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Introduction
p27Kip1 stably interacts with various cyclin/Cdk com-
plexes and inhibits cyclin E/Cdk2 and cyclin A/Cdk2
kinases (1, 2). Consistent with its role as a negative regu-
lator of cell proliferation, p27 knockout mice are about
25% larger than wild-type littermates (3–5). Most organs
of p27 knockout mice have postmitotic and properly dif-
ferentiated cells in greater numbers. The phenotypes of
cells cultured from p27 knockout mice are cell-type spe-
cific. Mouse embryo fibroblasts from p27 knockout
mice are normal in their ability to be serum starved and
stimulated to reenter the cell cycle (3–5). In contrast, p27
knockout oligodendrocyte progenitors have a higher
proliferative potential in culture before they exit the cell
cycle and differentiate (6, 7). These in vivo and in vitro
phenotypes establish that p27 plays an important role in
cell cycle regulation of certain cell types. Since the lack of
p27 led to an increased number of well-differentiated
cells in many organs, we sought to investigate whether
targeting p27 could be beneficial for cell-based therapies
in which the success of the therapy depends on the
extent of cell proliferation.

In this study, we investigated the role of p27 in hepa-
tocyte proliferation in vitro and after transplantation
into diseased livers. Our results show that in culture,
primary hepatocytes purified from p27 knockout mice
have increased DNA synthesis and Cdk2-kinase activi-
ties. Interestingly, when transplanted into a mouse
model of liver failure, p27 knockout cells are better able
to proliferate and rescue the animals from liver failure.
These results reveal an important role of p27 in hepa-
tocyte proliferation regulation that may be useful in
improving hepatocyte-based therapy of liver disease.

Methods
Mice. The p27+/– mice (129/Sv × C57BL/6) were a kind
gift from Andrew Koff (Memorial Sloan-Kettering Can-
cer Center, New York, New York, USA) (4) and were bred
to generate p27 knockout and wild-type mice. Fumary-
lacetoacetate hydrolase (FAH) knockout mice (129/Sv)
were maintained with the drug 2-(2-nitro-4-trifluo-
romethylbenzoyl)-1,3-cyclohexanedione (NTBC; a gift
from Swedish Orphan AB, Stockholm, Sweden) in the
drinking water (7.5 µg/ml). Mouse colonies were main-
tained in a pathogen-free environment with 12-hour
light/dark cycles. Animal care and experiments were
conducted in accordance with US federal guidelines and
under protocols approved by the Animal Care Use
Committee of the Albert Einstein College of Medicine.

Liver perfusion. Livers from 2- to 3-month-old p27
wild-type and p27 knockout littermates were perfused
with a standard two-step perfusion protocol (8). This
procedure typically yielded 1 × 107 to 2 × 107 viable
hepatocytes (>90% pure after isodensity Percoll cen-
trifugation) per mouse.

Western blots and kinase assays. Livers were homoge-
nized by 15 strokes in a Dounce homogenizer in ELB
(50 mM HEPES, pH 7.0, 250 mM NaCl, 5 mM EDTA,
0.1% NP-40, 1 mM DTT, with protease and phos-
phatase inhibitors) and sonicated. Lysates were clari-
fied by centrifugation for 10 minutes at 12,000 g. Puri-
fied hepatocytes were plated on either Primaria (Sigma
Chemical Co., St. Louis, Missouri, USA) or rat tail col-
lagen-coated plates in attachment media (DMEM with
10% FBS). After attachment for 2–4 hours, cells were
washed once with PBS and changed to DMEM/F12,
10–7 M dexamethasone, and ITS (5 µg/ml insulin, 
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5 µg/ml transferrin, and 5
ng/ml selenium; Biofluids
Inc., Rockville, Maryland,
USA). At various time points,
cells were harvested and
lysed in ELB. For Western
blot analysis, 20 µg per sam-
ple was boiled in Laemmli
sample buffer, run on 6% (for
p130 phosphorylation) or
10% SDS gels, blotted to
PVDF, and probed with Ab’s
to p27 (C19), cyclin A
(H432), cyclin E (M20), Cdk2
(M2), and p107 (C18; all
from Santa Cruz Biotechnol-
ogy Inc., Santa Cruz, Califor-
nia, USA). Anti-FAH Ab was
kindly provided by Robert M.
Tanguay (University of Laval,
Ste-Foy, Quebec, Canada).
Equal loading was confirmed
by uniform India ink stain-
ing of the membranes and
equal intensities of bands
cross-reacting with the vari-
ous Ab’s. For Cdk2-kinase
assays, 80 µg of protein was
mixed with 300 ng anti-Cdk2
Ab (M2) in 200 µl ELB with protease and phosphatase
inhibitors for 1 hour on ice. Ab’s were collected with
protein A beads for 1 hour. Beads were washed three
times in ELB with inhibitors, and twice in Cdk2-kinase
buffer A (50 mM HEPES, pH 7.0, 10 mM MgCl2, 5 mM
MnCl2, 1 mM DTT), and kinase assays were performed
in 20 µl buffer A containing 10 µCi 32P-γ-ATP, 2 µg his-
tone H1, and 10 µM cold ATP for 20 minutes at 30°C.
Kinase assays were stopped with Laemmli sample
buffer, boiled, and loaded on 12% SDS gels.

DNA synthesis determination. Tritiated thymidine incor-
poration was determined by scintillation counting of
trichloroacetic acid–precipitable materials, and DNA
synthesis activity was presented as counts per minute
per microgram of total cellular protein. For bromod-
eoxyuridine (BrdU) incorporation, hepatocytes were
labeled with 10 µM BrdU for 24 hours and fixed in 0.2%
formaldehyde. Cells were permeabilized with 70%
ethanol, and BrdU incorporation was detected by indi-
rect immunofluorescence with anti-BrdU mAb NA-20
(Calbiochem-Novabiochem Corp., San Diego, Califor-
nia, USA) and a FITC-labeled secondary Ab (Pierce
Chemical Co., Rockford, Illinois, USA). Nuclei were
stained with Hoechst 33258. For each sample, 300–400
nuclei were counted and scored for BrdU incorporation.

Hepatocyte transplantation and tissue processing. Hepato-
cytes (105 cells in 50 µl) were injected into the spleens
of 2- to 3-month-old male FAH knockout mice using a
Hamilton gas-tight syringe fitted with a 26-gauge nee-
dle. The injection site was ligated with silk suture to

prevent spillage of the transplanted cells out of the
spleen. NTBC treatment was discontinued on the day
of the transplantation. The weights and general condi-
tions of the animals were monitored 2–3 times a week.
Livers were fixed in 10% buffered formalin and
processed for staining with hematoxylin and eosin
(H&E). Anti-FAH immunostaining was performed as
described previously (9) using the IHC AEC kit (Inno-
Genex, San Ramon, California, USA).

Quantitation of repopulation extent. Both FAH DNA and
protein quantitations were performed on material iso-
lated from the same piece of liver tissue. Livers were
homogenized in ELB as described above and clarified by
centrifugation. Supernatants were removed and pre-
pared for Western blot analysis for FAH protein as
described above. A standard curve was generated by
mixing FAH–/– liver extracts with p27+/+ liver extracts.
Pellets containing nuclei were resuspended and digest-
ed overnight in digestion buffer (20 mM Tris, pH 7.5,
150 mM NaCl, 20 mM EDTA, 0.5% SDS, and 0.5 mg/ml
proteinase K). DNA was isolated by isopropanol pre-
cipitation, and 150 ng genomic DNA was used in PCR
reactions for FAH genomic sequences as described pre-
viously (10). For quantitation of repopulation extent,
ratios of donor/host (FAH wild-type/FAH mutant) PCR
bands, as determined by ImageQuant software, were
interpolated against a standard curve generated by PCR
of artificially mixed donor and host genomic DNA (see
Figure 5a, lanes 1–6). Since hepatocytes in a normal liver
constitute about 60% of the cells, the value obtained was
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Figure 1
Proliferation status of p27 wild-type and knockout livers. (a) Histological (H&E) and BrdU immuno-
histochemistry analyses for wild-type and p27 knockout livers as indicated. Wild-type liver 2 days
after partial hepatectomy (PH) is shown for comparison. Diagonal and vertical arrows denote mitot-
ic figures and BrdU-positive cells, respectively. All photographs are at ×400. (b) Western blots on
quiescent liver extracts. Three animals from each genotype are shown (lanes 1, 2, and 3, wild-type;
lanes 4, 5, and 6, p27 knockout). Hyperphosphorylated forms of p130 are indicated. (c) Cdk2
immunoprecipitation-kinase assay on quiescent liver extracts. Three animals from each genotype
are shown, and wild-type liver 2 days after partial hepatectomy (PH) is shown for comparison.



further multiplied by 1.67 to yield the actual repopula-
tion percentage used in the text.

Results
We first determined the proliferation status of hepato-
cytes in the livers of adult p27 knockout mice. Livers of
2-month-old wild-type and p27 knockout mice (4) con-
tained similarly rare S-phase hepatocytes determined
by in vivo BrdU labeling, and mitotic hepatocytes,
determined by chromosome condensation morpholo-
gy (Figure 1a). Western blot analysis (Figure 1b) showed
equally low levels of cyclins E and A in the two types of
livers. Cdk2 content was elevated about threefold in
p27 knockout livers, but the CAK phosphorylated,
faster-migrating species was not present. Consistently,
Cdk2-associated kinase activity was equally low in both
types of livers compared with the amount of Cdk2-
kinase activity present in the remnant liver 2 days after
70% partial hepatectomy of the wild-type mice (Figure
1c). Livers of p27 knockout mice contained slightly
higher levels of p130, which was, most notably, more
hyperphosphorylated, as demonstrated by the conver-
sion of form 2 to form 3 (Figure 1b). It is known that
phosphorylation form 2 of p130 is specific for quies-
cent cells and form 3 appears in early G1 (11, 12). Sev-
eral serine and threonine residues in the spacer region
and B pocket have been identified recently as the sites

of phosphorylation in G0 and early G1 (13). Although
these residues exist in consensus Cdk phosphorylation
sequences, the identities of the kinases responsible for
their phosphorylation are not clear since known cyclin-
dependent kinases are not active at these times. Taken
together, these results reveal that, although hepato-
cytes and possibly nonparenchymal liver cells of the
adult p27 knockout livers do exhibit some differences
in Cdk2 levels and p130 phosphorylation compared
with wild-type livers, they are not proliferative.

We next determined whether the lack of p27 had an
effect on hepatocyte proliferation in primary culture.
Primary hepatocytes were isolated using a two-step per-
fusion protocol and cultured in defined media (see
Methods section). It is known that primary mouse
hepatocytes isolated with this protocol can be stimu-
lated to enter S phase by hepatocyte mitogens, such as
EGF. In this study, we used two methods to measure
DNA synthesis activity. Tritiated thymidine incorpora-
tion of the whole culture measures the total DNA syn-
thesis activity, while BrdU labeling by immunofluores-
cence staining reveals the actual number of cells that
are progressing through S phase.

After 1 day in culture, no significant DNA synthesis
activities (as determined by both tritiated thymidine
incorporation and BrdU labeling) were observed in
either wild-type or p27 knockout hepatocytes in either
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Figure 2
DNA synthesis in cultured hepatocytes. Hepatocytes of the indicated genotypes were cultured in the presence and absence of EGF as
indicated and labeled with 5 µCi tritiated thymidine or 10 µM BrdU for 24 hours before harvest on different days in culture. (a) Triti-
ated thymidine incorporation. The data presented are means ± SEM and are representative of five separate experiments with similar
results. (b) BrdU incorporation. For each sample, 300–400 nuclei were scored for BrdU incorporation. (c) Immunofluorescence stain-
ing for BrdU incorporation in hepatocytes. Nuclei were stained with Hoechst 33258, and BrdU was detected with anti-BrdU primary
and FITC-labeled secondary Ab’s. Cells were photographed at ×400 with an Olympus IX70 inverted fluorescence microscope (Olym-
pus America Inc., Melville, New York, USA) and digital camera (cooled CCD camera Photometrics PXL; Roper Instruments, Tuscon,
Arizona, USA). All data presented are from the same animals.



the absence or presence of EGF (Figure 2, a and b). This
result was consistent with the above finding that p27
knockout hepatocytes were not proliferative in adult
liver. At day 2, wild-type hepatocytes contained low
DNA synthesis activities in the absence of EGF (12%
BrdU positive; Figures 2, a and b). Addition of EGF
stimulated DNA synthesis activities (tritiated thymi-
dine incorporation increased 1.8-fold and 29% of the
cells were BrdU positive). In comparison, p27 knockout
hepatocytes contained significantly elevated DNA syn-
thesis activity at day 2, even in the absence of EGF (tri-
tiated thymidine incorporation increased fivefold over
wild-type hepatocytes, and 27% of the knockout hepa-
tocytes were BrdU positive). Addition of EGF further
stimulated BrdU incorporation 1.9-fold to 51%. At day
3 of the primary culture, DNA synthesis activities sub-
sided somewhat in both wild-type and p27 knockout
cultures, but were still higher in p27 knockout hepato-
cytes. Representative fields of BrdU staining shown in
Figure 2c demonstrated that most of the p27 knockout
hepatocyte clusters in day-2 culture are positive for
BrdU staining. Thus, p27 knockout hepatocytes were
better able to enter S phase in primary culture than
wild-type hepatocytes.

Biochemical analysis showed that Cdk2-kinase activ-
ity was increased in primary p27 knockout hepatocytes.
Initially, both wild-type and p27 knockout hepatocytes
contained no detectable Cdk2-kinase activity at day 1
in culture (Figure 3a), consistent with the results
obtained from the liver samples (Figure 1c). At day 2, in
the absence of EGF, wild-type hepatocytes lacked

detectable Cdk2-kinase activity that was then stimu-
lated by the presence of EGF. Since day 2 hepatocyte
cultures in the absence of EGF contained low levels of
DNA synthesis activity (Figures 2, a and b), the amount
of Cdk2-kinase activity necessary for S-phase entry is
likely below the level of sensitivity of our assay condi-
tions. The lack of p27 led to significantly elevated
Cdk2-kinase activity in p27 knockout hepatocytes at
day 2 even in the absence of EGF. Addition of EGF fur-
ther elevated Cdk2-kinase activity. Since BrdU incor-
poration (Figure 2b), but not tritiated thymidine incor-
poration (Figure 2a), was further increased by EGF
treatment on day 2, it appears that Cdk2-kinase activi-
ty correlated more closely with BrdU incorporation
than with tritiated thymidine incorporation. At day 3
of primary culture, Cdk2-kinase activities returned to
baseline levels in wild-type hepatocytes, but remained
significantly elevated in p27 knockout hepatocytes.
These results demonstrated that, in the absence of p27,
Cdk2 was more easily activated in either the presence
or absence of EGF.

During cell cycle entry, after growth factor stimula-
tion of many cell types, levels of Cdk2, cyclin E, and the
pocket protein p107 increase during the progression
from G0 to S phase, and cyclin A is expressed at the
G1/S transition and thus serves as a marker of S phase.
Cdk2 (including the CAK phosphorylated, faster-
migrating form resulting in a tight doublet in our
gels), cyclin E, and p107 were higher in p27 knockout
hepatocytes than in wild-type hepatocytes at parallel
time points, consistent with the above finding that
p27 knockout hepatocytes entered S phase more
actively than wild-type hepatocytes. Compared with
the more significant increases in Cdk2-kinase activity
(Figure 3a), the relatively smaller differences in protein
levels (Figure 3b) indicated that the lack of the p27
inhibitor was the primary mechanism for the activa-
tion of Cdk2 kinase.

It is known that in the culture conditions we used for
DNA synthesis analysis, primary mouse hepatocytes
are able to enter S phase but unable to proliferate even
in the presence of hepatocyte mitogens (14). Rather,
they show signs of morphological changes (spreading)
and cell death after a few days in culture. In this respect,
p27 knockout hepatocytes did not differ from wild-
type hepatocytes. Cell numbers in both types of hepa-
tocyte cultures increased 1.4-fold over a period of 5
days (data not shown), consistent with previous reports
on wild-type hepatocytes (15). Starting from day 4 in
culture, both wild-type and p27-null hepatocytes suf-
fered from gradual cell death as judged by the gradual
appearance of floating cells in culture. Results from
measurements of DNA synthesis and cell population
expansion demonstrate that lack of p27 led to
increased S-phase entry but did not render primary
hepatocytes with increased potential to actually divide
and proliferate in the culture conditions used.

We next determined the proliferation potential of
p27 knockout hepatocytes after transplantation into
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Figure 3
Cdk2-kinase activity and expression of late G1/S-phase cell cycle reg-
ulators in cultured hepatocytes. (a) Cdk2 immunoprecipitation-
kinase activity in hepatocytes cultured with or without EGF for the
indicated times after isolation from the liver. (b) Western blots on
extracts from cultured hepatocytes with the indicated Ab’s. The same
extracts were analyzed in a and b and were derived from the same ani-
mals used for Figure 2.



livers of p27 wild-type mice with liver failure. We used
mice deficient in FAH as a model (10). The lack of FAH
leads to the accumulation of tyrosine degradation
intermediates that are toxic to hepatocytes. FAH
knockout mice treated with NTBC, which inhibits an
upstream enzyme in the tyrosine degradation pathway,
can live to adulthood (16), but die from liver failure
after discontinuation of NTBC treatment. Transplan-
tation of hepatocytes from congenic wild-type male
mice into female FAH knockout recipients led to
repopulation of diseased livers with transplanted cells
and rescue of the animals after NTBC withdrawal (17).

To determine whether p27 knockout hepatocytes have
a better ability to proliferate and rescue FAH knockout
mice, we exploited two new aspects of the FAH trans-
plantation model. First, we have found that it is possi-
ble to repopulate the livers of FAH knockout mice with
allogeneic hepatocytes in the absence of immunosup-
pressive drugs (M. Grompe, unpublished observations).
This likely is due to the immunosuppressive action of
succinylacetone (18), the key metabolite accumulated in
tyrosinemia. We postulated that allogeneic hepatocytes
with more active proliferation potentials may have an
advantage in rescuing liver failure under this less-opti-
mal transplantation condition, which more closely
resembles human hepatocyte transplantation where
only allogeneic donor cells are available. With these con-
siderations, we used wild-type or p27 knockout mice on
a 129/Sv × C57BL/6 hybrid background as donors and
FAH knockout mice on a 129/Sv background as recipi-
ents. Second, we have observed that male FAH knock-
out mice suffer from more acute liver failure and die
faster than female FAH knockout mice after NTBC
withdrawal (M. Grompe, unpublished observations).
Since it is more difficult to rescue acute, rapidly pro-
gressing liver failure (19), we chose to use male FAH
mice as recipients to determine whether p27 knockout
hepatocytes are better at rescuing liver failure.

Twenty-three mice were transplanted with male wild-
type hepatocytes and 25 with male p27 knockout hepa-
tocytes in a total of six separate perfusion-transplanta-
tion experiments. Five mice transplanted with
wild-type hepatocytes died within 6 days of surgery and
were not included in the data analysis to avoid con-
founding results from postoperative complications
(death from liver failure should take place between 1
and 2 months after NTBC withdrawal; ref. 17 and see
Figure 4a). Several mice from each group were sacri-
ficed at 1 month after transplantation for histological
analysis. The survival curves for the 2-month period
after transplantation demonstrated that it was indeed
difficult to rescue male FAH knockout mice with wild-
type hepatocytes. However, mice transplanted with p27
knockout hepatocytes had significantly better survival
than those transplanted with wild-type hepatocytes
(Figure 4a). The median survival of animals trans-
planted with wild-type and p27 knockout hepatocytes
was 35.0 and 57.5 days, respectively (P = 0.0003), and
the survival rates at 2 months after transplantation

were 11% (2/18) and 50% (8/16), respectively. Mice sac-
rificed at 1 month after transplantation, and therefore
not included in the survival curve, were moribund in
the group receiving wild-type hepatocytes, but were
generally in good condition (i.e., displayed normal
appearance, physical activity, and reactions to han-
dling) in the group receiving p27 knockout hepato-
cytes, suggesting that the difference in rescue could be
bigger had these mice not been sacrificed for analysis.

Figure 4b shows body weights of the two groups of
mice that received wild-type or p27 knockout hepato-
cytes in the same experiment (i.e., each group received
hepatocytes from one donor mouse). Weight loss after
transplantation (and withdrawal of NTBC) followed
similar kinetics in both groups, the body weights
decreasing to about 60% of the original body weight by
1 month. After that, most of the mice transplanted
with p27 knockout hepatocytes (except one) started to
regain body weight, whereas mice transplanted with
wild-type hepatocytes died.
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Figure 4
Rescue of male FAH knockout mice by hepatocytes. (a) Kaplan-
Meier survival curve of FAH knockout mice after hepatocyte trans-
plantation and withdrawal of NTBC treatment. The graph does not
include animals that were excluded before their deaths or sacrificed
(see text). The difference in the two curves is statistically significant
(P = 0.0003). (b) Body weight measurements of transplanted ani-
mals. The results are from one pair of donors (wild-type and p27
knockout), each transplanted into eight hosts. Body weight at the
time of transplantation is indicated as 100%. In this transplantation
experiment, one animal in the wild-type hepatocyte group was sac-
rificed before its imminent death (square), and four generally
healthy animals in the p27 knockout hepatocyte group (square, dia-
mond, cross, and open circle) were sacrificed at 30 days for histo-
logical analysis. All the remaining animals in the wild-type hepato-
cyte group died before day 40, but survived to 2 months in knockout
hepatocyte group. One animal in the knockout hepatocyte group
(rectangle) survived without regaining body weight.



Next, we performed semiquantitative PCR for FAH
genomic sequences to measure the extent of liver
repopulation by transplanted hepatocytes. Mixing
known amounts of genomic DNA from wild-type and
FAH-null liver demonstrated that the detection thresh-
old was about 5% repopulation (Figure 5a, lanes 1 to 6).
At the 1-month time point, repopulation was not
detectable for mice transplanted with either wild-type
or p27 knockout hepatocytes (not shown). We then
examined four mice from each transplantation group
at the 2-month time point, including four survivors
from the wild-type transplanted mice (all the mice that
survived) and four from the p27 knockout transplant-
ed mice (out of eight that survived). Of the four mice
transplanted with wild-type hepatocytes, two did not
contain detectable FAH sequences, one had 28% repop-
ulation, and one had 43% repopulation (Figure 5a). In
contrast, the four mice transplanted with p27 knock-
out hepatocytes contained 2%, 62%, 68%, and 86%
repopulation. These results showed that survival up to
2 months did not necessarily indicate successful repop-
ulation by the transplanted hepatocytes. In fact, every
mouse that survived to 2 months, but did not regain its
body weight, lacked detectable repopulation (such as
the one mouse in Figure 4b). Thus, of the mice that
survived to the 2-month time point, livers transplant-
ed with p27 knockout hepatocytes were repopulated to
a greater extent overall.

We also examined FAH protein levels in these same liv-
ers. As shown in Figure 5b (lanes 1 to 6), the sensitivity
of FAH protein detection is between 5% and 10% repop-
ulation. Of the eight mice examined with PCR in Figure
5a, levels of FAH protein were proportional to the cor-
responding levels of FAH sequences. This result sug-
gested that p27 knockout hepatocytes expressed simi-
lar amounts of FAH protein, consistent with the finding
that livers of p27 knockout mice contained the same
amount of FAH protein as wild-type livers (Figure 1b).

We performed FAH staining to visualize the presence
of transplanted hepatocytes in host livers. Livers from
animals sacrificed at 1 month after transplantation
with either wild-type or p27 knockout hepatocytes
showed scattered clusters of FAH-positive hepatocytes
(Figure 6a), indicating engraftment and proliferation

of both types of cells in the recipient livers. As a refer-
ence to the PCR and Western blot analyses at 2 months
after transplantation, the representative animals ana-
lyzed in Figure 6b (2-month time point) correspond to
no. 2 of the wild-type transplanted group and no. 3 of
the p27 knockout transplanted group presented in
Figure 5. As shown in Figure 6b, the liver that received
p27 knockout hepatocytes contained large areas of
FAH-positive hepatocytes after 2 months, demon-
strating that transplanted hepatocytes had proliferat-
ed significantly to repopulate the recipient liver. In the
liver that received wild-type hepatocytes and survived
to 2 months, clusters of FAH-positive cells also became
bigger than those at the 1-month time point, but
many of the clusters were isolated and had not become
confluent with adjacent clusters. Furthermore, FAH-
positive cells in the p27 knockout hepatocyte trans-
planted liver were found in platelike structures in
proper relationship with sinusoids, indicating the
presence of architectural remodeling of the donor
cells. Histological examination of the livers revealed
similarly low levels of lymphocytic infiltration in areas
containing FAH-positive cells in both types of livers at
both 1-month and 2-month time points.

In parallel with FAH staining, we also performed
TUNEL staining to measure the presence of apoptosis
in the FAH-positive nodules. As shown in Figure 6,
both the host parenchyma and the FAH-positive nod-
ules contained very few and scattered TUNEL-positive
cells, at both 1-month and 2-month time points. Taken
together, histochemical studies of recipient livers
demonstrated that, in this transplantation system, p27
knockout hepatocytes proliferated to a greater extent
than wild-type hepatocytes to rescue a higher percent
of animals from liver failure.

Discussion
We have demonstrated that hepatocytes lacking p27
are better able to activate Cdk2 and enter S phase in
primary culture, and, in vivo, p27 knockout hepato-
cytes are better able to repopulate the livers of trans-
planted FAH-null mice and rescue them from liver fail-
ure. Importantly, this study is, to our knowledge, the
first demonstration of enhanced transplantation suc-
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Figure 5
Quantitation of repopulation efficiencies. (a) Semi-quantitative PCR
analysis of FAH genomic sequences. Primers for FAH mouse geno-
typing (10) were used in PCR on genomic DNA from livers of trans-
planted animals. In lanes 1–6, known amounts of wild-type and FAH
knockout genomic DNA were premixed (the percentages of FAH
wild-type donor DNA are indicated) for PCR to serve as reference
points. The ratio of host/donor DNA bands was used to calculate
repopulation percentages (see Methods) indicated under each ani-
mal (four mice for each genotype). (b) Western blot for FAH protein
in transplanted livers as indicated. Similar to a, known amounts of
extracts from wild-type and FAH knockout livers were mixed in lanes
1–6 at the indicated ratios. The four animals from each genotype
were the same as those in a.



cess using genetically modified primary hepatocytes.
Our results suggest a new concept that p27 could be a
potential target to benefit hepatocyte-based therapies.
Hepatocyte transplantation is a logical means to treat
acute liver failure due to hepatocyte injury (20, 21).
Although hepatocytes have been shown to have almost
unlimited proliferative potential in serial transplanta-
tion experiments (22), one obstacle to the successful
treatment of liver failure is that the number of hepa-
tocytes that can engraft at one time is often insuffi-
cient for treating severe and acute liver failures (19).
Transplantation of a greater number of cells runs the
risk of occluding liver circulation (19, 23). Another
logical, yet less-explored approach is to modify the
donor hepatocytes so that they can proliferate better
in the recipient liver.

One major concern about the manipulation of p27
levels is the associated tumor risk, since p27 has been
shown to be a haploinsufficient tumor suppressor in
mice (24). Manipulation of p27, however, should pose
less of a risk of hepatocellular carcinogenesis than
other means of stimulating the hepatocyte cell cycle,
such as transgenic expression of hepatocyte mitogens
HGF (25) and TGF-α (26). Whereas both TGF-α trans-
genic and p27-deficient hepatocytes display increased
DNA synthesis in primary culture (27), only TGF-α
transgenic mice develop hepatocellular carcinomas (26,
28). The incidence of liver adenomas in p27 knockout

mice after injection of carcinogen N-ethyl-
N-nitrosourea was also not different from
that of wild-type mice (24). Likewise, there
has been little evidence that p27 alter-
ations are involved in hepatocellular car-
cinogenesis in humans. Our findings sug-
gest that p27 could be a potential target
for ex vivo modification for improving the
efficacy of hepatocyte transplantation in
the treatment of liver failure.

Since our studies have used the original
p27 knockout strain on a 129/Sv × C57BL/6
hybrid background (4), our results, in theo-
ry, could be complicated by contributions
from other genes that are functionally dif-
ferent in the two strains. Our use of six sep-
arate pairs of wild-type and p27 knockout
littermates from different parents as donors
minimized such complications since a par-
ticular modifier gene is unlikely to consis-
tently cosegregate with the p27 knockout
locus. We nevertheless cannot rule out the
possibility that a modifier gene closely
linked to the p27 locus may have con-
tributed to the hepatocyte proliferation
phenotypes. However, it was shown that
p27 knockout mice on the 129/Sv back-
ground had an equivalent extent of
increased body weight during development
as the hybrid strain (5). Since organomegaly
(including the liver) is proportional to body

weight increase, it is unlikely that the observed pheno-
types of p27 knockout hepatocytes were the result of a
p27 locus-linked modifier.

With respect to the utility of targeting p27 in human
hepatocyte transplantation, we also need to consider
the possibility that hepatocytes in livers of p27 knock-
out mice may not have been truly quiescent. If this was
the case, targeting p27 in wild-type hepatocytes, which
are truly quiescent, may not achieve the same effects as
p27 knockout in the germline. This possibility can be
experimentally tested in the future with ex vivo modi-
fication to reduce p27 levels in wild-type hepatocytes.
We consider this scenario less likely, however, since we
did not see any differences in the baseline DNA syn-
thesis states of wild-type and p27 knockout adult hepa-
tocytes during the first day of culture.

Finally, after the completion of this work, Cheng and
coworkers published their study showing that p27
knockout hematopoietic stem cells had a repopulation
advantage after bone marrow transplantation (29) to
rescue lethally irradiated mice. Their results with blood
stem cells are consistent with results from this work,
demonstrating that the potential benefit of targeting
p27 is not restricted to hepatocytes.
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