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From skin cells to hepatocytes: advances
in application of iPS cell technology
Linda E. Greenbaum
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The discovery several years ago that fibroblasts and other somatic cells
from mice and humans can be reprogrammed to become inducible
pluripotent stem (iPS) cells has created enthusiasm for their potential
applications in regenerative medicine and for modeling human diseases.
Two independent studies in this issue of the JCI provide evidence that
iPS cells represent a promising source of hepatocytes for a wide range
of applications, including cell transplantation, drug toxicity testing,
patient-specific disease modeling, and even ex vivo gene therapy. But
how far have we come?
Limitations of hepatocytes for study
and treatment of human liver disease
Chronic liver disease is a significant worldwide cause of morbidity and mortality in
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both pediatric and adult patient populations. Although liver transplantation has
markedly reduced the burden for patients
with end-stage liver disease, the shortage
of organ donors and the morbidity associated with long-term immunosuppression has led to intense interest in identifying alternative therapeutic approaches,
including cellular transplantation therapy.
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Although hepatocyte transplantation has
been achieved successfully in some patients
with acute liver failure and certain metabolic diseases (1, 2), the use of hepatocytes
for this clinical application has met several obstacles, including the need for large
numbers of hepatocytes and an observed
loss of differentiation during culture.
Similar obstacles have been encountered
with attempts to use hepatocytes for in
vitro drug toxicology assays and to model
human liver diseases (3, 4). Human embryonic and fetal stem cells can be propagated
for extended periods in culture and can be
differentiated to hepatocyte-like cells that
are able to survive in vivo (5–8). However,
the ethical issues associated with their use
and their limited availability have reduced
enthusiasm for this approach.
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Figure 1
iPS cell–derived hepatocytes restore liver
function in the Fah–/– mouse model of liver
failure. In their study, Espejel and colleagues
investigated the potential for fibroblast-derived
iPS cells to proliferate and restore liver function in the FAH-deficient liver failure model
(18). Mouse embryonic fibroblasts were
reprogrammed to become iPS cells using a
plasmid method to deliver the reprogramming
transcription factors KLF4, OCT4, SOX2,
and c-myc. iPS cells were then injected into
blastocysts from Fah–/– mice, resulting in chimeric mice. The injected iPS cells differentiated in vivo to become hepatocytes. Upon
withdrawal of NTBC in the postnatal period,
Fah–/– hepatocytes died, resulting in repopulation of the liver by the transplanted iPS
cell–derived (wild-type) hepatocytes and restoration of normal liver function. The authors
further tested the proliferative capacity of the
iPS cell–derived hepatocytes by demonstrating that these cells proliferated in response to
partial hepatectomy and repopulated a Fah–/–
liver as efficiently as did wild-type hepatocytes
in a competitive repopulation assay.

deficient and immunocompetent mouse
strains (12). Although these cells expressed
many of the functions associated with fully
mature hepatocytes in culture, their ability
to restore liver function in models of liver
disease was not tested.
Another promising application of iPS
cell–derived hepatocytes is the modeling
of genetic diseases in vitro using cells from
individual patients. This approach could
ultimately make it possible to understand
the effects of specific mutations on disease
pathogenesis. Hepatocytes obtained from
patient iPS cells could also be used as a
platform for drug hepatotoxicity assays
and to individualize patient therapies. To
date, few neurological disease–specific phenotypes have been modeled using patientspecific iPS cells (16, 17).

Inducible pluripotent stem cells
as an alternative source of human
hepatocytes
Yamanaka and colleagues first demonstrated in 2006 that introduction of 4
transcription factors, Kruppel-like factor 4
(Klf4), Octamer 3/4 (Oct4), SRY box–containing protein 2 (Sox2), and c-Myc, could
effectively reprogram mouse fibroblasts to

become pluripotent stem cells, which are
known as inducible pluripotent stem (iPS)
cells (9). This was followed a year later by
the successful derivation of human iPS
cells (10, 11). Recently, several groups
reported that iPS cells can be successfully differentiated into hepatocyte-like
cells (12–15) and that these cells are able
to repopulate the livers of both immuno-
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iPS cells are highly proliferative and
can restore liver function in a model
of liver failure
Two independent studies published in this
issue of the JCI provide exciting data that
expand our understanding of the capabilities
of iPS cell–derived hepatocytes in vivo (18)
and our ability to model human liver diseases using patient-specific iPS cell–derived
hepatocytes (19). Espejel and colleagues
tested not only whether hepatocytes differentiated from mouse iPS cells were able
to repopulate the liver when transplanted,
but whether these cells were sufficiently
functional to restore liver function in mice
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Figure 2
Genetic diseases of the liver modeled in iPS cell–derived human hepatocytes. Rashid and colleagues investigated the potential to model inborn genetic diseases of the liver in human iPS
cell–derived hepatocytes (19). Skin fibroblasts were obtained from patients with 5 inborn metabolic liver diseases: AAT, FH, GSD1a, hereditary tyrosinemia, and Crigler-Najjar syndrome.
Fibroblasts were reprogrammed to become iPS cells by introducing retroviral vectors expressing KLF4, OCT4, SOX2, and c-myc. iPS cells from 3 of these diseases were then differentiated
in culture to become hepatocytes and analyzed for defects specific to each genetic disease.

that lack the enzyme fumarylacetoacetate
hydrolase (FAH) (18), which is encoded by
the gene that is mutated in human hereditary tyrosinemia. Patients that lack this
essential enzyme, which is required for
tyrosine metabolism, develop liver failure,
neurologic impairment, and hepatocellular carcinoma as a consequence of excessive
accumulation of tyrosine in these tissues.
FAH-deficient mice can be maintained on
the drug 2-(2-nitro-4-fluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC), which
blocks an enzymatic step upstream of
FAH and thus prevents the accumulation
of hepatotoxic metabolites. Subsequent
NTBC withdrawal results in rapid liver failure. This elegant system allowed the investigators to assess how well mouse iPS cell–
derived hepatocytes restored liver function,
since survival of the FAH-mutant animal
depended upon repopulation and sufficient
expression of FAH to rescue the genetic
defect. The authors implanted iPS cells
directly into FAH-deficient blastocysts and
3104

then waited to withdraw NTBC until the
postpartum period, allowing these cells to
differentiate in vivo but without providing
a repopulation advantage during gestation
(Figure 1). Mice with substantial chimerism,
or contribution from the injected iPS cells,
exhibited marked liver population by FAHexpressing hepatocytes and had liver function restored at postnatal day 22. Normally,
hepatocyte function and cell number reach
final size by postnatal day 21. FAH-positive
(i.e., iPS cell–derived) hepatocytes completely replaced FAH-deficient hepatocytes
by postnatal day 70, which indicated that
the iPS cells continued to proliferate until
full repopulation was achieved. As further
proof that these cells functioned comparably to fully differentiated hepatocytes, liver
function and plasma amino acid profiles
continued to be normal up to postnatal
day 300 (i.e., 10 months without NTBC).
The iPS cell–derived hepatocytes even
exhibited polyploidy, a characteristic of differentiated hepatocytes.

The Journal of Clinical Investigation

http://www.jci.org

Volume 120

Espejel and colleagues also tested the
long-term proliferative capacity of iPS
cell–derived hepatocytes by demonstrating
their capability to proliferate in response
to partial hepatectomy (18). Since iPS cell–
derived hepatocytes possess a proliferative
advantage over Fah-null hepatocytes in this
context, the authors performed an even
more robust test of iPS cell–derived hepatocyte proliferative capacity by transplanting equal numbers of iPS cell–derived and
wild-type hepatocytes into the liver of an
FAH-deficient mouse. Under these competitive conditions, the iPS cell–derived
and wild-type hepatocytes contributed equally to recipient liver (Figure 1),
demonstrating that iPS cell–derived
hepatocytes can proliferate as well as normal hepatocytes. Because previous studies
showed that fusion of hematopoietic cells
with FAH-deficient hepatocytes allowed
FAH-deficient hepatocytes to repopulate
the liver and restore liver function (20–22),
the investigators had to exclude the possibility of cell fusion as a trivial explanation for the success of the iPS cells.
Using elegant genetic marker analysis,
the authors showed that the overwhelming majority of hepatocytes were indeed
directly derived from iPS cells, without
fusion with host hepatocytes.
In summary, Espejel and colleagues
extend our understanding of both the proliferative and the metabolic potential of
iPS cell–derived hepatocytes in the mouse
by using more robust challenges than
reported previously (18). Importantly, they
produced highly differentiated hepatocytes
using a reprogramming technique that
does not require viral integration of exogenous DNA, an important prerequisite for
transplantation of human iPS cells or their
derivatives into patients. An important limitation of their approach, however, is that
the implantation of iPS cells directly into
the early developing embryo allowed these
cells to differentiate in response to developmental signals in vivo, which may have
contributed substantially to their functionality. This strategy will not be feasible when
applied to human iPS cells, which will need
to undergo differentiation in vitro prior to
transplantation. Further studies will also
be needed to investigate the repopulation
capabilities of iPS cell–derived hepatocytes
in models in which selection advantage for
the iPS cell–derived hepatocyte is weaker,
more closely resembling the intrahepatic
environment found in patients with chronic liver disease.
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Human iPS cell–derived hepatocytes
recapitulate key aspects of genetic
liver disease
In a related study also in this issue, Rashid
and colleagues investigated the potential
of human iPS cell–derived hepatocytes
to model inborn liver diseases (19). The
authors obtained skin fibroblasts from a
small cohort of patients diagnosed with
a1-antitrypsin deficiency (AAT), glycogen
storage disease type 1a (GSD1a), familial
hypercholesterolemia (FH), hereditary tyrosinemia, or Crigler-Najjar syndrome as well
as healthy controls (Figure 2). Multiple iPS
cells were successfully derived from each
patient using the retroviral reprogramming
protocol developed by Yamanaka and colleagues (10). Next, Rashid and colleagues
used a 3-step in vitro differentiation protocol using defined factors to differentiate
the iPS cells sequentially into definitive
endoderm, hepatic progenitor, and hepatocyte populations. The authors were able
to characterize iPS cell–derived hepatocytes
from patients from 3 of the 5 diseases for
which iPS cells were obtained. These diseases, AAT, GSD1a, and FH, represent
3 different mechanisms of liver disease:
defective protein secretion, lack of a critical
intracellular enzyme, and absence of a cell
surface receptor, respectively. Remarkably,
the iPS cell–derived hepatocytes exhibited characteristic phenotypic abnormalities observed in native hepatocytes from
patients with these 3 diseases (Figure 2).
While these results are preliminary, they
establish an important proof of concept
and set the stage for more extensive analyses of genetic liver diseases in vitro.
The development of human iPS cell–
derived hepatocyte models of liver diseases
will also create new opportunities to screen
drugs tailored to the individual patient
and to develop autologous cell transplantation therapy to correct genetic defects.
The authors acknowledge some of the limitations of using iPS cell–derived patient
hepatocytes to model liver diseases (19). The
pathogenesis of many liver diseases involves
signals from other cell populations within
and outside the liver. For example, in those
diseases in which delayed onset and/or
environmental influences are important
factors in pathogenesis, additional modifications, such as DNA damage, may be
necessary in order to accurately model the
disease in vitro. The authors also acknowledge that although hepatocyte function was

achieved with the differentiation protocol
used for this study, the persistent expression of a-fetoprotein indicated that the iPS
cell–derived hepatocytes were not fully differentiated. Additional optimization of differentiation protocols may be necessary in
order to achieve full maturation of human
iPS cell–derived hepatocytes. Another caveat of their study is that although the use
of retroviral vectors to express reprogramming genes may be adequate for in vitro
studies, alternative methods that either do
not require viral transgenes for reprogramming or effectively remove these exogenous
gene sequences prior to transplantation
will be necessary in order to transplant iPS
cell–derived hepatocytes into patients. In
the course of inducing differentiation of
iPS cells to hepatocytes, Rashid and colleagues observed substantial patient-topatient differences in the efficacy of the
procedure. Therefore, differences in expression of the mutant protein were more likely
to be caused by variability in the extent of
differentiation achieved rather than by
phenotypic severity of the disease. In light
of these findings, caution must be used in
distinguishing phenotypic differences from
incomplete differentiation. Analysis of larger numbers of patients and perhaps more
robust differentiation protocols will likely
be necessary in order to resolve this issue.
Summary
These studies have extended our understanding of the capabilities of iPS cells for
cell replacement therapy and demonstrate
that key aspects of genetic liver diseases can
be modeled in vitro. Substantial obstacles
must be overcome, however, before iPS cells
will be ready for in vivo applications. The
most pressing goals include the development of efficient and consistent virus-free
reprogramming methods and elimination
of undifferentiated iPS cells. The potential
to apply these technologies in patient-specific manners will no doubt expand the
application of personalized medicine to the
field of liver diseases in the near future.
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