
In Vivo Liver Regeneration Potential of Human Induced
Pluripotent Stem Cells from Diverse Origins

Hua Liu, Yonghak Kim, Saul Sharkis, Luigi Marchionni, and Yoon-Young Jang*

Sidney Kimmel Comprehensive Cancer Center, Johns Hopkins University School of Medicine,
Baltimore, MD 21231, USA

Abstract
Human induced pluripotent stem cells (iPSCs) are a potential source of hepatocytes for liver
transplantation to treat end-stage liver disease. In vitro differentiation of human iPSCs into hepatic
cells has been achieved using a multistage differentiation protocol, but whether these cells are
functional and capable of engrafting and regenerating diseased liver tissue is not clear. We show
that human iPSC-derived hepatic cells at various differentiation stages can engraft the liver in a
mouse transplantation model. Using the same differentiation and transplantation protocols, we also
assessed the ability of human iPSCs derived from each of the three developmental germ layer
tissues (that is, ectoderm, mesoderm, and endoderm) to regenerate mouse liver. These iPSC lines,
with similar but distinct global DNA methylation patterns, differentiated into multistage hepatic
cells with an efficiency similar to that of human embryonic stem cells. Human hepatic cells at
various differentiation stages derived from iPSC lines of different origins successfully repopulated
the liver tissue of mice with liver cirrhosis. They also secreted human-specific liver proteins into
mouse blood at concentrations comparable to that of proteins secreted by human primary
hepatocytes. Our results demonstrate the engraftment and liver regenerative capabilities of human
iPSC-derived multistage hepatic cells in vivo and suggest that human iPSCs of distinct origins and
regardless of their parental epigenetic memory can efficiently differentiate along the hepatic
lineage.
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Introduction
In the United States, 20,000 patients are actively waiting for a donor liver for transplantation
to rescue end-stage liver disease because of, for example, liver cirrhosis or hepatocellular
carcinoma. However, the shortage of donor organs means that only 7000 liver transplants
are performed annually in the United States (1). Because the need for liver replacement far
outstrips current supply, we are forced to critically evaluate alternative approaches to
traditional solid organ transplantation. The use of ex vivo adult human hepatocytes is a
desirable option for cellular therapies or drug testing. However, these cells have extremely
limited proliferation potential and lose function and viability upon isolation. Although there
have been great advances in liver stem cell biology (2–4), hepatic stem cells are infrequent
within tissue, making their isolation and expansion unfavorable for large-scale applications
(5). Attempts to immortalize hepatocytes by introducing telomerase and viral transfection
also suffer from the shortcomings of phenotypic changes, poor liver function, and
karyotypic abnormalities (6, 7). Recently, there has been a focus on deriving human
hepatocytes from other sources, in particular human embryonic stem cells (ESCs) and
human induced pluripotent stem cells (iPSCs) (8–12). These pluripotent stem cells have
advantages over their adult tissue-specific counterparts because they can be expanded in
culture indefinitely while maintaining a normal karyotype and differentiation capacity.

In vitro differentiation of both human ESCs and iPSCs into cells of the hepatic lineage has
been achieved (8–12), suggesting a potentially unlimited source of hepatocytes that could be
used in drug screening, modeling liver disease, and cell therapy. Multistage hepatic cells
resembling definitive endoderm (DE), hepatic progenitors (HPs), and mature hepatocyte
(MH)–like cells have been generated from human iPSCs using stepwise differentiation
protocols (10, 13). A recent report further demonstrated the feasibility of using in vitro
hepatic differentiation of human iPSCs to model several inherited liver diseases (14).
Although in vitro culture may recapitulate certain disease features and may be suitable for
drug screening purposes, successful regenerative therapy will require hepatic cells that can
functionally engraft in the diseased liver. Whether human iPSC-derived hepatic cells retain
functionality after engraftment is largely unknown (12, 15), and whether human iPSC-
derived hepatic cells at different stages of differentiation have appropriate in vivo functions
remains to be determined.

The current differentiation protocols for human iPSCs will continue to benefit from studies
of mouse and human ESCs, which serve as the gold standards of pluripotency (8, 13, 16–
23). iPSCs resemble ESCs in their pluripotency and offer an alternative to ESC-based
therapies that must contend with histocompatibility differences between donor and recipient.
However, questions remain whether human iPSCs are as functional and as safe as human
ESCs. It has been shown that iPSCs and ESCs can be distinguished by their gene expression
signatures (17), even in the absence of transgene expression of the reprogramming factors
used to dedifferentiate adult somatic cells into iPSCs (18). From a study of hemangioblastic
lineage differentiation from pluripotent stem cell lines, it has been suggested that human
iPSC derivatives exhibit limited expansion and early senescence compared to human ESC
derivatives (19). There are also questions regarding to what degree the iPSCs of different
origins are similar to each other. In the mouse, it has been reported that secondary
neurospheres generated from iPSCs derived from different adult tissues varied substantially
in their tumor-forming propensity (20). The molecular mechanism underlying this
phenomenon is not fully understood, but evidence from studies using mouse iPSCs has
suggested that there is epigenetic memory retained in the iPSCs from their adult somatic
(parental) cells, and that the memory may influence their differentiation potential (21, 22).
On the basis of these mouse iPSC studies, it is reasonable to speculate that the somatic
memory of human iPSCs might also affect their differentiation capabilities, which is of
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importance for disease modeling and cell therapy. Thus, the efficiencies of human iPSCs
from multiple origins for generating functional cell types such as hepatocytes need to be
determined and compared.

Most of the reported human iPSC lines have been generated from mesoderm-derived adult
somatic cells (that is, fibroblasts and blood cells) and a few ectoderm derivatives
(keratinocytes and neural progenitors) [reviewed in (16)]. In an effort to generate endoderm-
derived human iPSCs for comparative studies as well as for modeling acquired liver
diseases, we have recently reported generation of iPSCs from human primary hepatocytes
(10). Establishment of a panel of human iPSCs from all three embryonic germ layers
provided the opportunity to study molecular and functional similarities and differences
across this diverse range of human iPSCs.

Here, we use immunodeficient mice to develop a model of liver injury that allows
xenografts of human hepatic cells derived from human iPSCs to be analyzed. This xenograft
mouse model enabled the comparative assessment of the in vivo regeneration potential of
hepatic cells at various differentiation stages that were derived from human iPSCs. We
compared the hepatic differentiation and regeneration capabilities of human iPSC lines of
diverse origins that had similar but distinct epigenetic patterns. Our results show that human
iPSC-derived hepatic cells at different stages of differentiation can engraft and retain some
functionality in vivo regardless of the developmental origins of the iPSCs, and that retained
epigenetic memory does not manifest as altered hepatic differentiation capacity.

Results
Human iPSCs derived from diverse developmental origins

As previously described, human iPSC lines derived from human hepatocytes (endoderm),
bone marrow mesenchymal stem cells (mesoderm), and liver fibroblasts (mesoderm) were
generated using retroviruses expressing genes encoding the transcription factors Oct4, Sox2,
Klf4, and c-Myc (10, 23). For this study, we generated iPSCs from human keratinocytes
(ectoderm) using the same retroviruses but slightly different culture and reprogramming
conditions (fig. S1). The pluripotency of these cell lines has been reported previously (10)
and is documented in this study (figs. S1 and S2). All cell lines (15 iPSC lines derived from
human tissues originating in each of the three germ layers) proliferated at similar rates,
expressed markers of pluripotency, and gave rise to teratomas, demonstrating that they were
bona fide human iPSC lines (table S1).

Human iPSCs from tissues of different developmental origins exhibit similar but distinct
epigenetic patterns

To gain insight about the epigenetic patterns of human iPSCs derived from tissues of
different origins, we performed a genome-wide methylation analysis on all three germ
layer–derived human iPSC lines, their parental cells, and human ESCs. The overall
methylation patterns of all human iPSCs including endoderm tissue origin iPSCs (iH10,
iH11, and iH14), mesoderm iPSCs (iM2, iM3, iM7, iLC1, and iLC2), and ectoderm iPSCs
(iK1, iK2, and iK3) are highly similar to those of human ESCs (H1 and H9) and are distinct
from those of the parental cells (Fig. 1A and fig. S3). In hierarchical clustering and heat
maps of these human iPSC lines based on the top 5% most variable features (Fig. 1B), we
were able to detect one cluster of CpG loci that are hypermethylated only in human ESCs
but not in human iPSCs or parental cells (Fig. 1B, asterisk), indicating a certain level of
common epigenetic memory in iPSCs retained from the adult somatic cells from which they
were derived. We also found methylation patterns that are common to the same germ layer
origin iPSCs and their parental cells but distinct from those of all other cells (that is,
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different origin iPSCs and their parental cells, and ESCs), indicating a certain level of tissue-
specific epigenetic memory preserved in all of these distinct iPSCs (tables S2 to S4).
Nonetheless, the overall methylation patterns of human iPSCs were highly similar to one
another and to human ESCs rather than to their parental cells even in the hierarchical
clustering and heat map that were generated based on the top 5% most variable features
(Fig. 1B).

We further analyzed the list of loci differentially methylated between each of the iPSC lines
and their parental cells and compared the lists among the distinct developmental groups
(Fig. 1C; differentially methylated features between iPSCs and parental cells, P < 0.001). In
addition to common sets of loci that either gained or lost DNA methylation during
reprogramming, tissue-specific methylation changes were also evident in the reprogramming
processes of somatic cells from each germ layer (Fig. 1C). This was further confirmed by
functional gene set enrichment analyses. Genes involved in tissue-specific biological
pathways (for example, genes involved in liver metabolism in hepatocytes) were among
those that gained methylation during reprogramming (Fig. 1C). These results suggest that
human adult somatic cells undergo both common and distinct changes associated with their
tissue of origin during reprogramming to iPSCs.

Together, these results revealed that human iPSCs from various sources are similar to one
another and to human ESCs, regardless of retained epigenetic memory and distinct
epigenetic changes that occurred during the reprogramming process (Fig. 1, fig. S3, and
tables S2 to S4).

Human iPSCs derived from distinct sources show a similar propensity for hepatic
differentiation in vitro

To determine whether the observed molecular differences among human iPSC lines from
distinct sources could influence their ability to differentiate along the hepatic lineage in
vitro, we evaluated the directed hepatic differentiation capabilities for 15 iPSC lines and 2
ESC lines (table S1) using our multistage differentiation protocol (Fig. 2A) (1). All 15
human iPSC lines, regardless of their origin, generated each stage of liver differentiation
(DE, HP, and MH cells) with comparable efficiencies (Fig. 2, B to D). At the end of stage 1,
all iPSCs gave rise to DE cells with ∼90% efficiency as measured by negative staining for
SSEA3 (a human pluripotent stem cell marker) and positive staining for CXCR4 (a DE
stage-specific cell marker) (Fig. 2B). Ninety percent to 100% of the DE cells differentiated
into HP cells expressing α-fetoprotein (AFP) at day 10 (Fig. 2C); the HP cells then
differentiated into MH cells expressing albumin (ALB) and α-1-antitrypsin (AAT) at day 20
(Fig. 2D) after the induction of hepatic differentiation. These results were also comparable
to the hepatic differentiation potential and efficiency of human ESCs (Fig. 2, B to F). In
addition, mature hepatic cells derived from human iPSCs generated from cells from distinct
origins or from human ESCs exhibit comparable in vitro functional capabilities as measured
by secretion of albumin and the activities of five major cytochrome P450 enzymes in the
liver (CYP3A4, CYP1A2, CYP2C9, CYP2C19, and CYP2D6; Fig. 2, E and F, and fig. S4).

Multistage hepatic cells differentiated from diverse origin human iPSCs engraft mouse
liver after transplantation

Recent reports have shown in vitro hepatic differentiation by human iPSCs (10–12), and that
human iPSC-derived hepatocyte-like cells could integrate into mouse liver parenchyma and
express albumin (12). However, the in vivo functionality of the multistage hepatic cells
derived from human iPSCs has yet to be documented. To investigate engraftment by human
iPSCs from multiple tissue origins and their potential to contribute to liver regeneration, we
developed a liver injury transplantation model taking advantage of NOD/Lt-SCID/IL-2R γ
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g-/-(NSG) mice, which are currently one of the best rodent models for human cell
engraftment analysis (24, 25). Chronic liver injury was induced in the NSG mice by treating
them for 4 weeks with dimethylnitrosamine (DMN), which results in liver tissue damage
that mimics liver cirrhosis (histology and liver function are shown in fig. S5) (26–28).
Human ESC- and iPSC-derived hepatic cells (0.1 × 106 to 2 × 106 per mouse) were
intravenously injected into these mice to assess their ability to engraft and regenerate the
injured liver (Fig. 3A). About 89% of the NSG mice with liver injury transplanted with
human hepatic cells survived until tissue harvesting, whereas ∼60% of the mice that did not
receive human cells died within the first 3 weeks (Fig. 3B). The survival rates are
comparable among mice with liver injury that received hepatic cells at different stages of
differentiation (Fig. 3B). Eight weeks after human cell transplantation, mouse liver and
blood were analyzed to measure liver engraftment and in vivo functions of the human ESCs
and iPSCs and their multistage hepatic derivatives (Figs. 3 and 4 and Table 1). Human ESC-
and iPSC-derived DE cells differentiated into mature and functional human hepatocyte-like
cells as evidenced by the production of human albumin and CYP2E1 cytochrome P450
proteins (Fig. 3D). We further evaluated HP and MH cells derived from human ESCs and
iPSCs for their ability to repopulate mouse liver (Fig. 3, E and F). Human hepatic cells at
each differentiation stage showed engraftment ranging from 2 to 17% as evidenced by
positive staining for human albumin and CYP2E1 in mouse liver.

To more accurately determine the hepatic engraftment efficiency and to overcome the
limitations of conventional imaging (that is, taking photographs of only a small area of a
tissue section), we took advantage of the automated “Scan Large Image” method, which
scans the entire area of a tissue section (Fig. 4). With this approach, we were able to
calculate more precise engraftment percentages for human hepatic cells expressing albumin
(ALB+) by scanning multiple different lobules and lobes reflecting the entire mouse liver
(Fig. 4A; representative scan images for human iPSCs of each tissue origin are shown).
Cells from all three differentiation stages showed liver engraftment, with DE cells
displaying a higher engraftment efficiency (4 to 10%) than HP and MH cells (2 to 6%) (0.1
to 1 million transplanted cells per mouse, Fig. 4B). The overall engraftment potential (9 to
15%) of differentiated cells was comparable to that of human primary hepatocytes (PHs,
∼11%) and was higher than that of undifferentiated human ESCs or human iPSCs (1 to 3%)
(2 million cells transplanted, P < 0.01, Fig. 4C). In addition, we compared the human iPSCs
from multiple origins regarding differences in their potential for liver engraftment. Cells
from each differentiation stage (DE, HP, and MH) were used for the comparative study.
Regardless of their tissue of origin, human iPSC-derived hepatic cells displayed equivalent
liver engraftment when compared with ESC-derived hepatic cells as well as PH cells (2
million cells transplanted per mouse, Fig. 4C). The higher engraftment efficiency of DE
cells that we observed with lower cell doses (Fig. 4B; 0.1 to 1 million transplanted cells)
was not apparent when 2 million cells were used for transplantation (Fig. 4C). Distribution
of human cells in mouse liver tissue sections was easily analyzed using the scan method;
many of the human cells were detected as focal patterns associated with blood vessels (Fig.
4A, 2 million DE cells were transplanted), and some were evenly distributed in the liver
parenchyma especially in a mouse receiving a higher cell dose (Fig. 4D, 7 million DE cells
were transplanted). We observed increased engraftment with a higher cell dose (∼35% with
7 million cells transplanted, Fig. 4D) compared with a lower cell dose (∼13% with 2 million
transplanted, Fig. 4A). Liver engraftment by human cells was sustained for long periods (>7
months) without signs of tumor formation.

Because albumin is a secreted protein, it could potentially be taken up by surrounding mouse
liver cells, giving a false-positive result. Using polymerase chain reaction (PCR) of genomic
DNA isolated from the liver tissue of the transplanted mice, we therefore confirmed that the
cells detected as albumin-positive were indeed of human origin (fig. S6). From these results,
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we conclude that the human iPSC-derived hepatic cells have the inherent capacity to
integrate into the mouse hepatic parenchyma in vivo. To rule out the possibility that the
engrafted human hepatic cells may have fused with mouse liver cells, we showed by PCR
(fig. S7) that no mouse genes were detected in the human ALB+ hepatic cells isolated from
transplanted mice.

To further determine whether the engrafted human iPSC-derived hepatic cells are producing
liver proteins, we measured in vivo secretion of human liver-specific proteins in serum or
plasma obtained from mice that had been transplanted with hepatic cells at each stage of
differentiation derived from human iPSCs of diverse origins (Table 1). We were able to
detect measurable concentrations of multiple human liver-specific proteins including
albumin, transferrin, AAT, and fibrinogen [protein (∼46, 101, 8.1, and 1100 ng/ml) was
detected for mice transplanted with 2 million human hepatic DE cells; Table 1]. Although
the measured concentrations of albumin were lower than expected given the engraftment
efficiencies (Fig. 4), the concentrations of these liver proteins secreted from the engrafted
human ESC- and iPSC-derived multistage hepatic cells were comparable to those obtained
from mice that had been transplanted with human primary hepatocytes (Table 1). The
protein concentrations detected correlated with the liver engraftment efficiencies (Fig. 4C).
In the absence of directed differentiation, all undifferentiated iPSCs showed uniformly lower
engraftment efficiencies (Fig. 4, B and C, and Table 1) and liver protein secretion,
suggesting only low levels of spontaneous in vivo differentiation of transplanted human
iPSCs. This propensity for spontaneous hepatic differentiation appears to be comparable
among human iPSC lines from multiple origins. Together, these data demonstrate that
human iPSC-derived multistage hepatic cells, regardless of their origins, can engraft
damaged mouse liver and contribute to regeneration, functionally producing and secreting
human liver proteins albeit at low concentrations (Figs. 3 and 4 and Table 1).

Discussion
Our study demonstrates the liver regenerative potential of several differentiation stages of
hepatic cells derived from human iPSCs. The iPSC-derived, in vitro–differentiated cells
resembling DE, HP, or MH cells (Fig. 2 and fig. S4) can engraft within host liver
parenchyma while retaining the ability to proliferate and further differentiate into functional
hepatocytes (Figs. 3 and 4 and Table 1). Together with a previous report showing that
human ESC-derived DE cells can mature into hepatocyte-like cells in vivo (8), our results
suggest that earlystage hepatic cells such as DE and HP cells can differentiate into mature
and functional hepatocyte-like cells in the adult mouse liver environment. The engraftment
and functionality of human iPSC-derived hepatic cells were comparable to those of human
primary hepatocyte control cells (Figs. 3 and 4 and Table 1). Detection of human liver
proteins in the serum or plasma of mice receiving human hepatic cells suggests a good
correlation between human protein secretion and engraftment efficiency. We also observed a
cell dose effect; a higher cell dose showed more engraftment (Fig. 4D, ∼35% repopulation
with 7 million DE cells). The liver engraftment potential of hepatic cell derivatives from
human iPSCs will be useful for creating humanized mice using iPSCs from patients with
liver disease. Such mice will be valuable for disease modeling in vivo and to further assess
functionality of iPSCs and their hepatic derivatives for potential cell replacement therapy.

On the basis of our in vivo human cell engraftment data (Figs. 3 and 4 and figs. S6 and S7)
and increased human rather than mouse liver protein secretion (Table 1 and fig. S5), we
suggest that the cirrhosisrelated animal deaths in nontransplanted mice may be due to the
decreased function (that is, decreased synthesis of major mouse liver proteins) of the injured
mouse liver, and that transplanted human cells contributed to the regeneration of the DMN-
injured mouse liver. This liver cirrhosis model (that is, chronic DMN-treated NSG mice),
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like most biological models, may not recapitulate the human condition precisely. The
concentrations of human liver proteins secreted into mouse blood (Figs. 3 and 4, fig. S5, and
Table 1) are lower than expected when compared with other immunodeficient transgenic
mouse models of liver injury, for example, Fah-/-/Rag2-/-/Il2rg-/- or alb-uPA severe
combined immunodeficient (SCID) mice (29, 30). The limitations of our xenograft model of
liver cirrhosis (created by injection of DMN into immunodeficient NSG mice) include (i) a
high surgical mortality preventing intraportal or intrasplenic delivery of donor cells and (ii)
extensive liver fibrosis, which may have hampered secretion of human liver proteins from
engrafted human cells and prevented the high levels of human cell engraftment (∼90%) seen
in other mouse models (29, 30). However, this functional mouse model of liver cirrhosis and
repair by human hepatic cells does support the possibility that, in the future, iPSC-derived
hepatic cells could be used for cellular therapy in patients with chronic liver disease.

At a higher cell dosage (2 million or more cells transplanted per mouse), we did not observe
significant differences in engraftment efficiency among DE, HP, and MH cells derived from
human iPSCs (Fig. 4C). However, the DE cells displayed slightly higher engraftment
efficiencies at lower cell doses (Fig. 4B). This can be attributed to a higher proliferation
capability of the DE cells (which are at an earlier developmental stage) after engraftment.

Tumor formation has been a concern associated with human ESC-or iPSC-based cellular
therapy. We did not observe tumor formation in any organ of the transplanted mice for the
duration of this study (up to 7 months after transplantation into the NSG mice, which is
equivalent to >30 years of human life), regardless of the sources or stages of the donor cells.
The possible explanation for the lack of tumor formation includes (i) the high efficiency of
the directed hepatic differentiation, (ii) the relatively low dose of human cells transplanted,
and (iii) the transplantation route (intravenous) used in this study. Whether transplantation of
a higher number of cells by a more localized transplantation route such as intrahepatic or
intraportal infusion will result in tumor formation needs to be addressed in a future study.

The influence of iPSC origin on their ability to differentiate into blood cells has been
documented in mice (21, 22). Here, we investigated the potential differences among the
human iPSCs of multiple origins regarding their hepatic differentiation potential. We have
previously generated iPSCs from human hepatocytes (10) to model acquired liver diseases
that carry somatic mutations only in liver cells. It is, however, much more convenient and
less invasive to obtain other tissues (for example, fibroblasts, blood cells, and keratinocytes)
compared to a liver biopsy. Therefore, it is of paramount importance to compare hepatic and
nonhepatic origin iPSCs for their hepatic differentiation potential and in vivo function.
Through global DNA methylation analyses, we found that all of the human iPSC lines used
in this study (including both hepatic and nonhepatic origin iPSCs) exhibit highly similar
methylation patterns, but distinct epigenetic signatures of iPSCs from each germ layer origin
can be identified (Fig. 1, fig. S3, and tables S2 to S4). From the in vitro differentiation
studies, we showed that these cell lines display similar efficiencies at each stage of hepatic
cell differentiation (Fig. 2). To further elucidate any possible functional differences by a
more stringent in vivo test, we transplanted the human iPSC-derived differentiated hepatic
cells and assessed their engraftment efficiencies (Figs. 3 and 4). Our results showed that the
differentiated cells from various origin human iPSCs have similar capabilities to engraft host
liver tissue and to produce donor (that is, human) liver-specific proteins.

A recent report showed a tendency of early-passage mouse iPSCs to differentiate
preferentially into the cells of origin (that is, bloodderived iPSCs differentiating into blood
cells) and increased expression of Oct4 during passage of mouse iPSCs (22). We also
initially hypothesized that human hepatocyte-derived iPSCs might preferentially
differentiate into hepatic cells. However, such passage or cell origin effects were not
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observed in our human iPSC-based hepatic differentiation study. We believe that this is
mainly due to a high differentiation efficiency of human iPSCs into hepatic lineage cells
(∼90%), making small differences not easily distinguishable (10). Given that passage-related
Oct4 expression by iPSCs is inversely correlated with the efficiency of differentiation into
the cells of origin (22), we performed real-time PCR for OCT4 among early and late
passages of human iPSCs (fig. S8). The expression levels of OCT4 of all three germ layer–
derived human iPSC lines were similar to one another and to human ESCs regardless of
passage number, which correlates with our hepatic differentiation results across all iPSCs of
different origins and passages.

This study, however, does not exclude the possibility that for certain human cell types (for
example, blood cells), epigenetic memory may have a more marked impact on the efficiency
of directed differentiation as observed in mouse studies (21, 22). Future work should
elucidate the role of epigenetic memory in cell fate determination among human iPSCs from
distinct sources using improved DNA methylation arrays or whole-genome sequencing.
Epigenetic memory may be advantageous for directed differentiation of certain tissue types
where efficient differentiation remains a bigger challenge.

In summary, these studies demonstrate the in vivo liver regenerative potential of human
iPSC-derived hepatic cells at different stages of differentiation and suggest that epigenetic
memory retained in human iPSCs does not influence directed hepatic differentiation. Further
studies are needed to determine whether the hepatic derivatives of patient-specific iPSCs can
also functionally engraft in mouse liver and recapitulate disease features for the purpose of
creating in vivo disease models. Safety studies and detailed studies of the function of
engrafted iPSC-derived hepatic cells will be required to establish the clinical potential of
iPSC-based cell transplantation for treating liver disease.

Materials and Methods
Hepatic differentiation of human iPSCs

ESCs and iPSCs were cultured in standard ESC maintenance media (10). Human ESC lines
WA09 (H9) and WA01 (H1) (WiCell) were cultured on irradiated mouse embryo fibroblast
(MEF) feeder layers in the ESC medium. Alternatively, cells were cultured on Matrigel
using mTeSR (StemCell Technologies). This study was done in accordance with Johns
Hopkins Institutional Stem Cell Research Oversight regulations and following a protocol
approved by the Johns Hopkins Institutional Review Board.

Confluent cultures (50 to 60%) were placed in RPMI medium [supplemented with
GlutaMAX and 0.5% defined fetal bovine serum (FBS) and activin A (100 ng/ml) (R&D
Systems)] for 5 to 6 days to induce DE stage cells (10). DE cells were passaged with 0.05%
trypsin– 0.53 mM EDTA and plated on collagen I–coated dishes in minimal MDBK-MM
medium (Sigma) supplemented with GlutaMAX and bovine serum albumin (BSA) (0.5 mg/
ml), fibroblast growth factor 4 (FGF4) (10 ng/ml), and hepatocyte growth factor (HGF) (10
ng/ml). Day 10 HP cells were used for experiments. HP cells were switched to complete
hepatocyte culture medium containing 5% defined FBS, FGF4 (10 ng/ml), HGF (10 ng/ml),
oncostatin M (10 ng/ml) (PeproTech), and 10-7 M dexamethasone (Sigma). Differentiation
was continued for another 10 days to generate MH cells (10).

Transplantation of human iPSC-derived hepatic cells
NSG (Jackson) mice were used as recipients of human cells because the NSG mouse is a
new generation of severely immunodeficient mouse, which accepts human cells much more
easily compared with any other immunodeficient rodent models (24). Six- to 9-week-old
NSG mice received DMN (5 mg/kg, Sigma, 1.0% dissolved in saline, intraperitoneally) 3

Liu et al. Page 8

Sci Transl Med. Author manuscript; available in PMC 2012 March 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



consecutive days per week for 4 weeks to induce chronic liver injury (26–28). One day after
the final DMN injection, 0.1 × 106 to 2 × 106 human iPSC/ESC-derived hepatic cells were
intravenously transplanted to the DMN-treated mice (25). Because of a high mortality rate
associated with surgery for intrasplenic injection in the highly immunodeficient NSG mice
especially after hepatotoxin treatment, tail vein injections were used for all the experiments.
Recipient mouse liver and blood were harvested at 8 weeks after human cell transplantation.
Additionally, some of these mice were killed at 4 weeks, 4 months, and 7 months after
transplantation. Human hepatocytes that are producing the albumin protein were identified
in mouse liver by an antibody specifically recognizing human but not mouse albumin. Liver
images were taken using the Nikon Ti-E microscope with CoolSNAP HQ2 camera. Serum
and plasma were separated from mouse blood and stored at −80°C for liver function tests.
All animal experiments were conducted following experimental protocols previously
approved by Johns Hopkins Institutional Animal Care and Use Committee.

Fluorescence-activated cell sorting analysis and immunofluorescence
Antibodies used were antibody against SSEA3 488 (eBioscience, 1:100), CXCR4
(BioLegend, 1:100), ALB (DAKO, 1:200), AAT (Thermo, 1:200), and CYP2E1 (Thermo,
1:100). Secondary antibodies used were Alexa Fluor Series (Invitrogen). For
immunofluorescence, cells were fixed with 4% paraformaldehyde and permeabilized/
blocked with 0.1% Triton X-100 and 0.3% BSA in phosphate-buffered saline (PBS).

Cytochrome P450 assay
CYP activity was assessed using the pGlo kit (Promega, CYP1A2-V8771, CYP3A4-V8901,
CYP2D6-V8891, CYP2C19-V8881, and CYP2C9-V8791) according to the manufacturer's
instruction for nonlytic CYP450 activity estimation. iPSC-derived MH cells were incubated
with medium supplemented with pGlo substrates. At 3 hours after exposure, 50 μl of
medium was removed and read on a luminometer (GLOMAX, model 9101-002). CYP
activities are expressed as relative light units per milliliter of media. For normalization, the
CYP-measured, iPSC-derived hepatic cells were dissociated from the culture dish with
0.05% trypsin/0.53 mM EDTA, fixed with 4% paraformaldehyde for 20 min, stained with
fluorescein isothiocyanate (FITC)–conjugated anti-human ALB antibody in a
permeabilizing solution (0.1% Triton X-100 and 0.3% BSA in PBS) for 1 hour, and
analyzed using flow cytometry for ALB. Then, the measured CYP luminescence values
were normalized by considering the percentage of ALB-expressing hepatocytes (10).

Enzyme-linked immunosorbent assay
Serum and plasma obtained from mice that had been transplanted with each stage of hepatic
cells differentiated from iPSCs/ESCs were used for detecting human-specific liver protein
secretion. Human ALB and transferrin (Alpha Diagnostic) and AAT and fibrinogen
(GenWay) were measured using enzyme-linked immunosorbent assay (ELISA) kits
according to the manufacturer's instruction. Serum and plasma obtained from mice that had
not been transplanted with human cells or transplanted with human PHs were used as a
negative and a positive control, respectively.

Statistical analysis
Hepatic differentiation and engraftment results are expressed as means ± SEM.

For pairwise comparisons, an unpaired Student's t test or Mann-Whitney test (95%
confidence interval) was used. Survival data were analyzed with the Kaplan-Meier test. The
statistical significance of the survival rates was determined by a log-rank test. For all tests, P
< 0.05 was considered significant.
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DNA methylation measurement
Methylation status across the genome was measured using the Illumina Infinium
comprehensive DNA methylation assays, which enable investigation of a large number of
genomic loci (27,578 CpG measurements spanning 14,495 genes). Methylation estimates,
obtained from the Illumina BeadStudio software, were processed and analyzed using
functions and methods available through the R/Bioconductor biostatistical computing
environment (31, 32). At each genomic locus, the log2 ratio between probe intensities for
methylated and unmethylated probes was obtained and further used in all subsequent
analyses. For our generalized linear model and gene set enrichment analyses, all genomic
features located within 1500 base pairs (bp) from a transcription starting site of a known
gene, as obtained from the National Center for Biotechnology Information (NCBI) ENTREZ
gene database, were averaged. For clustering analyses, both original and averaged
methylation estimates were used, with comparable results. All analyses were performed with
all measured autosomal genomic loci, excluding the nonautosomal ones, to avoid
confounding with gender. All results described were obtained using the log2 ratio between
unmethylated and methylated probes; however, similar results were also obtained using the
β statistics [methylated/(unmethylated + methylated)].

Multidimensional scaling plot and hierarchical clustering
We used classical multidimensional scaling (principal coordinates or components analysis)
(33) to display in a multidimensional space the distance between the individual samples
analyzed, based on their methylation status, using both averaged and unaveraged
methylation estimates. To this end, we computed the Euclidian distance between all
analyzed samples using methylation status estimates at all measured autosomal loci. For this
analysis, the variance across all samples analyzed was used to filter genomic loci, showing
no variation across samples. Similarly, hierarchical clustering was performed to further
show the relationships among the analyzed cell lines using Euclidian distance and average
linkage clustering method. All analyses were also performed with one-squared correlation as
the distance, using both averaged and unaveraged methylation estimates with similar results.

Differential methylation analysis
Differential methylation across the analyzed sample groups was investigated using functions
and methods implemented in the R/Bioconductor (31, 32) package limma (34, 35). At each
genomic locus, the averaged log2 ratio between probe intensities for methylated and
unmethylated probes was used, and nonautosomal loci were excluded from the analysis to
avoid confounding with gender. A fixed-effects linear model was fit for each individual
locus to estimate methylation differences between the compared groups of samples. An
empirical Bayes approach was applied to moderate SEs of normalized logarithmic fold
change (M values). Finally, for each feature, moderated t statistics, log odds ratios of
differential methylation (B statistics), and raw and adjusted P values [false discovery rate
(FDR) control by the Benjamini and Hochberg method] (36) were obtained.

Analysis of functional annotation
Gene set enrichment analyses were performed as previously described (37, 38) using
statistical packages from the R/Bioconductor project (31, 32). Briefly, to capture biological
processes and signaling pathways associated with differential methylation, we performed
Analysis of Functional Annotation (AFA), which is conceptually similar to Gene Set
Enrichment Analysis (GSEA) (39, 40). The gene lists used were obtained from the Gene
Ontology database (41, 42), the KEGG pathway database (43), and the Molecular Signature
Database (MsigDb) (40). We first evaluated functional theme enrichment for each group
comparison performed by one-sided Wilcoxon test using the moderated t statistics obtained
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from our linear model analyses to rank the features/loci. Similarly, we also tested for gene
sets over- and underrepresented in overlapping and nonoverlapping lists of differentially
methylated features across contrasts between iPSCs and their parental counterpart using
cross-tabulation and the χ2 test. Multiple testing correction was performed with the
Benjamini and Hochberg method (36).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
DNA methylation analysis of human iPSCs, their parental cells, and ESCs. (A)
Multidimensional scaling plot showing the relationships among all individual human iPSC
lines analyzed in our study. Euclidian distance and the top 5% most variable autosomal loci
across all samples analyzed were used. Color code for each group of cell lines analyzed is
shown in the figure. iK1, iK2, and iK3 are iPSC lines derived from adult human
keratinocytes (Kera). iM2, iM3, and iM7 are iPSC lines derived from human bone marrow
mesenchymal stem cells (MSCs). iLC1 and iLC2 are iPSC lines derived from adult human
fibroblasts (PLCF). iH11, iH14, and iH10 are from iPSC lines derived from primary human
hepatocytes (Hep). Both H1 and H9 are human ESC lines. Mes, mesoderm; Ect, ectoderm;
End, endoderm. (B) Hierarchical clustering using Euclidian distance and top 5% most
variable autosomal loci across all analyzed samples. Color bars on the side identify the
different sample groups. The color code expresses the log2 methylation ratio. (C) Venn
diagrams showing the number of autosomal loci differentially methylated between each
iPSC group and the corresponding parental cells, as obtained from our linear model analysis
(adjusted P < 0.001). Some of the representative genes associated with the differentially
methylated features, based on functional gene set enrichment analysis, are listed for both
common and distinct changes occurring during reprogramming among different source-
derived iPSCs (hypermethylated, red; hypomethylated, blue).
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Fig. 2.
Comparison of directed hepatic differentiation in vitro among iPSC lines from different
developmental origins. (A) Steps along the differentiation pathway from human iPSCs to
hepatocyte-like cells. The key factors that are responsible for directing each stage of
differentiation and the time course of commitment to the hepatic lineage are shown. Stage-
specific markers including genes and surface phenotypes are indicated under the cells at
each differentiation stage. (B to D) Using this protocol, all human ESCs and human iPSCs
of different origins were able to differentiate into (B) DE (definitive endoderm, SSEA3-

CXCR4+), (C) HP (hepatic progenitors, AFP+, red), and (D) MH (mature hepatocyte-like
cells, ALB+ green, and AAT+ red) with a comparable efficiency to one another.
Representative results are shown with the H1 human ESC line and human iPSC lines
derived from each germ layer tissue. Magnification, ×100. Scale bar, 100 μm. (E and F) All
of these human ESC- and iPSC-derived MH cells display cytochrome P450 (CYP450)
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metabolism (E) and albumin (ALB) secretion (F) (n = 3 experiments, means ± SEM).
Representative results are shown for the H1 human ESC line and one of each germ layer
tissue–derived human iPSC lines. Day 20 MH cells were incubated with CYP3A4 pGlo
substrates; at 3 hours after treatment, 50 μl of culture medium was removed and read on a
luminometer. CYP3A4 activity is expressed as relative luminescence units (RLU)/ml of
culture medium (n = 6 experiments). All iPSC lines exhibited similar amounts of CYP450
enzyme activities when compared to primary hepatocytes (PHs) and human ESCs. Human
ALB secretion in hepatic differentiation culture (F). The cultured medium of human ESC- or
iPSC-derived day 20 MH cells (∼1 million/ml for 2 days) was analyzed using human ALB
ELISA assays.
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Fig. 3.
In vivo engraftment and regeneration potential of hepatic cells derived from human iPSCs
and ESCs. (A) Diagram depicts liver injury model, transplantation protocol, and analyses
used for the in vivo study. (B) Survival rates for NSG mice treated with DMN for 4 weeks
that were given human iPSC-derived hepatic cells compared to control mice that did not
receive donor cells. The day of transplantation is day 0. Transplanted mice (n = 16 to 20 per
group) showed higher survival rates when compared with control mice (n = 17). *P < 0.05,
compared with control mice by a log-rank test. (C) Healthy normal (NL) mice, 4-week
DMN-treated mice that did not receive human cells, and mice that received human PH cells
were used as negative and positive controls, respectively. The intraperitoneal injection of
DMN caused hepatic fibrosis, which was reflected by the disruption of tissue architecture
and the marked increase in fibrosis in DMN-injected mouse liver. Neutrophils and
mononuclear cells infiltrated the livers of the DMN-treated mice (DMN control).
Magnification, ×100; scale bar,100 μm. (D to F) CYP2E1 (red) and ALB (green) costaining
(yellow) images of DMN-treated NSG mouse liver 8 weeks after intravenous transplantation
with human ESC- or iPSC-derived (D) day 5 DE cells (2 × 106), (E) day 10 HP cells (2 ×
106), and (F) day 20 MH cells (2 × 106). Representative images of hepatic cells derived from
ESCs (H1 and H9) and iPSCs originating from each germ layer are shown.
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Fig. 4.
In vivo engraftment efficiency of human iPSC-derived multistage hepatic cells. (A) Large
area scan images of human albumin (ALB, green) staining in mouse liver transplanted with
2 × 106 DE cells derived from human iPSCs of different origins and from human ESCs.
Liver images were taken using the motorized Nikon Ti-E microscope with an Encoded
Motorized XY stage and a function in NIS-Elements to generate these montage images.
Magnification, ×200; scale bar, 100 μm. (B) The engraftment percentages in mouse liver for
multistage hepatic cells derived from human iPSCs (iH6-14) were calculated on the basis of
human-specific ALB-positive staining and the large area scan images of multiple different
liver lobes and lobules obtained from the recipient NSG mice 8 weeks after transplantation
of 0.1 to 1 × 106 cells (n = 3 to 10 mice, means ± SEM). *P < 0.05 by Mann-Whitney test.
Similar results were observed with human ESCs and human iPSCs from different tissue
origins. (C) The engraftment percentages in mouse liver for multistage hepatic cells derived
from diverse origin human iPSCs were calculated on the basis of human ALB-positive
staining and the large-area scan images of multiple different liver lobes and lobules obtained
from the recipient NSG mice 8 weeks after transplantation with 2 × 106 cells (n = 3 to 12
mice, means ± SEM). (D) An increased percentage of human ALB-positive cells was
detected in mouse liver when a higher dose (7 × 106) of human iPSC-derived DE cells was
transplanted. Magnification, ×200; scale bar, 100 μm.

Liu et al. Page 18

Sci Transl Med. Author manuscript; available in PMC 2012 March 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Liu et al. Page 19

Ta
bl

e 
1

H
um

an
 li

ve
r p

ro
te

in
 se

cr
et

io
n 

fr
om

 tr
an

sp
la

nt
ed

 h
um

an
 iP

SC
-d

er
iv

ed
 h

ep
at

ic
 c

el
ls

. H
um

an
 li

ve
r p

ro
te

in
 se

cr
et

io
n 

w
as

 m
ea

su
re

d 
us

in
g 

EL
IS

A
 fo

r e
ac

h
pr

ot
ei

n 
in

 se
ru

m
 o

r p
la

sm
a 

ob
ta

in
ed

 fr
om

 m
ic

e 
th

at
 h

ad
 b

ee
n 

tra
ns

pl
an

te
d 

w
ith

 h
ep

at
ic

 c
el

ls
 (2

 ×
 1

06  c
el

ls
 p

er
 m

ou
se

) a
t d

iff
er

en
t d

iff
er

en
tia

tio
n 

st
ag

es
de

riv
ed

 fr
om

 h
um

an
 E

SC
s o

r i
PS

C
s, 

or
 tr

an
sp

la
nt

ed
 w

ith
 p

rim
ar

y 
hu

m
an

 h
ep

at
oc

yt
es

 (P
H

s)
. B

ot
h 

un
di

ff
er

en
tia

te
d 

(d
ay

 0
) i

PS
C

s a
nd

 P
H

 c
el

ls
 w

er
e 

us
ed

as
 c

on
tro

ls
. T

he
re

 w
er

e 
no

 m
ar

ke
d 

di
ff

er
en

ce
s i

n 
al

bu
m

in
 se

cr
et

io
n 

fo
r h

ep
at

ic
 c

el
ls

 d
er

iv
ed

 fr
om

 h
um

an
 iP

SC
s o

f d
iff

er
en

t o
rig

in
s (

A
), 

al
th

ou
gh

 th
e

co
nc

en
tra

tio
ns

 o
f a

lb
um

in
 se

cr
et

ed
 b

y 
th

es
e 

he
pa

tic
 c

el
ls

 w
er

e 
hi

gh
er

 th
an

 fo
r u

nd
iff

er
en

tia
te

d 
iP

SC
s. 

Si
m

ila
r r

es
ul

ts
 w

er
e 

ob
se

rv
ed

 fo
r t

he
 se

cr
et

io
n 

of
ot

he
r l

iv
er

 p
ro

te
in

s (
tra

ns
fe

rr
in

, A
A

T,
 a

nd
 fi

br
in

og
en

) (
B

) (
re

su
lts

 o
f h

um
an

 e
nd

od
er

m
–d

er
iv

ed
 iP

SC
s a

re
 sh

ow
n)

. D
E,

 d
ef

in
iti

ve
 e

nd
od

er
m

; H
P,

 h
ep

at
ic

pr
og

en
ito

rs
; M

H
, m

at
ur

e 
he

pa
to

cy
te

-li
ke

 c
el

ls
 d

er
iv

ed
 fr

om
 h

um
an

 iP
SC

s;
 P

SC
s, 

pl
ur

ip
ot

en
t s

te
m

 c
el

ls
; i

PS
en

d,
 e

nd
od

er
m

-d
er

iv
ed

 h
um

an
 iP

SC
s;

iP
Sm

es
, m

es
od

er
m

-d
er

iv
ed

 h
um

an
 iP

SC
s;

 iP
Se

ct
, e

ct
od

er
m

-d
er

iv
ed

 iP
SC

s;
 N

D
, n

ot
 d

et
ec

te
d.

D
ay

 0
 (i

PS
C

s)
D

ay
 5

 (D
E

)
D

ay
 1

0 
(H

P)
D

ay
 2

0 
(M

H
)

PH
s

A
. H

um
an

 a
lb

um
in

 se
cr

et
io

n 
fr

om
 d

is
tin

ct
 o

ri
gi

n 
hu

m
an

 iP
SC

- a
nd

 E
SC

-d
er

iv
ed

 h
ep

at
ic

 c
el

ls
 in

 h
os

t s
er

um
 (n

 =
 3

 to
 1

0,
 m

ea
ns

 ±
 S

E
M

)

H
um

an
 P

SC
s (

ng
/m

l)

 
H

1,
 H

9 
(E

SC
s)

1.
9 

± 
0.

5
50

 ±
 1

2
35

 ±
 1

0
38

 ±
 1

1

 
iH

6-
14

 (i
PS

en
d)

1.
5 

± 
0.

5
46

 ±
 1

3
37

 ±
 1

1
40

 ±
 9

 
iM

2-
9,

 iL
C

1-
2 

(iP
Sm

es
)

2.
1 

± 
0.

8
48

 ±
 1

4
34

 ±
 9

38
 ±

 1
2

40
 ±

 8

 
iK

1-
3 

(iP
Se

ct
)

1.
8 

± 
0.

5
45

 ±
 1

1
32

 ±
 1

2
39

 ±
 1

0

B
. H

um
an

 li
ve

r 
pr

ot
ei

n 
se

cr
et

io
n 

fr
om

 h
um

an
 e

nd
od

er
m

 iP
SC

-d
er

iv
ed

 h
ep

at
ic

 c
el

ls
 in

 h
os

t s
er

um
/p

la
sm

a 
(n

 =
 4

 to
 1

0,
 m

ea
ns

 ±
 S

E
M

)

Tr
an

sf
er

rin
 (n

g/
m

l)
9 

± 
0.

8
10

1 
± 

18
62

 ±
 1

3
86

 ±
 1

5
58

 ±
 1

1

A
A

T 
(n

g/
m

l)
1.

1 
± 

0.
5

8.
1 

± 
1.

4
7.

8 
± 

1.
1

7.
9 

± 
1.

2
8.

2 
± 

1.
3

Fi
br

in
og

en
 (μ

g/
m

l)
N

D
1.

1 
± 

0.
2

0.
9 

± 
0.

1
0.

9 
± 

0.
1

0.
9 

± 
0.

1

Sci Transl Med. Author manuscript; available in PMC 2012 March 16.


