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ABSTRACT

To generate functional human hepatocytes from stem cells and/or extra-
hepatic tissues could provide an important source of cells for treating liver diseases.
Spermatogonial stem cells (SSCs) have an unlimited plasticity since they can
dedifferentiate and transdifferentiate to other cell lineages. However, generation of
mature and functional hepatocytes from human SSCs has not yet been achieved. Here
we have for the first time reported direct transdifferentiation of human SSCs to mature
and functional hepatocytes by three-step induction using the defined condition medium.
Human SSCs were first transdifferentiated to hepatic stem cells, as evidenced by their
morphology and biopotential nature of co-expressing hepatocyte and cholangiocyte
markers but not hallmarks for embryonic stem cells. Hepatic stem cells were further
induced to differentiate into mature hepatocytes identified by their morphological
traits and strong expression of CK8, CK18, ALB, AAT, TF, TAT, and cytochrome enzymes
rather than CK7 or CK19. Significantly, mature hepatocytes derived from human SSCs
assumed functional attributes of human hepatocytes, because they could produce
albumin, remove ammonia, and uptake and release indocyanine green. Moreover,
expression of B-CATENIN, HNF4A, FOXA1l and GATA4 was upregulated during the
transdifferentiation of human SSCs to mature hepatocytes. Collectively, human SSCs
could directly transdifferentiate to mature and functional hepatocytes. This study could
offer an invaluable source of human hepatocytes for curing liver disorders and drug
toxicology screening and provide novel insights into mechanisms underlying human
liver regeneration.

INTRODUCTION

Allogeneic liver transplantation has been regarded
as an effective treatment for the end-stage and inherited
liver diseases [1, 2]. However, severe shortage of
liver donors restricts the clinical applications of liver
transplantation [3]. As examples, there are 18,000
patients waiting for liver transplantation in the United
States of America, but only 5,000 donated livers are
available per year [1]. As a result, numerous patients
with liver disorders die before liver transplantation can
be performed. Human hepatocyte transplantation has

been suggested as a promisingly alternative therapy
for liver-related diseases [4]. It has been reported that a
number of patients could recover the function of liver
through human fetal hepatocyte transplantation [5, 6].
In addition, hepatocyte transplantation may possess several
advantages over the whole-liver transplantation: 1) it is
technically simple; ii) it can facilitate multiple treatment of
a single patient; and iii) it is “reversible” since the native
liver does not need to be removed [6]. Unfortunately,
the availability of primary human hepatocytes is rather
limited, and these cells are hard to proliferate and have
short-term viability in vitro [7]. Therefore, it is urgently
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required to seek an ideal cell source from stem cells and/
or extra-liver tissues to generate mature and functional
human hepatocytes for treating patients with the end-
stage and/or inherited liver diseases. In addition to the
therapeutic application, generation of human hepatocytes
from stem cells and human other tissues could be utilized
for liver disease modeling as well as drug and toxicity
screening.

Stem cells have recently become the most promising
source of hepatocytes. A number of studies have shown
that hepatocytes can be derived from embryonic stem (ES)
cells, mesenchymal stem cells, and the induced pluripotent
stem (iPS) cells [8—10]. The transplantation of hepatocytes
derived from stem cells can recover liver damage [11-13].
However, there are certain hurdles and unresolved risk
before the eventual usage of these stem cells in clinic,
e.g., ethical issues with ES cells, tumorigenesis and the
risk of virus infection associated with the iPS cells [2].
Thus, it is essential to search for a readily available source
from adult stem cells for cell-based therapy of human
hepatocytes. Spermatogonial stem cells (SSCs) have an
unlimited plasticity since they can dedifferentiate and
transdifferentiate to other cell lineages. However, the
generation of mature and functional hepatocytes from
human SSCs in vitro has not yet been achieved.

SSCs are a subpopulation of type A spermatogonia
in mammalian testis [14]. Increasing evidence has
demonstrated that SSCs from both mouse and human testes
can acquire pluripotency and can dedifferentiate into ES-
like cells which subsequently differentiate into various cell
lineages of three germ layers [15—18]. Nevertheless, the
ES-like cell stage is adverse to clinical application due to
potential tumorigenesis. Notably, it has been shown that
mouse SSCs could transdifferentiate into prostatic, uterine,
and skin epithelium without the ES-like cell stage in vivo
[19]. In this study, we proposed a novel concept that human
SSCs can directly transdifferentiate to mature and functional
hepatocytes, which achieved two significant endpoints.
First of all, direct transdifferentiation of SSCs to human
hepatocytes without the process of dedifferentiation to ES-
like cells and embryonic body formation could simplify the
reprogramming procedure. Secondly and importantly, our
direct transdifferentiation using growth factors and hormone
without gene transduction could be much safer to generate
mature and functional human hepatocytes for cell therapy of
liver diseases. Here we present a detailed induction protocol
as well as molecular and cellular evidence supporting
direct transdifferentiation of human SSCs to the cells
with morphological, phenotypic and functional features
of mature human hepatocytes. Significantly, our ability of
generating mature and functional human hepatocytes from
patients’ SSCs could provide an invaluable and new cell
source for the treatment of liver diseases without ethical
issues and immune rejection. This study also sheds a
new insight into molecular mechanisms underlying liver
development and regeneration.

RESUTLS

Identification and characterization of human
SSCs

Human SSCs were separated by a two-step
enzymatic digestion and magnetic-activated cell sorting
(MACS) using an antibody against GPR125 pursuant to
the method as previously described [20]. The identity
of freshly isolated cells was characterized using various
markers for male germ cells and SSCs. RT-PCR showed
that the transcripts of VASA, GPRI25, UCHLI, PLZF,
GFRAI, RET, and MAGEA4 were present in the freshly
isolated cells (Figure 1A). RNA without RT but PCR
with GAPDH was used a negative control (NC), and
no PCR product was seen in these cells (Figure 1A),
thus confirming the specific expression of these
genes in the freshly isolated human male germ cells.
Immunocytochemistry revealed that UCHL1 (Figure 1B),
PLZF (Figure 1C), and MAGEA4 (Figure 1E) were
expressed in the freshly isolated human male germ cells.
Double immunostaining further displayed that GFRAI
and GPR125 were co-expressed in these cells (Figure 1D).
Replacement of primary antibodies with isotype IgGs,
and no immunostaining was observed in the freshly
isolated cells (Figure 1F), thus verifying specific
staining of these proteins in these cells. In addition, the
expression of GPR125 (Figure 1G) and PLZF (Figure 1H)
was undetected in GPR125-negative cells by MACS.
Together, these results suggest that the freshly isolated
human male germ cells are phenotypically human SSCs.

Direct transdifferentiation of human SSCs to
hepatic stem cells

To induce the transdifferentiation of human SSCs
to hepatic stem cells, we mimicked the condition for liver
embryonic development using the conditioned medium
containing Activin A, bFGF, and Wnt3a (Figure 2A). After
10 days of induction, human SSCs proliferated slightly
(Figure 2B-i), and their morphology were changed and
became oval and stercoscopic in shape (Figure 2B-ii).
Under phase-contrast microscope, the cells assumed a
higher ratio of nuclei to cytoplasm and few organelles,
which was similar to hepatic oval cells (termed hepatic
stem cells).

We next examined the phenotypic characteristics of
the cells induced from human SSCs at transcriptional and
translational levels in order to clarify their identities. RT-
PCR analyses showed that the cells derived from human
SSCs expressed both hepatocytic and cholangiocytic
specific genes, e.g., CK7, CK19, CKS8, CK18, ALB, HNF44,
FOXAI, GATA4, and AFP (Figure 3A, Figure 4A, lane 2).
Double immunostaining displayed that over 80% of the
cells derived from human SSCs were co-expressing CK18
(a marker for hepatic cells) and CK19 (a hallmark for
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Figure 1: Characterization and identification of human SSCs. (A) RT-PCR revealed the expression of UCHLI, GPRI25,
GFRAI, PLZF, MAGEA4, RET, and VASA in the freshly isolated human male germ cells. GAPDH was used as a loading control of total
RNA, whereas RNA without RT but with PCR served as a negative control (NC). (B—H) Immunocytochemistry showed the expression of
phenotypic markers, including UCHL1 (B), PLZF (C), GPR125 and GFRA1 (D), and MAGEA4 (E) in the freshly isolated GPR125-positive
cells as well as GPR125 (G) and PLZF (H) in GPR125-negative cells. Replacement of primary antibodies with isotype IgGs was used as
a negative control (F). Scale bars in B-H = 10 pm.
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biliary epithelial cells) (Figure 3B), thus demonstrating
their bipotency in nature. The high conversion rate was
consistent with our data of flow cytometry showing
that 81.2% of the cells derived from human SSCs were
positive for both CK18 and CK19 (Figure 3C, right panel).
Immunocytochemistry further revealed that AFP, a specific
marker of hepatic stem cells, was highly expressed in the
cells derived from human SSCs (Figure 3D). In addition,
GPR125 (Figure 3E) and VASA (Figure 3F) were hardly
or undetected in these cells derived from human SSCs.
Collectively, these data implicate that human SSCs were
converted into hepatic stem cells.

We asked whether human SSCs dedifferentiated into
ES-like cells during the conversion process. It has been
reported that mouse and human SSCs can dedifferentiate
into ES-like cells which subsequently produce endoderm
lineages of cells [15-18]. The ES-like cells derived from

A Activin A
bFGF HGF

Hepatic stem cells

SSCs acquire ES cell properties, since they are positive for
OCT4, SSEA4, SSEA3, TRA1-60, and TRA1-81 [15-18].
Notably, we didn’t detect the expression of ES cell
markers, including TRA1-60 (Figure 3G), SSEA3 and
TRA1-81 (Figure 3H), in the cells derived from human
SSCs, reflecting that human SSCs didn’t dedifferentiate
into ES-like cells and that they directly transdifferentiated
to hepatic stem cells.

Differentiation of human SSCs-derived hepatic
stem cells into hepatocytes

Hepatic stem cells are bipotent since they
can differentiate to both hepatic lineage and biliary
epithelial cells. We made endeavors to further induce the
differentiation of hepatic stem cells derived from SSCs
using hepatocyte culture medium (HCM) supplemented

HGF
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Dex

@
Tod

Small hepatocytes Mature hepatocytes

Figure 2: The procedure for transdifferentiation of human SSCs to mature hepatocytes and their morphological

features. (A) Schematic diagram showed the procedures for inducing human SSCs to transdifferentiate to mature hepatocytes. (B)
Morphology was characterized for human SSCs (i), hepatic stem cells (ii), small hepatocytes (iii), and mature hepatocytes (iv). Scale bars

ini-iv =10 pum.
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Figure 3: Phenotypic characteristics of transdifferentiation of human SSCs into hepatic stem cells at transcription
and translation levels. (A) RT-PCR displayed the expression of specific genes for hepatic stem cells, including CK7, CK19, CKS8,
CK18, HNF4A, FOXAI, GATA4, AFP, and ALB in the cells derived from human SSCs. GAPDH served as loading controls of total RNA.
(B) Immunocytochemistry showed CK18 and CK19 expression in the cells derived from human SSCs. Scale bar in B =20 um. (C) Flow
cytometry revealed the percentage of CK18- and CK19- positive cells in the transdifferentiated cells from human SSCs (right panel).
Replacement of primary antibodies with PBS served as a negative control (left panel). (D-H) Immunocytochemistry showed protein
expression of AFP (D), GPR125 (E), VASA (F), CK8 and TRA1-60 (G), and SSEA3 and TRA1-81 (H) in the cells obtained from human
SSCs. Scale bars in D-H =20 pm.
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with HGF. After 5-10 days of induction (Figure 2A),
hepatic stem cells derived from human SSCs could
proliferate and they changed the morphology similar
to small hepatocytes (Figure 2B-iii). In addition, we
assessed biochemical phenotype of these cells to probe
their identity. As shown in Figure 4A, lane 3, the cells
derived from hepatic stem cells expressed both CK8&
and CK18 transcripts at high levels, whereas CK/9 and
CK7 mRNA was significantly reduced in these cells,
which implicates that under HCM and HGF induction
hepatic stem cells differentiated to small hepatocytes but
not biliary lineage cells. Immunocytochemistry further
confirmed RT-PCR results. As shown in Figure 4B, the
cells derived from hepatic stem cells co-expressed ALB
and CKS8 proteins. Double immunostaining revealed
that CK18 protein was detected in the cells derived
from human SSCs (Figure 4C), and in contrast, CK19
protein was undetected in these cells (Figure 4C).
Furthermore, the cells derived from human hepatic
stem cells expressed a number of hepatocyte-specific
genes at low levels, e.g., ALB, TDO, TF, AAT, TAT,
and cytochrome P450 (CYP450) enzymes including
CYPIA2, CYP3A4A4 and CYP7A1 (Figure 5A, lane 3).
Taken together, these data demonstrate that the hepatic
stem cells derived from human SSCs differentiated to
small hepatocytes but not cholangiocytes.

A B

C

Anti-CK8

Anti-CK18

Generation of human mature hepatocytes from
human SSCs

It has been reported that HGF, oncostain M (OSM)
and dexamethasone (Dex) promote hepatocyte maturation
[21]. Therefore, we employed the combination of HGF,
OSM and Dex to further facilitate the maturation of small
hepatocytes. After 10 days of treatment (Figure 2A),
the cells changed their morphology and became polygonal
appearance (Figure 2B-iv), which was similar to the
morphology of primary human hepatocytes. We next probed
the expression of specific hepatic markers in the cells at
both transcriptional and translational levels. As shown in
Figure 4A, lane 4, high levels of CK8 and CK18 but not
CK7 or CK19 were observed in the cells derived from
human SSCs. Notably, the cells derived from primary
human SSCs had strong mRNA expression of ALB,
TAT, TDO, TF, AAT, CYP1A2, CYP3A44, and CYP7Al
(Figure 5A, lane 4). Furthermore, immunocytochemistry
by single and double staining revealed that the
cells derived from human SSCs induced by HGF,
OSM and Dex were positive for AAT (Figure 5B),
ALB and CYP1A2 (Figure 5C). Considered together,
these results suggest that small hepatocytes derived from
human SSCs differentiated into mature hepatocytes with
morphological and phenotypic features.

Anti-ALB

Merged

Anti-CK19 Merged

Figure 4: Phenotypic characterization of small hepatocytes derived from human SSCs. (A) RT-PCR displayed the transcripts
of CK8, CK18, CK7, and CK19 in human SSCs (lane 1), human hepatic stem cells (lane 2), small hepatocytes (lane 3), mature hepatocytes
(lane 4), and human hepatocyte line L02 cells (lane 5). (B—C) Immunocytochemistry showed the co-expression of CK8 and ALB (B) as well
as the expression of CK18 and CK19 (C) in the cells derived from human SSCs. Scale bars in B-C = 10 um.
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Mature hepatocytes derived from human
SSCs assumed functional attributes of human
hepatocytes

We measured albumin synthesis, urea production,
and indocyanine green (ICG) uptake and release to test
whether mature human hepatocytes derived from human
SSCs assumed functional attributes of hepatocytes.
Urea production is a characteristic of mature hepatocyte
function. Urea assay showed that the differentiated cells
from human SSCs could remove ammonia from culture
medium (Figure 6A). Albumin synthesis assay is a specific
test for the presence and metabolic activity of mature
hepatocytes. As shown in Figure 6B, the cells derived
from human SSCs possessed the capacity to produce
albumin (0.43 £ 0.07 pg/ml/10° cells), although albumin
production was relatively lower than human hepatocyte
line LO2 cells. The ICG test has been used to examine the
function of mature hepatocytes to assess their ability of
excretion for endogenous and exogenous compounds. As
shown in Figure 6C, ICG-positive staining was clearly
seen in the cells derived from human SSCs. Notably,
the ICG uptake in human SSCs-derived hepatocytes was
excreted by 12 hours after removal of ICG from culture
medium (Figure 6D). The uptake and release of ICG from
mature hepatocytes was comparable to those of human
hepatocyte line LO2 cells (Figure 6E—6F). In parallel,
ICG uptake was not observed in human germline stem
cell line [22] without HGF, OSM or Dex treatment (data
not shown). Collectively, our results clearly indicate that
the cells derived from human SSCs possess functional
attributes of primary human hepatocytes.
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The expression of B-CATENIN, transcript
factors and cell cycle regulators during the
transdifferentiation of human SSCs into
functional hepatocytes

To gain novel insights into molecular mechanisms
underlying the transdifferentiation of human SSCs into
mature hepatocytes, we asked what signaling pathway
was involved during this conversion process. As shown
in Figure 7A, immunocytochemistry showed that the
expression of PB-CATENIN protein was upregulated
in hepatic stem cells, small hepatocytes, and mature
hepatocytes derived from human SSCs compared to
human SSCs. RT-PCR further revealed that f-CATENIN
transcript was enhanced remarkably during the conversion
process (Figure 7B—7C). Furthermore, the expression
of transcription factors HNF4A, FOXAI and GATA4,
was increased gradually from human SSCs to mature
hepatocytes (Figure 7D-7G).

We further examined expression changes of
CYCLIN A2, CYCLIN Bl, CYCLIN DI, CYCLIN EI,
CDK1, CDK2, P53 and P2I transcripts during the
transdifferentiation of human SSCs to mature hepatocytes.
As shown in Figure 8A—8F, RT-PCR analysis revealed
that CYCLIN A2, CYCLIN E1 and CDK?2 transcripts were
enhanced significantly in mature hepatocytes compared to
human SSCs, hepatic stem cells and small hepatocytes,
suggesting that these cell cycle proteins are involved
in hepatocyte maturation. No obvious change in the
transcripts of CYCLIN B1, CYCLIN DI, CDK1, P21 and
P53 was observed during the conversion of human SSCs
to mature hepatocytes.

DAPI Merged
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B CYP3A4
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Figure 5: Phenotypic characteristics of mature hepatocytes derived from human SSCs. (A) RT-PCR displayed the transcripts
of ALB, TAT, TDO, TF, AAT, CYP1A2, CYP3A44, CYP7A1 in human SSCs (lane 1), human hepatic stem cells (lane 2), small hepatocytes
(lane 3), mature hepatocytes (lane 4), and human hepatocyte line L0O2 cells (lane 5). GAPDH served as loading controls of total RNA. (B—C)
Immunocytochemistry showed protein expression of AAT (B) as well as co-expression of ALB and CYP1A2 (C) in the cells derived from

human SSCs. Scale bars in B-C = 10 um.
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Figure 6: Function assays of albumin synthesis, urea productions, and cellular uptake and release of ICG of mature
hepatocytes derived from human SSCs. (A) Urea assay showed urea production in human SSCs (lane 1), mature hepatocytes derived
from human SSCs (lane 2), and human hepatocyte line L02 cells (lane 3). (B) ELISA showed albumin synthesis in human SSCs (lane 1),
mature hepatocytes derived from human SSCs (lane 2), and human hepatocyte line L02 cells (lane 3). (C—F) Cellular uptake (C) and release

(D) of ICG in mature hepatocytes derived from human SSCs. The uptake (E) and release (F) of ICG in human hepatocyte line L02 cells
were used as positive controls. Scale bars in C—F = 50 um.
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Figure 7: Expression changes of B-CATENIN and transcription factors HNF4A, FOXA1 and GATA4 during the
transdifferentiation of human SSCs to mature hepatocytes. (A) Immunocytochemistry revealed the expression of B-CATENIN
in human SSCs (i), hepatic stem cells (ii), small hepatocytes (iii), and mature hepatocytes (iv). Scale bars = 10 pm (B—G) RT-PCR showed
the transcripts of f-CATENIN and transcription factors HNF4A, FOXAI and GATA4 during the conversion of human SSCs to mature
hepatocytes. Lane 1: human SSCs, lane 2: hepatic stem cells, lane 3: small hepatocytes, lane 4: mature hepatocytes, lane 5: human hepatocyte
line LO2 cells. *indicated statistically significant differences (p < 0.05) among human SSCs, hepatic stem cells, small hepatocytes, and
mature hepatocytes.
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Figure 8: Expression changes of cell cycle regulators CYCLIN A2, CYCLIN B1, CYCLIN D1, CYCLIN E1, CDK1/2, P21
and P53 during the transdifferentiation of human SSCs to mature hepatocytes. (A-F) RT-PCR showed the transcripts of
CYCLIN A2, CYCLIN B1, CYCLIN D1, CYCLIN E1, CDK1, CDK2, P21, and P53 in human SSCs (lane 1), hepatic stem cells (lane 2), small
hepatocytes (lane 3), and mature hepatocytes (lane 4). *indicated statistically significant differences (p < 0.05) between mature hepatocytes
or small hepatocytes and human SSCs.
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DISCUSSION

It has been reported that hepatic stem cells can
differentiate into hepatocytes [23—25]. However, it is hard
to obtain human hepatic stem cells due to the scarcity of
human liver tissues. Therefore, more attention has been
paid to generate hepatocytes from extra-liver source and
other adult stem cells. We have previously shown that
mouse SSCs could directly transdifferentiate into mature
hepatocytes using the conditioned medium [26]. Notably,
there are distinct differences in cell types and phenotype
of SSCs between human and mice [20]. With regard to
the identity of SSCs, A, and A spermatogonia have
been regarded as human SSCs, whereas A_spermatogonia
are generally considered the actual mouse SSCs. There
are also phenotypic differences in SSCs between human
and rodents. As an example, POUSF1 (Oct-4) is a marker
of mouse SSCs, whereas it is not present in human SSCs
[20]. Similarly, KIT is regarded as a marker for mouse
differentiating spermatogonia, but it is undetected in
human spermatogonia [20]. To generate functional and
mature cells from human SSCs has certain advantages
over other cells. Firstly, human SSCs assume unlimited
potentials compared to other adult stem cells, since they
can acquire pluripotency to become ES-like cells. Secondly,
human SSCs can transdifferentiate to cell lineages of other
tissues, highlighting their great plasticity. Thirdly, human
SSCs have no ethical concern associated with human
ES cells. Finally, there is no risk of virus infection and
tumorigenesis to utilize human SSCs compared with human
iPS cells. Here we have for the first time demonstrated that
human SSCs could directly transdifferentiate to the cells
with morphological, phenotypic and functional attributes
of human mature hepatocytes.

We first isolated and purified human SSCs from the
testis tissues of OA patients using enzymatic digestion
and MACS and verified the identity of these cells using
a variety of markers for germ cells and SSCs. VASA has
been recognized as a maker for germ cells [27], while
MAGEA4 and UCHLI1 are hallmarks for spermatogonia
[28]. GFRAI1 and RET are co-receptors for GDNF and
they have been generally regarded as markers for SSCs
[29, 30], while GPR125 and PLZF are considered
hallmarks for human SSCs [20]. We found that the freshly
isolated human male germ cells expressed VASA, UCHLI,
MAGEA4, GFRAL, RET, GPR125 and PLZF, implicating
that these cells are actually human SSCs in phenotype.

We mimicked the condition for liver development
to induce the transdifferentiation of human SSCs to
functional hepatocytes. It has been reported that canonical
Wnt pathway is involved in specifying definitive
endoderm and it induces direct conversion of non-hepatic
endodermal cells into hepatocytes [31], and bFGF is
essential to initiate the onset of hepatic development [32].
Activin A can efficiently induce endoderm differentiation
of human ES cells [33]. Wnt3a, bFGF and Activin A were

thus selected to coax the transdifferentiation of human
SSCs into the cells with morphological and phenotypic
characteristics of hepatic stem cells. In morphology, the
cells derived from human SSCs resembled hepatic stem
cells, since they were oval and stereoscopic in appearance
and they possessed stem cell properties. In phenotype, the
cells derived from human SSCs expressed specific genes
of hepatic stem cells, including CK7, CK19, CKS8, CK18,
ALB, and AFP. Immunocytochemistry further confirmed
the co-expression of CK18 and CK 19 of these cells, which
are hallmarks for hepatic cells and bile epithelial cells,
respectively. Taken together, these results at transcription
and translation levels suggest that the cells derived from
human SSCs assume biopotential nature of hepatic stem
cells. Significantly, the conversion of human SSCs to
hepatic stem cells was relatively efficient using our
induction procedure compared to human ES cells or iPS
cells, because more than 80% of human SSCs could be
converted into human hepatic stem cells, as evidenced by
our double immunostaining and flow cytometry analyses.
Generation of mature hepatocytes from human ES cells
seems to be inefficient due to the low purity (70%) and
large cellular heterogeneity [34], while hepatocytes
derived from iPS cells have a limited regeneration of
the liver [35]. It is worth noting that the cells derived
from human SSCs didn’t express the ES cell markers,
including SSEA3, TRA1-60, and TRA1-81, suggesting
that human SSCs directly transdifferentiated to hepatic
stem cells without dedifferentiation to ES-like cells, which
is essential for simplifying differentiation procedure and
improving safety for their clinical applications.

Hepatic stem cells are biopotential since they can
differentiate to both biliary epithelial cells and hepatocytes
[36]. HGF is required for liver development and it is
associated with the ontogenesis of liver [37]. Hepatocyte
differentiation can be induced from mesenchymal stem
cells by HGF and other growth factors [38]. Here we
found that HGF and HCM could induce hepatic stem
cells derived from human SSCs to differentiate into small
hepatocytes. In phenotype, the cells derived from human
SSCs expressed the hallmarks for hepatocytes, including
ALB, TAT, TDO, AAT, TF, and CYP450 enzymes
CYP1A2, CYP3A4 and CYP7A1, whereas the expression
of CK19 and CK7 (markers for bile epithelial cells) was
remarkably reduced or undetected. Small hepatocytes
were further induced to become mature in HCM
supplemented with OSM and Dex. In morphology, the
cells derived from human SSCs became polygonal with a
low nucleus/cytoplasm ratio. Under phenotype, these cells
expressed numerous hepatocyte markers, including ALB,
TAT, TDO, TF, AAT, CYP1A2, CYP344, and CYP7AI,
and they were negative for CK19 or CK7, hallmarks
for bile epithelial cells. Notably, the cells derived from
human SSCs possessed numerous functional properties
of primary human hepatocytes, e.g., albumin synthesis,
ammonia clearance, and uptake and release of ICG. Taken

www.impactjournals.com/oncotarget

8889

Oncotarget



together, these data indicate that human SSCs can directly
transdifferentiate to cells with morphology, phenotype and
function of human mature hepatocytes.

It remains unknown about what signaling pathways
are activated in the transdifferentiation process of human
SSCs to mature hepatocytes. Wnt/B-catenin signaling
pathway has been suggested to play a crucial role in liver
development [39]. It has been reported that Wnt/B-catenin
signaling is required for liver specification, hepatoblast
proliferation and differentiation, and conditional knockout
of B-catenin in hepatoblast results in underdeveloped liver
[40, 41]. Here we found that the expression of B-CATENIN
and its downstream targets including HNF44, FOXAI and
GATA4 was enhanced during the transdifferentiation of
human SSCs into functional hepatocytes, suggesting that
B-CATENIN/HNF4A/FOXA1/GATA4 signaling pathway
might be involved in this conversion process. In addition,
we found that CYCLIN A2, CYCLIN EI and CDK2
expression was upregulated in mature hepatocytes compared
to human SSCs, hepatic stem cells and small hepatocytes,
suggesting that these cell cycle proteins may be involved in
the maturation of hepatocytes. Together, these findings shed
a novel insight into molecular mechanisms underlying cell
reprogramming and human liver development. Recently, it
has been shown that wild-type p53-induced phosphatase 1
(Wipl) plays an important role in liver regeneration [42,
43]. Nevertheless, our data indicated that the expression
of P53 and P21 were not changed during the conversion
of human SSCs to mature hepatocytes, suggesting that
P53 and P21 are not involved in this transdifferentiation
process.

CONCLUSION

In summary, we have for the first time demonstrated
that human SSCs can directly transdifferentiate into hepatic
stem cells that are capable of differentiating into the cells
with morphology, phenotype and functional attributes of
mature hepatocytes. Significantly, our ability of generating
mature and functional human hepatocytes from patients’
own SSCs could avoid immunological rejection. This
study thus provides a novel strategy to generate mature and
functional human hepatocytes for cell therapies for liver
diseases and drug toxicology screening and offers new
signaling pathways underlying the development of human
liver and cell reprogramming.

MATERIALS AND METHODS

Procurement of testicular biopsies from
obstructive azoospermic (OA) patients

Testicular biopsies were obtained from OA patients
with microdissection and testicular sperm extraction at
Ren Ji Hospital affiliated to Shanghai Jiao Tong University
School of Medicine. All OA patients had normal

spermatogenesis, and they were caused by inflammation
and vasoligation rather than by congenital absence of the
vas deferens or other diseases including cancer.

This study was approved by the Institutional Ethical
Review Committee of Ren Ji Hospital (license number of
ethic approval: 2012—01), Shanghai Jiao Tong University
School of Medicine, and an informed consent of testicular
tissues for research only was obtained from all subjects.
All experiments were performed in accordance with
relevant guidelines and regulation of the Institutional
Ethical Review Committee of Ren Ji Hospital.

Isolation of human spermatogonial stem cells
(SSCs)

Testicular tissues from OA patients were washed
exclusively in Dulbecco modified Eagle medium (DMEM)
(Gibco) with antibiotics containing penicillin and
streptomycin (Gibco) to remove potential contamination
of Leydig cells and myoid cells. Human SSCs were
isolated using a two-step enzymatic digestion and MACS
according to procedure as previously described [20].
Briefly, human seminiferous tubules were isolated from
testicular tissues by the first enzymatic digestion utilizing
2 mg/ml collagenase IV (Gibco) and 1 pg/ul DNase I
(Gibco) in 34°C water bath for 10-15 min. Male germ
cells were further isolated from seminiferous tubules using
a second enzymatic digestion with 4 mg/ml collagenase
IV, 2.5 mg/ml hyaluronidase (Sigma), 2 mg/ml trypsin
(Sigma), and 1 pg/ul DNase I for 15 min and followed
by differential plating [20]. For differential plating, cell
mixture suspension was seeded into in 10-cm diameter
tissue culture dishes in DMEM/F-12 supplemented with
10% fetal bovine serum (FBS) (Gibco) and 10° units/ml
leukemia inhibitory factor (LIF, Sigma) and incubated
at 34°C in 5% CO, for 12 hours. When Sertoli cells
attached to the dishes, human male germ cells remained
in suspension and they were collected by centrifuging
at 1000 rpm for 5 min. Human male germ cells were
incubated with GPR125 (Abcam) at 4°C overnight. After
washes with BSA-EDTA-PBS (phosphate-buffered saline)
buffer, the cells were suspended in 80 pl upon buffer
supplemented with 20 pl goat anti-rabbit IgG magnetic
microbeads (Miltenyi Biotec) and they were incubated
at 4°C for less than 20 min. After incubation, 400 ul of
BSA-EDTA-PBS buffer were added to the cells to get a
final volume of 500 microliters. The cell suspension was
loaded on the column, and GPR125-negative cells were
first collected. The column was removed from the magnet,
and GPR125-positive human SSCs were collected through
washing with BSA-EDTA-PBS buffer.

Transdifferentiation of human SSCs to hepatic
stem cells and mature hepatocytes

The protocol for transdifferentiating human SSCs
to mature hepatocytes included three steps. First of all,
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human SSCs were cultured at a density of 1,000 cells/well
in 24-well plates with DMEM/F12 containing 10%
KSR, 100 ng/ml Activin A (Peprotech, Rocky Hills, NJ),
50 ng/ml Wnt3a (R & D System), and 20 ng/ml bFGF
(Peprotech). The conditioned medium was changed every
2 days. After 10 days of induction, this media was replaced
with HCM plus EGF supplement (BD Bioscience,
Bedford, MA) and 20 ng/ml hepatocyte growth factor
(HGF, Peprotech) for 5-10 days. Finally, the resultant
cells were cultivated in HCM supplemented with 10 ng/ml
HGF, 10 ng/ml oncostain M (OSM, Peprotech), and 10
mM dexamethasone (Dex, Sigma-Aldrich, St. Louis, MO)
for another 10 days.

Immunocytochemistry

Immunocytochemistry was performed to determine
the identity of GPR125-positive cells and GPRI125-
negative cells by MACS, and the cells derived from human
SSCs induced by the conditioned medium pursuant to
the procedure described previously [44]. Briefly, cells
were fixed in 4% paraformaldehyde and permeabilized in
0.4% triton-X 100 (Sigma-Aldrich) for 15 min at room
temperature. After extensive washes with PBS, cells were
blocked in 1% bovine serum albumin (BSA, Sigma-Aldrich)
for 1 hour and incubated with primary antibodies at a
dilution with 1:100 overnight at 4°C. The primary antibodies
used in this study were as follows: UCHL1 (AbD Serotec),
PLZF (Abcam), GFRA1 (Santa Cruz), GPR125 (Abcam),
VASA (Abcam), CK8 (Santa Cruz), CK18 (Santa Cruz),
CK19 (R & D System), AFP (alpha-fetoprotein) (Santa
Cruz), ALB (albumin) (Santa Cruz), TRA1-60 (Chemicon),
TRA1-81 (Chemicon), SSEA3 (Chemicon), AAT (alpha-1
antiproteinase) (Bethyl), CYP1A2 (Santa Cruz), and
B-CATENIN (Santa Cruz). After three washes in PBS, the
cells were incubated with FITC-conjugated or rhodamine-
conjugated IgG secondary antibodies at a 1:200 dilution for
45 min at 34°C. DAPI (4’ -6-diamidino-2-phenylindole)
was used to stain cell nuclei, and the cells were observed
for epifluorescence using fluorescence microscope (Nikon
Eclipse Ti-S, Nikon Corporation, Tokyo, Japan).

Immunocytochemical staining was also conducted
to detect MAGEA4 expression in the freshly isolated
cells pursuant to the DAB kit (Gen Tech). After
permeabilization with 0.5% Triton X-100, the cells
were treated with 3% hydrogen peroxide to quench
endogenous peroxidase activity. Cells were blocked in
2% BSA for 30 min and incubated with an antibody to
MAGEAA4 at a dilution with 1:50 overnight at 4°C. After
three times of washes in PBS, the cells were incubated
with horse radish peroxidase-conjugated secondary
antibody for 1 hour at room temperature and followed by
DAB (3, 3-diaminobenzidine) as a substrate. After
immunostaining, cells were counterstained with
hematoxylin and observed under a light microscope
(Nikon Eclipse Ti-S, Nikon Corporation, Tokyo, Japan).

RNA extraction and reverse transcription-
polymerase chain reaction (RT-PCR)

Total RNA was extracted from primary human SSCs,
the transdifferentiated cells, and the fully differentiated
cells using Trizol reagent (Invitrogen, Carlsbad, CA,
USA). Reverse transcription (RT) of total RNA was
performed using First Strand cDNA Synthesis Kit
(Thermo Scientific), and PCR was performed according to
the protocol described previously [45]. The primer pairs
of selected genes, including GPRI125, UCHLI, GFRAI,
PLZF, MAGEA4, RET, VASA, cytokeratin 8 (CKS8), CK18,
CK7, CK19, hepatocyte nuclear factor (HNF4A), albumin
(ALB), forkhead box Al (FOXAI), GATA binding protein 4
(GATA4), alpha-fetoprotein (AFP), b-CATENIN, tyrosine
aminotransferase (TAT), transferring (TF), alpha-1
antiproteinase (AAT), tryptophan 2,3-dioxygenase (TDO),
cytochrome P450, family 1, subfamily A, polypeptide 2
(CYP1A2), CYP344, CYP7A41, CYCLIN A2, CYCLIN
Bl, CYCLIN D1, CYCLIN El, CDKI, CDK2, P21, P53,
and GAPDH were designed and listed in Table 1. The
PCR reaction started at 95°C for 5 min and followed by
35 cycles: denaturation at 94°C for 30 sec, annealing
at specific temperatures (Tm) as indicated in Table 1
for 45 sec, elongation at 72°C for 45 sec, and finally
extension at 72°C for additional 10 min. The amplified
products were separated by electrophoresis on 1.5% agarose
gels, and images were captured by chemiluminescence
(Chemi-Doc XRS, Bio-Rad, Hercules, CA).

Flow cytometry

Flow cytometry analysis was carried out on hepatic
stem cells derived from human SSCs as described
previously [46]. The cells were incubated with primary
antibodies against CK18 (Santa Cruz) and CKI19
(R & D System) and followed by FITC-conjugated
and rhodamine-conjugated secondary antibodies. After
extensive washes, the cells were analyzed by Accuri C6
flow cytometer (Accuri Cytometers, Ann Arbor, MI)
and Cflow software (Accuri Cytometers). Human SSCs-
derived cells without primary antibodies but with FITC-
coupled and rhodamine-conjugated secondary antibodies
served as a negative control.

Albumin synthesis of hepatocytes derived from
human SSCs by enzyme linked immunosorbent
assay (ELISA)

Albumin synthesis of the cells derived from human
SSCs was evaluated by ELISA. In brief, culture medium
from human primary SSCs, mature hepatocytes derived
from human SSCs, and human hepatocyte line 102
cells was collected every 2 days and stored at —80°C.
The medium supernatant was concentrated with 30 kDa
ultra filter units (Millipore), and ELISA assay was
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Table 1: The primer sequences of genes used for RT-PCR

Gene Primer sequence Forward(5'-3%) Product size (bp) Tm (°C)

UCHLI Forward CCAATGTCGGGTAGATGA 244 55
Reverse CCAATGTCGGGTAGATGA

GPRI125 Forward TACCCTTTGGACTTGGTT 246 49
Reverse TACCCTTTGGACTTGGTT

GFRAI Forward CCAAAGGGAACAACTGCCTG 410 58
Reverse CGGTTGCAGACATCGTTGGA

PLZF Forward CGGTTCCTGGATAGTTTGC 317 54
Reverse GGGTGGTCGCCTGTATGT

MAGEA4 Forward CCGAGTCCCTGAAGATG 155 50
Reverse CAGGACGATTATCAGAAGG

RET Forward CCAATGTCGGGTAGATGA 126 52
Reverse CCAATGTCGGGTAGATGA

VASA Forward CCATGGGAGATGAAGATTGG 425 58
Reverse CATACATTCGTCTGGGTCTAAG

CK7 Forward GTGGGAGCCGTGAATATCTC 250 59
Reverse GGGTGGGAATCTTCTTGTGA

CK19 Forward TGACATGCGAAGCCAATATG 142 56
Reverse AGTAACCTCGGACCTGCTCA

CK8 Forward GACATCGAGATCGCCACCTA 120 60
Reverse GCTCAGACCACCTGCATAGC

CK18 Forward GAACCACGAAGAGGAAGTAAA 361 58
Reverse CATCTGTAGGGCGTAGCG

ALB Forward GGTGTTGATTGCCTTTGCTC 502 57
Reverse CCCTTCATCCCGAAGTTCAT

AFP Forward GCCTGTTGGAGAAATGCTG 148 56
Reverse CACACCGAATGAAAGACTCG

FOXAl Forward TTCCAGACCCGTCCTAAA 373 55
Reverse ACCCTCCACAAACTAGAATGTC

CYP7A41 Forward GCTTGAGGCACGAGAACCT 165 57
Reverse AGAAAGTCGCTGGAATGGTG

HNF4A4 Forward TCTGAGTGGTTGGAGGCAGT 125 54
Reverse CGTAGGGATGTGGTGATTCC

CYP3A44 Forward GCTGTCTCCAACCTTCACCA 110 56
Reverse GCTTGCCTGTCTCTGCTTCC

AAT Forward TGAGTT CGCCTTCAGCCTAT 131 52
Reverse CATCGTGAGTGTCAGCCTTG

TDO Forward GTCAAACCTCCGTGCTTCTC 114 56
Reverse CTTCTTCGCTGCCTTCTACG

TAT Forward TGGAAACCTGCCTACAGACC 120 60
Reverse GAAGCAATCTCCTCCCGACT

TF Forward GCTTACCTGGCTCCCAATAAC 101 60
Reverse TTCTTCACCACAGCAACAGC

CYPIA2 Forward CCTCATCCTCCTGCTACCTG 123 60
Reverse CTGACACCACCACCTGATTG

GATA4 Forward GGAAGCCCAAGAACCTGAAT 169 57
Reverse TGCCCGTAGTGAGATGACAG

p-CATENIN Forward TGGTGACAGGGAAGACATCA 108 56
Reverse CCATAGTGAAGGCGAACTGC
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CYCLIN A2 Forward ATGTCACCGTTCCTCCTTG 126 50
Reverse GGGCATCTTCACGCTCTATT

CYCLIN Bl Forward GCCAATAAGGAGGGAGCA 103 52
Reverse GGACCTACACCCAGCAGAAA

CYCLIN D1 Forward CCCTCGGTGTCCTACTTCA 108 54
Reverse CTCCTCGCACTTCTGTTCCT

CYCLINEI Forward CTGGATGTTGACTGCCTTGA 113 50
Reverse ATGTCGCACCACTGATACCC

CDK1 Forward GTGCCTGAGATAACATAGAACTGG 120 50
Reverse ACAACCACCACTCTGCCCTA

CDK2 Forward CAGGATGTGACCAAGCCAGT 125 50
Reverse TGAGTCCAAATAGCCCAAGG

GAPDH Forward AATCCCATCACCATCTTCC 382 58
Reverse CATCACGCCACAGTTTCC

performed according to the manufacturer’s instructions
(MyBiosource). The albumin secretion was normalized to
perl0°cells.

Urea assay of hepatocytes derived from human
SSCs

The urea nitrogen production was evaluated as
described previously [26]. The cells were cultured in
medium containing 2 mM ammonium chloride (Sigma-
Aldrich) for 24 hours. Thereafter, the medium from human
primary SSCs, mature hepatocytes derived from human
SSCs, and human hepatocyte line L02 cells was collected,
and urea nitrogen concentration was measured using Urea
Assay Kit (Biovision, Mountain View, CA) according
to the manufacturer’s instructions. The urea production
was normalized to per 10° cells. Fresh culture medium
supplemented with 2 mM ammonium chloride was used
as a negative control.

Uptake and release of indocyanine green (ICG)
of hepatocytes derived from human SSCs

The ICG uptake and release was conducted
according to the method as described previously [26].
Hepatocytes derived from human SSCs were incubated
with 1 mg/ml ICG (Sigma-Aldrich) for 30 min at 37°C.
After extensive washes with PBS, the cellular uptake
of ICG was photographed under the microscope. The
cells were cultured in freshly HCM for another 20 hours
at 37°C, and the release of cellular ICG staining was
examined. Human hepatocyte line L02 cells and human
germline stem cell line [22] were used as a positive control
and a negative control, respectively.

Statistical analysis

All experiments were performed independently
at least 3 times. All the values were presented as mean
+ SEM. Statistical analyses were conducted using the

analysis of variance (ANOVA) and a 2-tailed #-test, and
P values of less than 0.05 (p < 0.05) were considered
statistically significant differences.

ACKNOWLEDGMENTS

We thank Professor Giulio C. Spagnoli, University
Hospital of Basel, Switzerland, for providing the antibody
to MAGEAA4.

FUNDING

This study was supported by key grants from
National Natural Science Foundation of China (31171422,
31230048, 31401250), Chinese Ministry of Science and
Technology (2014CB943101), The Program for Professor
of Special Appointment (Eastern Scholar) at Shanghai
Institutions of Higher Learning (2012.53), Shanghai
Municipal Education Commission-Gaofeng Clinical
Medicine Grant Support (20152511), a key grant from
the Science and Technology Commission of Shanghai
Municipality (12JC1405900), Key Discipline and
Specialty Foundation of Shanghai Municipal Commission
of Health and Family Planning, and Shanghai Pujiang
Program (11PJ1406400).

CONFLICTS OF INTEREST

The authors declare no conflict of interest with the
submitted paper.

REFERENCES

1. Llovet JM, Burroughs A, Bruix J. Hepatocellular carcinoma.
Lancet. 2003; 362:1907-1917.

2. YuY,Fisher JE, Lillegard JB, Rodysill B, Amiot B, Nyberg SL.
Cell therapies for liver diseases. Liver transplantation. 2012;
18:9-21.

www.impactjournals.com/oncotarget

8893

Oncotarget




10.

11.

13.

14.

15.

Forner A, Llovet JM, Bruix J. Hepatocellular carcinoma.
Lancet. 2012; 379:1245-1255.

Strom SC, Fisher RA, Thompson MT, Sanyal AJ, Cole PE,
Ham JM, Posner MP. Hepatocyte transplantation as a bridge
to orthotopic liver transplantation in terminal liver failure.
Transplantation. 1997; 63:559-569.

Habibullah CM, Syed IH, Qamar A, Taher-Uz Z. Human
fetal hepatocyte transplantation in patients with fulminant
hepatic failure. Transplantation. 1994; 58:951-952.

Viswanathan P, Gupta S. New directions for cell-based
therapies in acute liver failure. Journal of hepatology. 2012;
57:913-915.

Soltys KA, Soto-Gutierrez A, Nagaya M, Baskin KM,
Deutsch M, Ito R, Shneider BL, Squires R, Vockley J, Guha C,
Roy-Chowdhury J, Strom SC, Platt JL, et al. Barriers to
the successful treatment of liver disease by hepatocyte
transplantation. Journal of hepatology. 2010; 53:769-774.

Touboul T, Hannan NR, Corbineau S, Martinez A, Martinet C,
Branchereau S, Mainot S, Strick-Marchand H, Pedersen R,
Di Santo J, Weber A, Vallier L. Generation of functional
hepatocytes from human embryonic stem cells under
chemically defined conditions that recapitulate liver
development. Hepatology. 2010; 51:1754-1765.

Li X, Yuan J, Li W, Liu S, Hua M, Lu X, Zhang H. Direct
differentiation of homogeneous human adipose stem cells into
functional hepatocytes by mimicking liver embryogenesis.
Journal of cellular physiology. 2014; 229:801-812.

Huang P, Zhang L, Gao Y, He Z, Yao D, Wu Z, Cen J, Chen X,
Liu C, Hu Y, Lai D, Hu Z, Chen L, et al. Direct
reprogramming of human fibroblasts to functional and
expandable hepatocytes. Cell stem cell. 2014; 14:370-384.
LiJ, Zhang L, Xin J, Jiang L, Zhang T, Jin L, Zhou P, Hao S,
Cao H, Li L. Immediate intraportal transplantation of human
bone marrow mesenchymal stem cells prevents death
from fulminant hepatic failure in pigs. Hepatology. 2012;
56:1044-1052.

Banas A, Teratani T, Yamamoto Y, Tokuhara M, Takeshita F,
Osaki M, Kato T, Okochi H, Ochiya T. Rapid hepatic
fate specification of adipose-derived stem cells and
their therapeutic potential for liver failure. Journal of
gastroenterology and hepatology. 2009; 24:70-77.

Heo J, Factor VM, Uren T, Takahama Y, Lee JS, Major M,
Feinstone SM, Thorgeirsson SS. Hepatic precursors derived
from murine embryonic stem cells contribute to regeneration
of injured liver. Hepatology. 2006; 44:1478—1486.

He Z, Jiang J, Hofmann MC, Dym M. Gfral silencing
in mouse spermatogonial stem cells results in their
differentiation via the inactivation of RET tyrosine kinase.
Biology of reproduction. 2007; 77:723-733.
Kanatsu-Shinohara M, Inoue K, Lee J, Yoshimoto M,
Ogonuki N, Miki H, Baba S, Kato T, Kazuki Y, Toyokuni S,
Toyoshima M, Niwa O, Oshimura M, et al. Generation of
pluripotent stem cells from neonatal mouse testis. Cell. 2004;
119:1001-1012.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Kossack N, Meneses J, Shefi S, Nguyen HN, Chavez S,
Nicholas C, Gromoll J, Turek PJ, Reijo-Pera RA. Isolation
and characterization of pluripotent human spermatogonial
stem cell-derived cells. Stem cells. 2009; 27:138—149.

Guan K, Nayernia K, Maier LS, Wagner S, Dressel R,
Lee JH, Nolte J, Wolf F, Li M, Engel W, Hasenfuss G.
Pluripotency of spermatogonial stem cells from adult mouse
testis. Nature. 2006; 440:1199-1203.

Seandel M, James D, Shmelkov SV, Falciatori I, Kim J,
Chavala S, Scherr DS, Zhang F, Torres R, Gale NW,
Yancopoulos GD, Murphy A, Valenzuela DM, et al.
Generation of functional multipotent adult stem cells from
GPR125+ germline progenitors. Nature. 2007; 449:346-350.

Simon L, Ekman GC, Kostereva N, Zhang Z, Hess RA,
Hofmann MC, Cooke PS. Direct transdifferentiation of
stem/progenitor spermatogonia into reproductive and
nonreproductive tissues of all germ layers. Stem cells. 2009;
27:1666—-1675.

He Z, Kokkinaki M, Jiang J, Dobrinski I, Dym M. Isolation,
characterization, and culture of human spermatogonia.
Biology of reproduction. 2010; 82:363-372.

Zorn AM. Liver development. StemBook. (Cambridge
(MA). 2008.

Hou J, Niu M, Liu L, Zhu Z, Wang X, Sun M, Yuan Q,
Yang S, Zeng W, Liu Y, Li Z, He Z. Establishment and
Characterization of Human Germline Stem Cell Line with
Unlimited Proliferation Potentials and no Tumor Formation.
Scientific reports. 2015; 5:16922.

He ZP, Tan WQ, Tang YF, Feng MF. Differentiation of
putative hepatic stem cells derived from adult rats into mature
hepatocytes in the presence of epidermal growth factor and
hepatocyte growth factor. Differentiation. 2003; 71:281-290.

Papp V, Rokusz A, Dezso K, Bugyik E, Szabo V, Pavai Z,
Paku S, Nagy P. Expansion of hepatic stem cell compartment
boosts liver regeneration. Stem cells and development. 2014;
23:56-65.

Katoonizadeh A, Poustchi H, Malekzadeh R. Hepatic
progenitor cells in liver regeneration: current advances and
clinical perspectives. Liver international. 2014; 34:1464-1472.
Zhang Z, Gong Y, Guo Y, Hai Y, Yang H, Yang S, Liu Y, Ma M,
Liu L, Li Z, Gao WQ, He Z. Direct transdifferentiation of
spermatogonial stem cells to morphological, phenotypic
and functional hepatocyte-like cells via the ERK1/2 and
Smad2/3 signaling pathways and the inactivation of cyclin A,
cyclin B, cyclin E. Cell communication and signaling.
2013; 11:67.

Toyooka Y, Tsunekawa N, Takahashi Y, Matsui Y, Satoh M,
Noce T. Expression and intracellular localization of mouse
Vasa-homologue protein during germ cell development.
Mechanisms of development. 2000; 93:139-149.

Luo J, Megee S, Rathi R, Dobrinski I. Protein gene product 9.5
is a spermatogonia-specific marker in the pig testis: application
to enrichment and culture of porcine spermatogonia. Molecular
reproduction and development. 2006; 73:1531-1540.

WWW

.impactjournals.com/oncotarget

8894

Oncotarget



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Buageaw A, Sukhwani M, Ben-Yehudah A, Ehmcke J,
Rawe VY, Pholpramool C, Orwig KE, Schlatt S. GDNF
family receptor alphal phenotype of spermatogonial stem
cells in immature mouse testes. Biology of reproduction.
2005; 73:1011-1016.

Naughton CK, Jain S, Strickland AM, Gupta A, Milbrandt J.
Glial cell-line derived neurotrophic factor-mediated RET
signaling regulates spermatogonial stem cell fate. Biology
of reproduction. 2006; 74:314-321.

So J, Martin BL, Kimelman D, Shin D. Wnt/beta-catenin
signaling  cell-autonomously ~ converts  non-hepatic
endodermal cells to a liver fate. Biology open. 2013; 2:30-36.
Zhao R, Duncan SA. Embryonic development of the liver.
Hepatology. 2005; 41:956-967.

Toivonen S, Lundin K, Balboa D, Ustinov J, Tamminen K,
Palgi J, Trokovic R, Tuuri T, Otonkoski T. Activin A and
Whnt-dependent specification of human definitive endoderm
cells. Experimental cell research. 2013; 319:2535-2544.

Agarwal S, Holton KL, Lanza R. Efficient differentiation of
functional hepatocytes from human embryonic stem cells.
Stem cells. 2008; 26:1117-1127.

Sancho-Bru P, Roelandt P, Narain N, Pauwelyn K, Notelaers T,
Shimizu T, Ott M, Verfaillie C. Directed differentiation
of murine-induced pluripotent stem cells to functional
hepatocyte-like cells. Journal of hepatology. 2011; 54:98-107.
Duncan AW, Dorrell C, Grompe M. Stem cells and liver
regeneration. Gastroenterology. 2009; 137:466—481.
Schmidt C, Bladt F, Goedecke S, Brinkmann V, Zschiesche W,
Sharpe M, Gherardi E, Birchmeier C. Scatter factor/
hepatocyte growth factor is essential for liver development.
Nature. 1995; 373:699-702.

Lee KD, Kuo TK, Whang-Peng J, Chung YF, Lin CT,
Chou SH, Chen JR, Chen YP, Lee OK. In vitro hepatic
differentiation of human mesenchymal
Hepatology. 2004; 40:1275-1284.

stem cells.

39.

40.

41.

42.

43.

44.

45.

46.

Nejak-Bowen K, Monga SP. Wnt/beta-catenin signaling in
hepatic organogenesis. Organogenesis. 2008; 4:92-99.

Poulain M, Ober EA. Interplay between Wnt2 and Wnt2bb
controls multiple steps of early foregut-derived organ
development. Development. 2011; 138:3557-3568.

Tan X, Yuan Y, Zeng G, Apte U, Thompson MD, Cieply B,
Stolz DB, Michalopoulos GK, Kaestner KH, Monga SP.
Beta-catenin deletion in hepatoblasts disrupts hepatic
morphogenesis and survival during mouse development.
Hepatology. 2008; 47:1667-1679.

ZhangL,LiuL,HeZ, LiG, LiuJ, Song Z, Jin H, Rudolph KL,
Yang H, Mao Y, Zhang H, Xiao Z, Ju Z. Inhibition of wild-
type p53-induced phosphatase 1 promotes liver regeneration
in mice by direct activation of mammalian target of
rapamycin. Hepatology. 2015; 61:2030-2041.

Chen Z, Yi W, Morita Y, Wang H, Cong Y, Liu JP, Xiao Z,
Rudolph KL, Cheng T, Ju Z. Wipl deficiency impairs
haematopoietic stem cell function via p53 and mTORC1
pathways. Nature communications. 2015; 6:6808.

He Z, Jiang J, Kokkinaki M, Tang L, Zeng W, Gallicano I,
Dobrinski I, Dym M. MiRNA-20 and mirna-106a regulate
spermatogonial stem cell renewal at the post-transcriptional
level via targeting STAT3 and Cendl. Stem cells. 2013;
31:2205-2217.

He Z, Jiang J, Kokkinaki M, Dym M. Nodal signaling via
an autocrine pathway promotes proliferation of mouse
spermatogonial stem/progenitor cells through Smad2/3 and
Oct-4 activation. Stem cells. 2009; 27:2580-2590.

Yang S, Ping P, Ma M, Li P, Tian R, Yang H, Liu Y, Gong Y,
Zhang Z, Li Z, He Z. Generation of haploid spermatids
with fertilization and development capacity from human
spermatogonial stem cells of cryptorchid patients. Stem cell
reports. 2014; 3:663—675.

www.impactjournals.com/oncotarget

8895

Oncotarget



