 � 0.31 n.d. (�38) 32.6 � 0.58 n.d. (�38) �13.9
Standard, adult 2 ng 23.5 � 0.06 n.d. (�38) 31.5 � 0.31 n.d. (�38) �14.5
No. 1245, 2 weeks p.Tx. 27.3 � 0.35 37.5 � 0.42 35.7 � 0.28 37.4 � 0.78 10.2
No. 1246, 2 weeks p.Tx. 32.7 � 0.10 37.6 � 0.40 35.3 � 0.55 37.7 � 0.44 4.9
No. 1258, 2 weeks p.Tx. 30.2 � 0.52 36.5 � 0.78 37.2 � 1.36 36.6 � 0.75 6.3
No. 1255, 4 weeks p.Tx. 27.8 � 0.84 n.d. (�38) 34.5 � 0.44 34.0 � 0.42 �10.2
No. 1272, 4 weeks p.Tx. 28.8 � 0.42 n.d. (�38) 34.9 � 0.97 35.6 � 0.42 �9.2
No. 1303, 6 weeks p.Tx. 27.5 � 0.17 n.d. (�38) 32.3 � 0.12 32.3 � 1.05 �10.5
No. 1305, 6 weeks p.Tx. 26.7 � 0.61 n.d. (�38) 32.3 � 0.51 31.3 � 0.38 �11.3
No. 1308, 6 weeks p.Tx. 27.9 � 0.25 n.d. (�38) 33.2 � 0.25 33.2 � 0.75 �10.1

p.Tx.: after transplantation.
Samples of EGFP-positive regeneration nodules (2, 4, and 6 weeks after EGFP-transgenic fetal liver cell transplantation) were isolated by laser-

assisted microdissection. Five areas were pooled for each sample before RNA extraction and cDNA synthesis was performed. For quantitative RT-PCR
analysis of albumin, AFP, GAPDH, and EGFP expression the Taqman method was used. The resulting Ct values are given and show a distinct
expression profile for adult and fetal (day 13.5) liver standard cDNA, respectively. Ct values over 38 were out of the detection range and marked as
n.d. (not detectable). The increasing albumin/AFP difference indicates the differentiation of the transplanted fetal liver cells towards mature
hepatocytes.
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For staging of the gene expression profile at different
time points after transplantation of EGFP-positive fetal
liver cells in uPA/RAG2 mice these control data were
used. Two weeks after cell transplantation only weak AFP
expression was detectable with Ct values ranging from
36.5 to 37.5 (Table 2). The resulting albumin/AFP differ-
ences were 4.9 (mouse no. 1246), 6.3 (mouse no. 1258),
and 10.2 (mouse no. 1245) indicating a more differenti-
ated stage of the transplanted fetal liver cells.

These differences became even larger in regeneration
nodules analyzed after 4 and 6 weeks. The AFP expres-
sion level was decreased under the detection limit (Ct �
38), whereby the albumin expression remained in the
same range compared to GAPDH and EGFP expression.
Analysis of the albumin/AFP differences (�10.2, �9.2,
�10.5, �11.3, and �10.1; see mice nos. 1255 to 1308 in
Table 2) and of the normalized expression levels (Figure
5b) demonstrates an even more differentiated gene ex-
pression profile, suggesting a terminal differentiation into
mature hepatocytes of the transplanted fetal liver cells.

Discussion

The early fetal liver contains progenitor cells, which have
the ability to differentiate either into hepatocytes or biliary
epithelial cells. A small fraction of cells even exhibit bi-
potential activity and generate both epithelial cell
types.15,17 Fetal liver progenitor cells proliferate exten-
sively in vitro16 and differentiate into adult parenchymal
phenotypes after transplantation into a host animal.17,25

In the present study we used EGFP-transgenic mice as
donors for fetal liver progenitor cells. In contrast to other
transplantation systems such as the DPPIV rat model,26

which relies on staining of a developmentally regulated
membrane enzyme, all nucleated cells in EGFP mice
starting from oocytes constitutively express the fluoro-
genic transgene.24 Furthermore, cells transplanted into
the liver can be identified in native or fixed tissue regard-
less of the phenotype and differentiation status. Trans-
plantation of the fetal liver cell suspension from embry-
onic day 13.5 embryos into the liver regeneration model
uPA/RAG-2 resulted in fluorescent cell clusters within a
period of 6 weeks after transplantation morphologically
resembling hepatic cord structures. The fetal cell sus-
pensions used in the transplantation experiments most
likely also contained hematopoietic progenitor cells, be-
cause the liver is the predominant site of hematopoiesis
during this phase of development.27,28 In cell suspen-
sions derived from fetal liver only a small fraction (7.5%)
was negative for the surface marker TER 199, which
identifies erythroid cells from the early erythroblast to the
mature erythrocyte in flow cytometric analysis.29 Despite
strong hematopoietic activity and the presence of hema-
topoietic stem cells in the fetal liver, however, we did not
observe hematopoiesis originating from transplanted fe-
tal cells either in the liver or in the bone marrow.

The alb-uPA mice used as recipient animals for cell
transplants express the uro-plasminogen protein exclu-
sively in hepatocytes. The transgene destroys the hepa-
tocytes after birth and induces a subacute liver failure. In
the heterozygous state some host cells can delete the
transgene and form large regeneration nodules.19,20 The
transplanted EGFP-transgenic liver progenitor cells par-
ticipated in tissue regeneration and formed cohesive cell
clusters within the host liver of the uPA mice. The high
frequency of small- and medium-sized EGFP-positive re-
generation nodules in our experiments suggests efficient
initial integration of fetal liver progenitor cells in the host
liver and subsequent clonal expansion. The regeneration
originating from the transplanted cells always competes
with endogenous regeneration and is terminated with
restoration of the normal liver mass. In contrast, repopu-
lation models based on hematopoietic stem cell transdif-
ferentiation have resulted only in a few, but large cell
clones after a long period of positive/negative selection
pressure.12

Identification of transplanted cells in the liver without
tissue staining allowed us to follow and analyze the dif-
ferentiation process during the early phase of liver regen-
eration. Recently, a contamination-free laser-assisted mi-
crodissection procedure was developed that is useful to
isolate intact mRNA of frozen tissue samples.30–32 In
dried cryosections we were able to identify the EGFP-
positive cell clusters by fluorescence microscopy, pre-
cisely isolate the target cells by laser microdissection and
generate RNA from the tissue samples. Normalized
for the GAPDH and EGFP mRNA content we quantified
mRNAs for the hepatocyte-specific proteins AFP and al-
bumin. For the first time this experimental approach pro-
vides quantitative data of the in vivo differentiation pro-
cess at the transcriptional level. In a previous study from
our group albumin has been shown to be expressed at
developmental stage embryonic day 11.5 in mice at a
level comparable to AFP. At later stages the albumin

Figure 5. Expression profiles of albumin and AFP in liver progenitor cell
differentiation. The albumin (black bars) and AFP expression (white bars)
was normalized to GAPDH by subtracting their Ct values from the GAPDH Ct
value (see Table 2). For calculating GAPDH-AFP Ct differences the detection
limit of AFP expression was set at a value of 38 (asterisks). For each
experimental group the means were calculated and shown in this figure. In
the control experiments (a) the standard cDNA of day 13.5 fetal liver and
adult liver showed an albumin expression of 	5.05 and 	8.25, respectively.
In contrast the AFP expression was 	3.05 in the fetal liver cDNA and under
the detection limit (
�5.95) in adult liver cDNA. Two, 4, and 6 weeks after
transplantation (b) the expression profiles of the transplanted liver progen-
itor cells altered toward mature hepatocytes. The albumin expression re-
mained constant (	6.00, 	6.40, 	5.23), whereas the AFP-expression de-
creased gradually (�1.13 after 2 weeks) under the detection limit (
�3.30
and 
�5.4 after 4 and 6 weeks, respectively).
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mRNA level constantly increases and reaches a maxi-
mum in the adult liver (A. Jochheim et al, manuscript in
preparation). AFP mRNA expression also rises during
fetal development, although at overall lower levels com-
pared to albumin, and drops to very low levels immedi-
ately after birth. The quantitative mRNA levels of both
genes thus represent excellent markers of liver matura-
tion and may characterize the transition of fetal liver pro-
genitor cells into mature hepatocytes. The data show that
2 weeks after transplantation the differentiation process
in the transplanted cells is already initiated. The (AFP-
ALB) Ct value substantially increased compared to val-
ues obtained from the primary fetal tissue, but did not reach
the level obtained for adult liver tissue. After 4 and 6 weeks
AFP mRNA was not detectable anymore, whereas the albu-
min/GAPDH ratio reached levels comparable to adult liver.
These data strongly suggest terminal differentiation of the
transplanted fetal liver progenitor cells into mature hepato-
cytes after 4 to 6 weeks. The staining pattern of the DPPIV
antigen, which is associated with the mature parenchymal
cells in the liver,26 in EGFP-positive regeneration nodules
also supports the obtained gene expression data. In 2- and
4-week-old cell clusters the DPPIV antigen staining ap-
peared scattered and faint, whereas in 6-week-old nodules
continuous networks with strong DPPIV staining had al-
ready formed.

It is notable that differentiation of fetal liver progenitor
cells into mature hepatocytes occurred despite ongoing
cell proliferation. BrdU pulse labeling showed a substan-
tially increased proliferation index compared to normal
liver tissue in 2-week-old regeneration nodules. After 4
weeks the index decreased but was still higher than in
control tissue and dropped to levels comparable to nor-
mal liver tissue after 6 weeks. The BrdU-labeled nuclei
were located predominantly in the periphery of regener-
ation nodules clearly indicating a growth of the cell clus-
ters rather than increased turnover of cells caused by
acute damage and apoptosis. Our data suggest that the
differentiation pathway is distinct from the process lead-
ing to reactivation of AFP expression in carcinoma
cells.33 In fact, Dabeva and colleagues34 have shown
that cell division of hepatocytes is not associated with
dedifferentiation and reactivation of AFP expression indi-
cating dissociation of proliferation from AFP expression in
hepatocytes.

Sandhu and colleagues35 reported that embryonic day
14 fetal liver progenitor cells derived from DPPIV	 rats
showed a higher proliferation capacity compared to adult
hepatocytes and proliferated for up to 6 month after
transplantation into a DPPIV� host liver and subsequent
partial hepatectomy. In our model we could not observe
a further increase in the size of regeneration nodules
derived from liver progenitor cells beyond the 6 week
period. Similar results have also been observed by trans-
planting adult hepatocytes, because the hepatocyte pro-
liferative stimulus lasts in uPA/RAG-2 mice �8 to 10
weeks after birth, until the transplanted hepatocyte mass
becomes comparable to the liver mass of nontransgenic
normal mice.

Quantitative RT-PCR has been performed with RNA
from 
50 microdissected cells or 
2 ng of total RNA. In

a previous study we were able to show, that combination
of laser-mediated microdissection with a linear RNA am-
plification protocol36 makes even low abundance genes
such as transcription factors accessible for molecular
analysis (T. Cantz et al, manuscript in preparation). Our
quantitative molecular approach may thus be applicable
in the analysis of in situ differentiation involving scattered
adult hepatic and extrahepatic stem cells. Recently, dif-
ferentiation of adult stem cells into mature hepatocytes
has been demonstrated in murine animal models as well
as in humans. Transdifferentiation of bone marrow cells
into liver progenitor cells and hepatocytes has been de-
scribed.10–12 Generation of hepatocytes from bone mar-
row cells also occurs after allergenic liver transplantation
in humans and is associated with the frequency and
severity of rejection episodes.37 The molecular events,
however, inducing differentiation and transdifferentiation
in adult and embryonic/fetal stem cells are primarily un-
known. Stage- and differentiation-specific gene expres-
sion patterns with quantitative PCR and genome-wide
technologies may be helpful in unraveling the underlying
molecular mechanisms and will be crucial for developing
in vitro differentiation protocols for stem cell populations.
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