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Figure 4

Tumorigenic anomalies in Mob7a/1b double-homozygous mutant kera-
tinocytes. (A) Anti-Ki67 immunostaining of IFE (left) and HF (middle) of
control and kDKO(P1) mice at P13. Scale bars: 50 um. Quantitation of
Ki67+ cells (right); *P < 0.01. (B) Histology (left) and quantitation (right)
of TUNEL-stained cells in epidermis from control and kDKO(P1) mice
at P16. Scale bar: 50 um; *P < 0.01. (C) Keratinocytes from control and
kDKO(P1) mice at P4 were cultured for the indicated number of days,
and total cell numbers were counted. kDKO(P1) keratinocytes achieved
higher saturation plating density; *P < 0.01. (D) Left: H&E-stained
epidermal basal layer of control and kDKO(P1) mice at P19. Scale
bar: 20 um. Right: quantitation (cell number/50 um BM); n = 5/group;
*P < 0.05. (E-G) Immunostaining to detect y-Tubulin (green) and
a-Tubulin (red) in control and kADKO(P1) keratinocytes. DAPI, nuclei.
Mutant keratinocytes showed excess centrosomes (E), multi-polar
spindles (F), and micronuclei (G). Scale bars: 20 um; *P < 0.05.
(H) Identification of keratinocyte stem cells in HFs of control and
kDKO(P1) mice at P19 (n = 4/group) using quantitative RT-PCR (left),
*P < 0.01; flow cytometry (middle) to detect CD34; immunostaining
(right) to detect SOX9. Scale bar: 100 um. (1) Freshly isolated control
and kDKO(P1) keratinocytes were plated to generate primary colonies
(left) and secondary colonies (right). Giemsa staining (top) and colony
counts (bottom) were performed on day 14 after plating; n = 4/group;
*P < 0.02. Results shown are representative of at least 3 independent
trials and at least 3 mice/group. Data are presented as the mean + SEM,
and P values were determined using the 2-tailed Student’s t test.

resis (Figure SE). These data show that MOB1 regulates LATS1/2-
YAP1 signaling essential for mammalian skin homeostasis.

MOBI is involved in the onset of malignant outer root sheath tumors
resembling trichilemmal carcinomas. Microscopic analysis of the skin
tumors of Mob1a®A1b/* and Mob1a%/*1b/" mice revealed lesions
consisting of invasive epithelial lobules with atypical cytology,
an increased number of mitotic cells, and horn cysts (Figure 6A).
Trichilemmal keratinization and continuity with the follicular epi-
thelium (Figure 6A) were focally evident. Because these features
are characteristic of trichilemmal carcinomas of outer root sheath
origin, we immunostained these tumors with Abs recognizing
KRT17,KRTS5, KRT15, KRT10, Trichohyalin, or AE13. All cumors
were positive for KRT17 (outer root sheath marker), KRTS (basal
cells and outer root sheath), and KRT1S5 (basal cells, outer root
sheath, and bulge), but negative for KRT10 (upper basal IFE) and
Trichohyalin (inner root sheath) (Figure 6B). Some rumors were
also positive for AE13 (hair shaft marker), confirming that these
malignancies were derived from the HF outer root sheath. Thus,
deficiency for the Hippo signaling element MOB1 in mice leads to
tumors with the features of trichilemmal carcinomas.

In humans, the most common HF-derived carcinomas are
nodular BCCs, which are driven by hyperactivated SHH signal-
ing (5). However, immunoblotting of our MOB1-deficient kera-
tinocytes showed that neither GLI2 (downstream effector in the
SHH pathway) nor the LEF1 or HES1 proteins important for HF
morphogenesis were elevated (Figure 6C). In addition, while AKT
was not activated in the mutant keratinocytes, phospho-ERK
was increased (Figure 6C). To rule out the involvement of the
SHH pathway in tumorigenesis linked to MOB1 deficiency, we
immunostained control and mutant keratinocytes with Abs vali-
dated to detect GLI2 or GLI1 (Supplemental Figure 10, A and B) in
patterns consistent with a previous report (40). However, when we
immunostained control and kRDKO(P1) keratinocytes with these
Abs, no differences were detected (Figure 6D and Supplemental
Figure 10C). Furthermore, GLI2 levels in 4 trichilemmal carcino-
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ma samples from RDKO (P1) mice were not obviously increased
compared with GLI2 levels in cultured control keratinocytes (Fig-
ure 6E). Thus, the SHH pathway involved in nodular BCCs does
not appear to be driving the development of the trichilemmal car-
cinomas arising in the absence of MOB1A/1B.

In humans, trichilemmal carcinomas are very rare and composed
mainly of basaloid and squamous cells, with some clear cells (Fig-
ure 6F). We performed immunostaining to detect YAP1 in sam-
ples of 14 human trichilemmal carcinomas with accompanying
noncancerous epidermis. We found that, in noncancerous skin,
YAP1 was expressed in the nuclei of IFE basal cells and HF outer
root sheath cells (Figure 6G). Strikingly, a significant proportion
(11/14, 79%) of trichilemmal carcinomas showed an increase in
total YAP1* cells (Figure 6G and Table 3). Almost as many (10/14,
71%) trichilemmal carcinomas exhibited elevated nuclear YAP1
within the tumor mass (Figure 6G and Table 3). In addition, when
immunostained to detect MOB1A/1B, half of crichilemmal car-
cinomas examined (5/10, 50%) showed decreased MOB1A/1B
expression (Figure 6G and Table 3). Moreover, 10/10 (100%)
of these cases in which MOB1 was decreased displayed elevated
nuclear YAP1 within the tumor. These data support our hypoth-
esis that it is the mammalian Hippo pathway, rather than the SHH
pathway, thar is involved in the onset of non-BCC follicular can-
cers such as trichilemmal carcinomas.

Discussion
We have demonstrated that mice completely deficient for Mob1
have the most severe phenotype among strains lacking a Hippo
signaling component. Mobla/1b double-homozygous-null
mutant mice die at gastrulation, much earlier than mice lacking
Mst1/2 (15), Lats2 (21), Lats1 (14), Sav1 (20), or Nf2 (19). Our data
furcher indicare that MOB1 is essential for embryogenesis and
that funcrions of MOB1A and MOB1B overlap. In addition, the
tumor spectrum observed in heterozygous MobI-deficient mice is
the broadest among mutants lacking Hippo components. These
findings suggest both that MOB1 is the key molecule in the Hippo
signaling pathway and that MOB1 may have molecular target(s)
other than the Hippo pathway. This notion is consistent with the
reduced expression or mutation of MOB1 frequently observed in
avariety of human cancers (17, 33, 34), and with MOB1’s reported
binding to a range of molecules, including TSSC1, NUP9S,
HDAC3, and DIPA (CCDD85B) (41, 42). Our results also imply
that MOB1A may be more important than MOBI1B, at least for
embryogenesis and liver homeostasis, because Mob1b heterozy-
gotes lacking Mobla show partial embryonic lethality (Supple-
mental Table 1) and develop liver cancers (Table 2), whereas Mobla
heterozygotes lacking Mob1b are all viable and free of liver tcumors.
The lethality of MobI-deficient mice may stem from their failure
to form primitive endoderm. The endodermal markers Pdgfra and
Gata4 were markedly reduced in MobI-deficient cells, whereas the
primitive ectoderm markers Nanog, Sox2, FgfS, and Pax6 were nor-
mal. Our mutant showed abnormal YAP1 activation, and activated
YAP1 normally activates the transcription factor TEAD2. TEAD2
regulates primitive endoderm-specific genes such that sustained
inhibition of TEAD2 enhances primitive endoderm-specific gene
expression (43). YAP1 and TEADS reportedly increase the expres-
sion of pluripotency genes such as Oct3/4 and Sox2 (43, 44), as well
as the trophoblast gene Cdx2 (45, 46). However, levels of Oct3/4,
SOX2, and CDX2 proteins were normal in our MobI-deficient
embryos. Thus, although we found YAP1 to be activated in the
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MOB1-mediated regulation of the LATS1/2-YAP1 pathway controls skin homeostasis. (A) Immunostaining of keratinocytes from controf and
kDKO(P1) mice at P19 to detect YAP1 in the IFE (top) and HF (bottom). Scale bar: 50 um. (B) Immunoblot of total extracts of control and
kDKO(P1) keratinocytes to detect the indicated proteins. a-Tubulin, loading control. (C) Immunoblot of cytoplasmic and nuclear fractions of control
and kDKO(P1) keratinocytes to detect the indicated proteins. a-Tubulin and Lamin, cytoplasmic and nuclear loading controls, respectively. (D)
Immunostaining to detect YAP1 in keratinocytes from control and kDKO(P1) mice plated at low or high cell density. YAP1 is localized in the nucleus
in mutant keratinocytes even at high cell density. (E) Immunoblot to detect the indicated proteins in total extracts of control (Cont) and kDKO(P1)
keratinocytes that were left untreated (OA-) or treated with OA (OA+). Left: unadjusted lysates. Right: levels of LATS1 and LATS2 proteins in each
sample were adjusted to equality before electrophoresis. Results shown are representative of at least 3 independent trials and at least 3 mice/group.

mutant ICM, a much stronger alteration of YAP1 activity may be
necessary to induce a detectable effect on these genes.

We have shown that, in contrast to MST1/2 and LATS1/2,
MOBI is a potent tumor suppressor in a range of tissue types
that includes the skin. All cancers examined in Mobla®/*1b"/
and Mob1a**1b"/* mice had lost the WT Mob1 allele, suggesting
increased genetic instability. Mobla/1b mRNAs and proteins are
frequently cosuppressed in tumor cell lines (data not shown), and
the MOB1A and MOB1B amino acid sequences are 95% identical.
We are currently clarifying whether a common mechanism regu-
lates these 2 genes.

In our Mob1a®*16/" and Mob1a**1b"/* mice, the most frequent
tumors were malignant outer root sheath tumors resembling
trichilemmal carcinomas (Figure 6A). Histologically, these malig-
nancies were not BCCs because they lacked the cellular palisading
typical of BCCs (4). Moreover, cultured Mobla/1b double-mutant
keratinocytes did not show the SHH pathway activation important
for BCC onset (Figure 6C). Benign trichilemmomas are frequently
observed in Cowden disease patients with hereditary PTEN muta-

10
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tions (47), but these tumors seldom become malignant. The trichi-
lemmal growths in our Mob1-deficient mutants were clearly can-
cerous but showed no activation of the PTEN effector AKT (Figure
6C). Importantly, like our mutant mouse tissues, our human
trichilemmal carcinoma samples exhibited frequent MOB1A/1B
inactivation and YAP1 activation (Figure 6G and Table 3). These
findings suggest that impaired Hippo signaling may drive trichil-
emmal carcinoma onset in humans.

MobI-deficient keratinocytes exhibit enhanced proliferation,
apoprotic resistance, impaired contact inhibition, increased cen-
trosomes, accelerated mitotic exit, and enhanced progenitor self-
renewal. In addition, polarity must be defective without MOB1
because (a) KRT15* cells were scattered inside the IFE and not local-
ized to the basal layer; (b) CD34* bulge stem cells were not localized
in the bulge; and (c) hair bundles in the organ of Corti were dis-
organized (Supplemental Figure 2B). To date, 2 transgenic mouse
strains overexpressing Yapl in the skin have been described (23, 48).
Like our MobI mutants, Yapl transgenic mice show hyperplastic
IFE. However, these latter animals also have a severe defect in HF
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Figure 6

Characterization of skin cancers of Mob1-deficient mice and human trichilemmal carcinomas. (A) H&E-stained sections of representative tumors
from Mob1a%A1 b+ or Mob1a¥+1 bt mice showing: (top left) characteristic trichilemmal keratinization (yellow arrows; also in right); (bottom left)
atypical and highly mitotic cells; and (right) continuity with the epidermis. Scale bars: 50 um (left); 500 um (right). (B) Immunostaining of tumors
from Mob1a41 b+ or Mob1a¥*1bt" mice to detect the indicated skin markers. White arrows, cancerous lesions; yellow arrow, nontumorous HF.
Scale bar: 200 um. (C) Immunobiot of total extracts of control and kDKO(P1) keratinocytes to detect ERK and AKT activation as well as the HF
morphogenesis proteins GLI2 (FL; full length), LEF1 and HES1. §-Actin, loading control. (D) Immunostaining to detect GLI2 in HFs from control
or kDKO(P1) mice. Scale bar: 25 um. (E) Immunoblot to detect GLI2 in total extracts of control keratinocytes transfected with scramble siRNA
(Control siSc) or Gli2 siRNA (Control siGli2), as well as in samples of 4 trichilemmal carcinomas (Tumor 1, 2, 3, 4) from kDKO(P1) mice. (F) H&E
staining of a human trichilemmal carcinoma viewed at low (scale bar: 200 um) or high magnification (scale bar: 50 um). (G) Immunostaining to
detect YAP1 and MOB1A/1B in human trichilemmal carcinomas and nearby noncancerous tissues. Top: Both noncancerous and trichilemmal
carcinoma (T) tissues can be seen in low-magnification images. Bottom: High-magnification images of human trichilemmal carcinomas. Scale
bars: 100 um. Results shown are representative of at least 3 independent trials and at least 3 mice/group.
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Table 3

Quantitation of human trichilemmal carcinoma samples showing an increase
in YAP1+ cells and/or elevation in nuclear YAP1, and a decrease in MOB1A/1B

Methods
Generation of Mob1a™ and Mob1b™ mice. A conditional
targeting vector based on the Cre-loxP system was con-

structed to delete a genomic fragment containing exon 2

Increased  Nuclear accumulation  Decreased of the murine Mobla gene (Supplemental Figure 1). This
YAP1 of YAP1 MOB1A/1B deletion generates a frame shift and early stop codon in
Trichilemmal carcinoma ~ 11/14 (79%) 10/14 (71%) 5/10 (50%) exon 3. We introduced 1 loxP site into Mobla intron 1

and 2 loxP sites into intron 2 to flank Mobla exon 2. The

formation. This difference may account for the development of
IFE-derived squamous cell carcinomas in YapI transgenic mice, but
HF-derived trichilemmal carcinomas in MobI-deficient mutants.

At the biochemical level, MobI-deficient keratinocytes exhibited
reductions in not only phospho-LATS1/2, but also total LATS1/2
proteins. Lats1/2 mRINAs were comparable in control and mutant
keratinocytes (data not shown), indicating that this surprising
decrease in LATS1/2 proteins occurs posttranscriptionally. Like
MOBI, SAV1 is a scaffolding protein in the Hippo pathway, but
unlike Mob1 deficiency, Sav1 deficiency decreases phospho-MST,
but does not affect total MST or LATS1/2 proteins (20). Another
interesting biochemical observation was the activarion of ERK in
our Mobli-deficient keratinocytes: no connection between MOB1
and ERK has been reported to date. With respect to Hippo sig-
naling, ERK can be activated by YAP1 (49) or suppressed by NF2
(50) or MST2 (51). Since NF2 and phospho-MST1/2 were not
decreased in our MobI-deficient keratinocytes (data not shown),
we speculate that the increased YAP1 in these cells may have crig-
gered their abnormal ERK activation.

Because all of our Mob1a/1b-deficient mice spontaneously devel-
oped tumors (and especially trichilemmal carcinomas), we believe
that the loss of MOB1A/1B helps to both initiate and promote
carcinoma onset. With respect to tumor initiation, the observed
increase in the number of centrosomes and/or micronuclei in
our mutant cells may have introduced detrimental alterations
into their DNA. With respect to cancer promotion, the enhanced
proliferation, apoptotic resistance, impaired contact inhibition,
and increased progenitor self renewal associated with loss of
MOB1A/1Bmay support the growth and progression of cells that
have undergone tumor initiation events.

The very rare occurrence of trichilemmal carcinomas in
humans has slowed the identification of genes involved in their
development. Expression levels of MOB1A, LATS1/2, and SAV1
are more frequently reduced in the advanced stages of colon
(33), breast (52), and renal cancers (53) than in the early stages
of these malignancies. In lung cancers, the reverse is true, since
MOBI1A levels are frequently lower in the early pT1 stage of non-
small-cell lung cancer as compared with later stages (34). These
observations suggest that the loss of Hippo signaling molecules
can be an important driver of cancer progression in humans.
Further study of alterations to gene or protein expression or
functions of Hippo signaling components in a broad range of
human malignancies may increase our understanding of their
involvement in tumorigenesis.

In conclusion, our results demonstrate that (a) MOB1 is a
broadly-acting tumor suppressor in mice and (b) Hippo signal-
ing drives trichilemmal carcinoma onset in the skin. Therapeu-
tic strategies to control Hippo signaling or MOB1 expression
might therefore benefit many cancer patients, particularly those
with HF-derived cancers.

12 The Journal of Clinical Investigation

PGK-Hyg resistance cassette was inserted in antisense ori-

entation between the 2 loxP sites in intron 2. The resulting
targeting vector was electroporated into E14K ES cells, and homologous
recombinants were confirmed by Southern blotting using 5’ flanking
probe A and a Hyg-specific probe. Correctly targeted Mobla mutant clones
were transiently transfecred with pMCI-Cre (54) to delete the loxP-flanked
Hyg" gene. Progeny clones sensitive to hygromycin were subjected to South-
ern blotting to identify those retaining exon 2 flanked by 2 loxP sites (the
Mob1a* allele) and those lacking exon 2 (Mob1a® allele; equivalent to a
knockout mutation). For MobIb-deficient mice, an ES cell line bearing a
gene trap mutation of intron 2 of the Mob1b gene was obtained from the
Sanger Institute (Hinxton, United Kingdom). The single integration of
the trapped site was confirmed by PCR and genomic Southern blotting
using §' flanking probe C and a neospecific probe. Mobla*, Mobla®, and
Mob1b™ mice were generated from ES cell clones using standard proce-
dures and backcrossed to C57BL/6 mice 3 times before intercrossing to
generate Mob1aVf, Mob1a*, and Mob1b™* progeny. Primers used for geno-
typing are listed in Supplemental Table 2.

In vitro culture of preimplantation embryos. E3.S embryos derived from
the intercrossing of Mobla%*1b"** males and females were analyzed as
described (55). Briefly, blastocysts were individually cultured in 24-well
plates in ES cell medium without LIF and photographed every 24 hours.
On day 8, the morphology of each embryo was recorded and its genotype
determined by PCR.

Embryo immunostaining. Immunofluorescent staining of embryos was
performed as described (45). Briefly, embryos (E3.5) were cultured over-
night prior to fixation in 4% paraformaldehyde. Fixed tissues were permea-
bilized with 0.2% Triton X-100, blocked with 2% goat serum, and incubated
overnight at 4°C with Abs recognizing CDX2 (Biocare Medical), Oct3/4
(gift of H. Niwa, Riken), PDGFRa (eBiosciences), GATA4/6 (Santa Cruz
Biotechnology Inc.), NANOG (ReproCELL), Troma-1 (DSHB), SOX2
(Abcam), or YAP1 (Sigma-Aldrich). Secondary Abs were Alexa Fluor 488
goat anti-rabbit or Alexa Fluor 568 goat anti-mouse (Molecular Probes).
Nuclei were visualized using DAPI (Dojindo). Stained embryos were exam-
ined by confocal microscopy.

Generation and differentiation of Mob1a/1b double-mutant ES cells. ES cells
established from embryos derived from Mob1a"f1b"/ intercrosses were
cransfected with linearized CMV-Mer-Cre-Mer plasmid DNA (56) plus
pApuro2 (S7). To generate ERCreMobla/f1b7/ ES clones, ES cells were
selected by culture for 12 days in complete ES cell medium containing
1 ug/ml puromycin (Invivogen) on an irradiation-inactivated Puro MEF
feeder layer. Tamoxifen (3.3 uM; Toronto Research Chemicals) was added
(or not) for 2 days to completely delete the Mobla gene (data not shown).
Control and mutant EBs were generated from hanging drops of approxi-
mately 1,000 ES cells/20 ul medium as described (58).

Generation of keratinocyte-specific Mobla/Mob1b double-mutant mice.
Mob1aV1b/" mice were mated to Krt14CreER transgenic mice (35) in
which Cre can be activated by tamoxifen under the control of the Krt14
promoter. Offspring carrying Krt14CreER plus 2 copies of the floxed
Mobla allele (Mob14%#) and 2 copies of the trapped Mob1b allele (Mob1b7/)
were administered tamoxifen and used in the analysis as homozygous
double mutant (Krt14CreERMobl1aVf1b/t +tamoxifen; RDKO) mice.
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Krt14CreERMob14//1b"/" mice without tamoxifen and Mobla* 16"/ or
Mob1a”*Mob1b"/" mice with tamoxifen but without Krt14CreER were
indistinguishable in pilot experiments examining histology and MOB1
protein levels. Krt14CreERMob1aVf1b/* mice without tamoxifen were
arbitrarily chosen to serve as controls. To induce Cre in keratinocyte
stem/progenitor cells, P1 mice were intraperitoneally administered 0.2
mg tamoxifen on that one day, or P28 mice received 0.5 mg tamoxifen
each day for 7 days starting on P28.

Characterization of primary keratinocytes. Primary keratinocytes isolated
from control and kDKO mice were cultured as described (59). For cell satu-
ration density assays, keratinocytes at passage 2 were seeded in type I col-
lagen-coated 24-well plates (0.3 x 105/well) and cultured for up to 12 days
before counting cell numbers. For colony-forming assays, keratinocytes at
passage 1 were seeded in 6-well plates (0.4 x 104/well). After 2 weeks, half
the wells were fixed and stained with Giemsa (Muto Pure Chemicals), and
the number of primary colonies was counted. Keratinocytes of an unfixed
well were then trypsinized and reseeded so that each well of a 6-well plate
received cells from 1 primary colony. Reseeded cells were cultured for
2 weeks to generate secondary colonies.

Clinical samples. Surgically obtained trichilemmal carcinoma samples
containing noncancerous tissues were acquired from the Department of
Regenerative Dermatology (Osaka University). Resected cancer tissues were
fixed in formalin and stained with anti-YAP1 Ab (Cell Signaling) and anti-
MOB1A/1B Ab (AP7031b; Abgent) using a standard protocol.

Statistics. KaleidaGraph software was used for statistical analyses. Data
are shown as the mean + SEM, and P values were determined using the
2-tailed Student’s ¢ test unless otherwise stated. P < 0.05 was considered
statistically significant.

Study approval. The clinical sample study design was approved by the Insti-
tutional Review Board of Osaka University, and written informed consent was

research article

obtained from all patients. All animal experiments were approved by the Ani-
mal Experiment Review Boards of Kyushu University and Akita University.
See Supplemental Methods for additional details.
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Abstract

Hexagonal-shaped human corneal endothelial cells (HCEC) form a monolayer by adhering tightly through their intercellular
adhesion molecules. Located at the posterior corneal surface, they maintain corneal translucency by dehydrating the
corneal stroma, mainly through the Na*- and K*-dependent ATPase (Na*/K*-ATPase). Because HCEC proliferative activity is
low in vivo, once HCEC are damaged and their numbers decrease, the cornea begins to show opacity due to overhydration,
resulting in loss of vision. HCEC cell cycle arrest occurs at the G1 phase and is partly regulated by cyclin-dependent kinase
inhibitors (CKls) in the Rb pathway (p16-CDK4/CyclinD1-pRb). In this study, we tried to activate proliferation of HCEC by
inhibiting CKis. Retroviral transduction was used to generate two new HCEC lines: transduced human corneal endothelial
cell by human papillomavirus type E6/E7 (THCEC (E6/E7)) and transduced human corneal endothelial cell by Cdk4R24C/
CyclinD1 (THCEH (Cyclin)). Reverse transcriptase polymerase chain reaction analysis of gene expression revealed little
difference between THCEC (E6/E7), THCEH (Cyclin) and non-transduced HCEC, but cell cycle-related genes were up-
regulated in THCEC (E6/E7) and THCEH (Cyclin). THCEH (Cyclin) expressed intercellular molecules including ZO-1 and N-
cadherin and showed similar Na*/K*-ATPase pump function to HCEC, which was not demonstrated in THCEC (E6/E7). This
study shows that HCEC cell cycle activation can be achieved by inhibiting CKis even while maintaining critical pump
function and morphology.
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Introduction

Human corneal endothelial cells (HCEC) are hexagonal in shape
and form a fragile monolayer lying posterior to the surface of the
cornea. These cells maintain corneal transparency by their tight
intercellular barrier and perform an ion transport pump function
through Na*/K"-ATPase, which regulates the hydration of the
corneal stroma [1,2]. If HCEC sustain damage, excessive hydration
and opacity of the cornea occur, resulting in decreased vision.

Corneal endothelia are believed not to increase in adult humans
and in fact gradually decrease by approximately 0.5% per year
[3,4,5]. Damage, injury or HCEC disease such as Fuchs’ corneal
dystrophy [6], diabetes [7], trauma [8], cataract surgery [9] or
elevation of intraocular pressure [10] does not lead to increased
proliferation but rather to an increase in cell size to compensate for
the wounded area [11]. Once the cell number falls below 1,000
cells/mm?, the monolayer of enlarged HCEC cannot maintain
corneal transtucency [12] and surgical treatment is required to
restore vision.

Penetrating keratoplasty has long been the surgical treatment of
choice, involving replacement of a total layer of cornea by donor
material. However, it can also result in adverse effects such as
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astigmatism and severe rejection requiring long term usage of
immunosuppressive drugs [13]. Recently, alternative transplanta-
tion strategies, including modified posterior lamellar keratoplasty
techniques such as deep lamellar endothelial keratoplasty (DLEK)
[14], Descemet’s stripping with endothelial keratoplasty (DSEK)
[15] and Descemet membrane endothelial keratoplasty (DMEK)
[16] have been introduced to overcome these problems. Despite
these advances, an increasingly aging population requiring corneal
transplants and inadequate tissue quality limit the availability of
donor corneas, such that alternative ways of preparing endothelial
cell monolayers need to be explored.

HCEC were originally believed to be incapable of expanding
in vitro, but have been successfully isolated and cultured by
introducing stimulating agents such as epidermal growth factor,
platelet-derived growth factor-BB, bovine pituitary extract and
fetal bovine serum [17,18]. However, the number of cells with
proliferative activity and the ability to respond to such agents is
relatively low, and much variation in proliferative activity exists
between donors of different ages [19,20]. Thus, there is a
requirement to achieve a stable and effective culture of cells in
terms of both cell proliferation and physiologic function.
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The HCEC cell cycle is mainly regulated by the p53 and pRB
pathways, both of which have been inactivated by human
papilloma virus (HPV) type 16 E6/E7 to successfully immortalize
cells. Kim et al. reported the establishment of an immortalized
HCEC line using HPV type 16 E6/E7 on lyophilized human
amniotic membrane [21]. However, several studies have reported
carcinogenesis of the cell line established by viral oncogenes
including HPV type 16 E6/E7 or SV40 large T antigen [22,23].
Therefore a corneal endothelial cell line developed in this way
does not appear to be suitable for the treatment of human corneal
diseases. To resolve this problem, we expressed mutant cyclin-
dependent kinase (Cdk) 4 and CyclinD1 to inactivate the pRB
pathway and generate corneal endothelial cell lines without
transducing viral oncogenes.

Results

HCEC with Descemet’s membranes were proliferated slowly in
a culture dish coated in type IV collagen. After two passages, the
cells were transferred into 24-well dishes and transfected with a
retroviral vector carrying E6/E7 or mutant Cdk4 and CyclinD1.
Three cell lines were successfully generated, as shown in Fig. 1A,
with obvious differences in growth (Fig. 1B). Protein expression
from the transduced gene was confirmed by western blotting
(Fig. 1C). As previously reported [21], THCEC (E6/E7) was
immortalized, and THCEC (Cyclin) demonstrated the same
proliferative capacity as THCEC (E6/E7), while primary cells
grew more slowly even when cultured in 10% fetal bovine serum.
These results indicate that induction of mutant Cdk4 and
CyclinD1 is sufficient to generate a HCEC line that proliferates
at a faster rate than the primary cell line.

Proliferation capacity was also confirmed by immunohisto-
chemistry of Ki-67 (Fig. 2A). Expression of downstream genes of
CyclinD1 which are associated with cell proliferation was analyzed
by real-time polymerase chain reaction (PCR) (Fig. 2B). Positive
staining of Ki-67, which is detected in the nucleus, was confirmed
in both THCEC (Cyclin) and THCEC (E6/E7). Real-time PCR
also revealed that CDC2 and PCNA, target genes of E2F (an
upstream transcriptional factor), that are activated by CyclinD1I,
were up-regulated in THCEC (E6/E7) and especially in THCEC
(Cyclin).

Expression of genes involved in active transmembrane trans-
porter activity, including Na*/K*-ATPase, or cell adhesion,
including ZO-1 and N-cadherin, were assessed by semi-quantita-
tive reverse transcriptase (RT)-PCR (Fig. 3A). Expression of
intercellular adhesion molecules was confirmed by immunohisto-
chemistry (Fig. 3B-]). Semi-quantitative RT-PCR showed that
there was no significant difference between the three cell lines
regarding the expression of genes associated with several molecules
of cell adhesion or of ion transporter channels, which are
characteristically expressed by HCEC [21,24]. This was also
confirmed by real-time PCR (data not shown).

Z0O-1 and N-cadherin, key HCEC adhesion molecules [24],
demonstrated positive staining at the intercellular junction in
HCEH (Fig. 3F, I) and THCEC (Cyclin) (Fig. 3E, H), while
neither ZO-1 nor N-cadherin was detected in THCEC (E6/E7)
despite sufficient cellular density (Fig. 3G, J). Although positive
staining of ZO-1 and N-cadherin was observed at the intercellular
junction in THCEC (Cyclin), ZO-1 staining also occurred around
the nucleus (Fig. 3E), indicating the immature distribution of the
ZO-1 protein. In THCEC (Cyclin) and HCEGC, hexagonal
morphology was identified both by phase-contrast micrography
(Fig. 3B, C) and immunocytochemistry, while the structure of
hexagonal cell shape was not maintained in THCEC (E6/E7)
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Corneal Endothelial Cell Line with Pump Function

(Fig. 3D). These data indicate that THCEC (Cyclin) and HCEC,
but not THCEC (E6/E7), maintain contact inhibition which is
crucial for preserving the monolayer.

Scanning electron microscopy was performed to reveal detailed
information on the cellular junction (Fig. 4). THCEC (Cyclin) and
HCEC showed a clear cellular junction including a tight junction,
whereas THCEC (E6/E7) grew as a multilayer without forming a
cellular junction, which confirms the immunohistochemistry
result.

Representative traces of circuit current driven by the Na*/K*-
ATPase were of similar shapes in both HCEC and THCEC
(Cyclin) (Fig. 5A). These circuit currents maintain corneal
translucency and their levels in both cell lines were clearly reduced
by the presence of the Na*/K*-ATPase inhibitor ouabain, which
confirms that the origin of the current is Na'/K'-ATPase.
Meanwhile, the pump function in THCEC (Cyclin), detected in
both earlier and later passages of cells, was more variable than that
in HCEC (Fig. 5B), possibly indicating incomplete Na*/K*-
ATPase activity or the presence of an intercellular barrier that
regulates ion permeability. No regular circuit current was detected
in THCEC (E6/E7) (Fig. 5A, B), which probably reflects the
absence of intercellular adhesion preventing free ion transport
across the membrane. This experiment clearly showed that the
THCEG. (Cyclin) monolayer has similar Na*/K*-ATPase activity
to that of HCEC.

A tumorigenesis assay of nude mice detected no solid tumor in
either THCEC (Cyclin) or THCEC (E6/E7), while HeLa cells
formed a solid tumor in all mice (Table 1). Since THCEC (Cyclin)
has a similar morphology and pump function to HCEC, THCEC
(Cyclin) could be suitable for HCEC studies.

Discussion

THCEC (E6/E7) was shown to achieve immortalization with a
highly activated proliferative capacity, as previously described
[21]. However, the cell lines did not show normal intercellular
contact or normal pump function, probably because contact
inhibition in the cell line was not achieved. Meanwhile, THCEC
(Cyclin) was demonstrated to have normal physiologic function
with a greater proliferative capacity than primary cells, but slightly
lower than that of THCEC (E6/E7).

In expanding the cellular life span, E7 has been shown to play a
role in the inactivation of pRB, while E6 activates telomerase [25]
and accelerates p53 degradation, which induces the Cdk inhibitor
p21 [26]. However, little is known about the effector sites of the
viral oncogene that may be related to genetic instability of
immortalized cells. In the present study, expression of genes
specific to HCEC was not drastically different between the three
cell lines. However, key proteins including ZO-1 and N-cadherin
that are important in forming intercellular contacts were detected,
probably because of the unknown influence of viral oncogenes on
post-translational modification, posttranslational import or protein
stability/degradation.

We recently established genetically stable, non-transformed
immortalized ovarian surface epithelium (OSE) cell lines without
viral oncogenes by expressing mutant Cdk 4, CyclinD1 and
hTERT, based on the hypothesis that inactivation of the pRb
pathway and activation of telomerase are sufficient for OSE
immortalization [27]. Meanwhile, Rane et al. demonstrated that
mutant Cdk 4 (Cdk4R24C) is sufficient to induce carcinogenesis in
several other tissues including those of the pancreas, pituitary and
brain [28], and Joyce and colleagues showed that HCEC are
arrested in the G1 phase and regulated by CKls, p16INK4a and
p21WAF1/Cipl [29]. Considering the importance of maintaining
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Figure 1. Establishment of THCEC (E6/E7), THCEC (Cyclin) and HCEC. (A) HCEC with Descemet’s membrane were placed on Type IV collagen-
coated 35 mm cell culture dishes with growth medium (PO). After one passage (P1), retroviral infection was conducted in 6-well cell culture dishes at
P2. THCEC (E6/E7) and THCEC (Cyclin) were infected by retroviral vectors carrying HPV16 E6/E7 and both CyclinD1 and Cdk4R24C, respectively. (B)
Growth curves of THCEC (E6/E7), THCEC (Cyclin) and HCEC cell lines. THCEC (E6/E7) was immortalized as reported previously, and THCEC (Cyclin)
obtained the same proliferative activity as that of THCEC (E6/E7). Transfection was performed on day 0 for THCEC (E6/E7) and THCEC (Cyclin), with
population doublings of 2. For HCEC, primary culture commenced on day 0. (C) Western blotting confirmed the expression of the following
transgenes: E6 and E7 in THCEC (E6/E7), and CyclinD1 and Cdk4R24C in THCEC (Cyclin).

doi:10.1371/journal.pone.0029677.g001

morphology and physiologic function in HCEC, we only
transduced mutant Cdk 4 and CyclinD1, not hTERT, in the
present study. We believe that our careful method enabled
THCEC (Cyclin) to form a fragile and regularly arranged
monolayer complete with physiologic function.

Although THCEC (Cyclin) has similar characteristics to
primary HCEC, immunochistochemistry and the Ussing chamber
assay also highlighted the differences between the cells. ZO-1
protein was expressed around the nucleus of THCEC (Cyclin) but
not in primary cells. Since semi-quantitative PCR detected almost
the same level of mRINA expression between the cell lines, staining
around the nucleus in THCEGC (Cyclin) probably reflects an error
in posttranslational import of ZO-1 protein. The Ussing chamber
assay detected a similar pump function between THCEC (Cyclin)
and primary cells, but the current in THCEC (Cyclin) was more
variable than that of the primary cells, which might have been
caused by reduced Na*/K'-ATPase activity, immature intercel-
lular adhesion allowing irregular intercellular ion transport or
differences in cellular density.

Cells established by a retrovirus carry a potential risk of
promoting carcinogenesis [30], and direct transplantation to
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humans of cell sheets composed of such cells may lead to complex
problems. Recently, to resolve this problem, several studies have
reported the establishment of untransfected corneal endothelial
cell lines [31,32,33], which are the most ideal cell lines for the
treatment of human corneal disease. Meanwhile, alternative
bioengineering approaches, including lipofection of p27kipl
siRNA [34], proteomics technology analyzing the difference
between younger and older HCEC [35] and drug usage of
promyelocytic leukemia zinc finger protein, a cell cycle transcrip-
tional repressor and negative regulator [36], have also been
introduced. The present findings support the idea that targeting
the interaction between pl6INK4a and Cdk4 using such methods
is a promising strategy to generate HCEC with sufficient
proliferative capacity and physiologic function.

Materials and Methods

Isolation and cell culture of human corneal cells

Ethics Statement. A cornea was excised from the surgically
enucleated eye of a 2-year-old infant undergoing therapy for
retinoblastoma, with the approval (approval number, #156) of the
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Figure 2. Evaluation of proliferative capacity. (A) Immunohistochemistry of Ki-67 in three cell lines. Positive staining of Ki-67, located in the
nucleus, was obviously identified in THCEC (Cyclin) and THCEC (E6/E7), but rarely detected in HCEC. (B) Real-time PCR of downstream genes of
cyclinD1 associated with proliferation. Gene expression levels of both CDC2 and PCAN were clearly higher than that of HCEC. The gene expression
was much more activated in THCEC (Cyclin) in which the expression of E2F, an upstream transcriptional factor of two genes, was constitutively
activated by transduced mutant Cdk4 and CyclinD1.

doi:10.1371/journal.pone.0029677.g002

Ethics Committee of the National Institute for Child and cells and tissues were performed in line with the tenets of the
Health Development, Tokyo, Japan. Signed informed consent Declaration of Helsinki.
was obtained from the donor’s parents, and the surgical specimens The corneal piece, which was grossly normal with no
were irreversibly de-identified. All experiments handling human pathological lesions, was cut 1.5 mm from the corneal limbus,
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Figure 3. HCEC-associated genes and cytolocalization of junctional components expressed by cell lines. (A) Semi-quantitative reverse
transcriptase polymerase chain reaction for HCEC-associated genes. Total RNA was prepared from cultured cells seven days after reaching confluency.
No significant difference in mRNA expression was observed between the three cell lines. Compared with phase-contrast micrographs of (B) THCEC
(Cyclin), (C) HCEC and (D) THCEC (E6/E7), cytolocalization was examined by immunofluorescence staining of ZO-1 (E, F,G) and N-cadherin (H, |, J).
THCEC (E6/E7) did not stain positive for intercellular junctional molecules, while ZO-1 and N-cadherin stained positive at the junction in THCEC
(Cyclin) and HCEC.

doi:10.1371/journal.pone.0029677.g003
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Figure 4. Transmission electron microscopy of cell line intercellular junctions. The junctional complex was detected at the intercellular
junction in THCEC (Cyclin) and HCEC. No component of the intercellular junction was found in THCEC (E6/E7), in which cells grew in multilayers

without being inhibited by cellular contact (scale bar =200 nm).
doi:10.1371/journal.pone.0029677.g004

avoiding contamination of the trabecular meshwork tissue. HCEC
with Descemet’s membrane were stripped from the posterior
surface of the corneal tissue with sterile surgical forceps under a
dissecting microscope. They were cut into two pieces and cultured
in a cell culture dish covered with Type IV collagen in a growth
medium (GM); Dulbecco’s modified Eagle’s medium (DMEM)/
Nutrient mixture F12 (1:1) with high glucose supplemented
with 10% fetal bovine serum, insulin-transferrin-selenium and
MEM-NEAA (Gibco, Auckland, NZ). Cells were subcultured after
reaching confluency by treating with trypsin/EDTA and seeded at
a density of 5x10° cells/well in 6-well dishes.

Viral vector construction and viral transduction
Lentiviral vector plasmids, CSII-CMV-cyclin D1 and -
CDK4R24C were constructed by recombination using the

Gateway system (Invitrogen, Carlsbad, CA) as described previ-
ously [37]. Briefly, cDNAs of human cyclinD1 and a mutant
form of Cdk4 (Cdk4R24C: an inhibitor resistant form of Cdk4,
generously provided by Dr Hara) were recombined with a
lentiviral vector, CSII-CMV-RfA (a gift from Dr Miyoshi), by
LR reaction to create a Gateway expression plasmid (Invitrogen)
according to the manufacturer’s instructions.

Previous work has described the production of recombinant
lentiviruses with the vesicular stomatitis virus G glycoprotein
[37], the recombinant retrovirus vector plasmid, pCLXSN-
16E6E7 encoding HPV16 E6/E7 (16E6E7) [38] and recombinant
retroviruses [39]. Following the addition of recombinant viral fluid
to cells seeded in 24-well dishes in the presence of 4 pug/ml
polybrene, the cells were infected by the viruses. Stably transduced
cells with an expanded life span were designated transduced

A B
THCEC (Cyc tin) 300 r
300
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)
- 100 |
300{ THCEC (E6/E7)
1A 1] T ] 0
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Figure 5. The pump function of cell lines. Short-circuit currents representing Na*/K+-ATPase activity from corneal cell monolayers on the insert
well area of 4.67 cm? were calculated before and after addition of the Na*/K+ATPase inhibitor ouabain. (A) Representative tracings of short-circuit
current (uA/well) obtained with cell monolayers of THCEC (Cyclin) (upper panel), HCEC (middle panel) and THCEC (E6/E7) (lower panel). THCEC
(Cyclin) possessed equal transport activity to HCEC, whereas no pump function was detected in THCEC (E6/E7). (B) Time-course changes in the
average short circuit current of cultured monolayers of cell lines at 1, 5, 10 and 20 min. Data shown are for (&) THCEC (Cyclin) at PD8, (¢) THCEC
(Cyclin) at PD 21, («) HCEC and (M) THCEC (E6/E7); all data are expressed as mean=SD of four replicate experiments of each cell line.

doi:10.1371/journal.pone.0029677.g005
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Table 1. Tumorigenesis assay of cell lines in BALB/C nude mice.

Corneal Endothelial Cell Line with Pump Function

Inoculated cells Total dose (cell/mouse)

Number of mice (% mortality)

Number of mice with tumor

THCEC (Cyclin) 17x10% X 3(0)
THCEC (E6/E7) 1.7x10° 3(0)
Hela cells 20%10° o 30

0
0
3

doi:10.1371/journal.pone.0029677.t001

human corneal endothelial cell by E6/E7 (THCEC (E6/E7)) and
transduced human corneal endothelial cell by Cdk4R24C/
cyclinD1 (THCEH (Cyclin)).

Culture of transfected cell lines and growth curve

When the cultures reached subconfluence, the cells were
harvested with 0.25% trypsin and 1 mM EDTA, collected into
tubes, and centrifuged. The cells were counted using a cell viability
analyzer (Vi-CELL Cell Viability Analyzer, Beckman Coulter,
Brea, CA), and population doubling (PD) was calculated. The
pellets were suspended in growth medium, and the cells were
passaged at a density of 5x10° cells/well in a 100-mm dish. The
original cells were regarded as PD 2 (day 0).

Western blot analysis

Western blotting was conducted as described previously [40].
Antibodies against Cdk4 (ser473; Cell Signaling Technology,
Danvers, MA), CyclinD1 (clone G124-326; BD Biosciences,
Franklin Lakes, NJ), B-actin (sc-1616; Santa Gruz Biotechnology,
Santa Cruz, CA) were used as probes, and horseradish peroxidase-
conjugated anti-mouse, anti-rabbit (Jackson Immunoresearch
Laboratories, West Grove, PA) or anti-goat (sc-2033; Santa Cruz
Biotechnology, Santa Cruz, CA) immunoglobulins were employed
as secondary antibodies.

Immunocytochemistry

Cell lines were grown on Type IV collagen-coated glass dishes
14 days after reaching confluency and were fixed with 4%
formaldehyde (pH 7.0) for 15 min at room temperature. Cell lines
were then rehydrated in phosphate buffered saline (PBS),
incubated with 0.2% Triton X-100 for 15 min and rinsed three
times with PBS for 5 min each. After incubation with 2% BSA to
block nonspecific staining for 30 min, cell lines were incubated
with anti-ZO-1 (1:50; sc-8146; Santa Cruz Biotechnology, Santa
Cruz, CA), anti-N-cadherin (1:50; sc-7939; Santa Cruz Biotech-
nology) and anti-Ki67 (1:100; ab15580; Abcam, Cambridge, UK)
for 16 h at 4°C. After three washes with PBS, cell lines were
incubated with the secondary antibody for 60 min, followed by
counterstaining with 4',6-diamidino-2-phenylindole (1:200; sc-
3598; Santa Cruz Biotechnology) for 10 min.

Semi-quantitative RT-PCR

Total RNA was extracted from 1x10° cultured HCEC using
the RNeasy Plus mini-kitH (Qiagen, Germantown/Gaithersburg,
MA) according to the manufacturer’s instructions and quantified
by absorption at 260 nm. Total RNA was then reverse-transcribed
into cDNA using Superscript III Reverse Transcriptase (Invitro-
gen, Carlsbad, CA) with oligo random hexamers. cDNAs of each
component were amplified by PCR using specific primers and
DNA polymerase. The reaction was first incubated at 95°C for
10 min, followed by 39 cycles at 98°C for 30 s, 58°C for 30 s and
74°G for 30 s. PCR primers are listed in Table 2.

@ PLoS ONE | www.plosone.org

Quantitative real-time RT-PCR

Total RNA extraction and reverse transcription into cDNA was
carried out as above. Each quantitative real-time RT-PCR for
target genes, including Cell Division Cycle 2 (CDC2) and
proliferating cell nuclear antigen (PCNA), was performed using
the Chromo4 real time detection system (Bio-Rad, Hercules, CA).
For a 20 m] PCR, the cDNA template was mixed with the primers
to final concentrations of 200 nM and 10 ul of SsoFast EvaGreen
Supermix (BIO-RAD), respectively. The reaction was first
incubated at 95°C for 10 min, followed by 45 cycles at 95°C for
10 s, 57°C for 15 s, and 72°C for 20 s.

Transmission Electron Microscopy

Cell lines cultured on Type IV collagen-coated dishes were fixed
in HEPES buffered 2% glutaraldehyde and subsequently post-
fixed in 2% osmium tetroxide for 3 h on ice. Specimens were then
dehydrated in graded ethanol and embedded in the epoxy resin.
Ultrathin sections were obtained by ultramicrotomy and stained
with uranyl acetate for 10 min and modified Sato’s lead solution
for 5 min then submitted to TEM observation (JEM-2000EX,
JEOL).

Measurement of pump function

The pump function of confluent monolayers of HCEC was
measured using an Ussing chamber as described previously [41].
Cells cultured on Snapwell inserts coated with Type IV collagen
were placed in the Ussing chamber EM-CSYS-2 (Physiologic
Instruments, San Diego, CA) with the endothelial cell surface side
in contact with one chamber and the Snapwell membrane side in
contact with another chamber. The chambers were carefully filled
with Krebs-Ringer bicarbonate (120.7 mM NaCl, 24 mM
NaHCO3;, 4.6 mM KCIl, 0.5 mM MgCly, 0.7 mM NayHPO,,
1.5 mM NaHyPO, and 10 mM glucose bubbled with a mixture of
5% GOy, 7% Oy and 88% Ny to pH 7.4). The chambers were
maintained at 37°C using an attached heater.

The short-circuit current was sensed by narrow polyethylene
tubes positioned close to either side of the Snapwell, filled with
3 M KCI and 4% agar gel and connected to silver electrodes.
These electrodes were connected to the computer through the
Ussing system VCC-MC2 (Physiologic Instruments) and an iWorx
118 Research Grade Recorder (iWorx Systems, Dover, NH), and
the short-circuit current was recorded by Labscribe2 Software for
Research (iWorx). After the short-circuit current had reached a
steady state, ouabain (final concentration, 1 mM) was added to the
chamber, and the short-circuit current was re-measured. The
pump function attributable to Na*/K*-ATPase activity was
calculated as the difference in short-circuit current measured
before and after the addition of ouabain.

Tumorigenesis assay

Cells were harvested by Trypsin/EDTA treatment, collected
into tubes, and centrifuged, and the pellets were suspended in
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Table 2. Oligonucleotide sequences for RT-PCR.

Corneal Endothelial Cell Line with Pump Function

R
F: 5'- GGATGTGCTTATGCAGGATTCC-3/
R: 5'- CATGTACTGACCAGGAGGGATAG-3’

Name Sequence Size (bp) Accession Number
Collagen type IV F: 5'-GGC ACC TGC CAC TAC TAC GC-3' 472 NM_001845
R: 5'-TCA CCA GGA GGT AGC CGA T-3'
Keratin 12 F: 5'-GAT GCT AAT GCT GAG CTC GA-3’ 393 NM_000223
R: 5"-ACC TGC CCT ACA GCT TTG TA-3
VDAC3 F: 5"-TGA CTC TTG ATA CCA TAT TTG TAC CG-3' 482 NM_001135694
R: 5'-TCA ATT TGA CTC CTG GTC GAA-3'
CLCN3 : F: 5'-AGA AAG GCA TAG ACG GAT CAA-Y’ 204 'NM_001829
R: 5-GGT TGT ACC ACA ACG CAC TAA-3'
SLCAAL F: 5'-GTT CAG ATG AAT GGG GAT ACGC 697 NM_001136260
R: 5'-CGA GCA TAA ACA CAA AGC GTA A3’ -
Na'*/K*-ATPase F: 5'-CCC AGG ACT CAT GGT TTT TC-3' 482 NM_000702
R: 5'-GGA GCA AAG CTG ACC TGA AC-3’
N-cadherin © F:5'-CAA CTT GCC AGA AAA CTC CAG G-3' - 205 NM_ 001792
R: 5'-ATG AAA CCG GGC TAT CTG CTC-3"
P-catenin F: 5'-TAC CTC CCA'AGT CCT GTA TGA G-3' 180 NM _001904
R: 5'-TGA GCA GCA TCA AAC TGT GTA G-3'
P-120 F: 5'-CCC CAG GAT CAC AGT CAC CT-3 144 NM_001085467
R: 5'-CCG AGT GGT CCC ATC ATC TG-3'
701 , F: 5"-AGT CCC TTA CCT TTC GCC TGA-3" 180 NM_003257
R: 5'-TCT CTT AGC ATT ATG TGA GCT GC-3'
GAPDH F: 5'-GCT CAG ACA CCA TGG GGA AGG T3’ 474 NM_002046
R: 5'-GTG GTG CAG GAG GCA TTG CTG A-3'
PCNA F: 5'- GCGTGAACCTCACCAGTATGT-3' 76 NM_002562
. 5'- TCTTCGGCCCTTAGTGTAATGAT-3'
coc2 100 NM_001786

DMEM. The same volume of Basement Membrane Matrix (BD
Biosciences) was added to the cell suspension. Cells (1.7x10°%) of
THCEC (Cyclin) and THCEC (E6/E7) were inoculated subcu-
taneously into dorsal flanks of each of three Balb/c nu/nu mice
(CREA, Japan) for 60 days. A total of 2.0x10° Hela cells per
mouse were used as positive controls. The skin of dorsal flanks of
inoculated mice was surgically opened and the tumorigenic status
was examined.
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Prospective Isolation and Characterization of Bipotent
Progenitor Cells in Early Mouse Liver Development
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Outgrowth of the foregut endoderm to form the liver bud is considered the initial event of liver development.
Hepatic stem/progenitor cells (HSPCs) in the liver bud are postulated to migrate into septum transversum
mesenchyme at around embryonic day (E) 9 in mice. The studies of liver development focused on the mid-fetal
stage (E11.5-14.5) have identified HSPCs at this stage. However, the in vitro characteristics of HSPCs before
E11.5 have not been elucidated. This is probably partly because purification and characterization of HSPCs in
early fetal livers have not been fully established. To permit detailed phenotypic analyses of early fetal HSPC
candidates, we developed a new coculture system, using mouse embryonic fibroblast cells. In this coculture
system, CD13"Dlk™ cells purified from mouse early fetal livers (E9.5 and E10.5) formed colonies composed of
both albumin-positive hepatocytic cells and cytokeratin (CK) 19-positive cholangiocytic cells, indicating that
early fetal CD13"Dlk* cells have properties of bipotent progenitor cells. Inhibition of signaling by Rho-
associated coiled-coil containing protein kinase (Rock) or by nonmuscle myosin II (downstream from Rock) was
necessary for effective expansion of early fetal CD13" DIk ™ cells in vitro. In sorted CD13"DIk™ cells, expression
of the hepatocyte marker genes albumin and o-fetoprotein increased with fetal liver age, whereas expression of
CK19 and Sox17, endodermal progenitor cell markers, was highest at E9.5 but decreased dramatically thereafter.
These first prospective studies of early fetal HSPC candidates demonstrate that bipotent stem/progenitor cells
exist before E11.5 and implicate Rock-myosin II signaling in their development.

Introduction

IVER DEVELOPMENT IS REGULATED by hormonal factors as

well as by cell-cell interaction. In the beginning of liver
development, around embryonic day (E) 9 in mice, hepatic
stem/progenitor cells (HSPCs) are believed to differentiate
from foregut endoderm and to expand in the early fetal liver
bud. Fibroblast growth factor derived from the cardiac me-
soderm and bone-morphogenetic proteins from septum
transversum mesenchyme are important for differentiation of
foregut endodermal cells into hepatic-lineage cells [1,2]. During
mid- to late-fetal development (around E11.5 to E16.5),
hematopoietic stem cells originating from the aorta-gonad-
mesonephros region migrate into the fetal liver. This implies
significant change in the microenvironment of the liver from
early- to late-fetal liver development. Oncostatin M secreted
from hematopoietic cells induces hepatoblasts, hepatic pro-

genitor cells in mid-fetal livers, to differentiate into mature
hepatocytes [3,4]. Hepatoblasts can proliferate at high rate and
possess bipotency, the ability to differentiate into both hepa-
tocytes (hepatic parenchymal cells) and cholangiocytes [5].
Several groups have purified hepatoblasts derived from E11.5
to E14.5 livers. We have shown that a sorted individual cell
derived from mid-fetal liver gives rise to a relatively large
colony after 5 days of culture on extracellular matrix-coated
dishes [6]. A member of this class of cells is designated as a
“hepatic colony-forming unit in culture (H-CFU-C).” Utilizing
H-CFU-C culture, delta-like 1 homolog (Dlk), Liv2, CD13, and
CD133 were identified as cell surface markers for hepatoblasts
[7-9]. H-CFU-C culture and reclone sorting have demonstrated
that hepatoblasts in mid-fetal livers have self-renewal capacity
and bipotency [10]. Several transcription factors, such as Prox1,
Tbx3, and Sall4, regulate proliferation and differentiation of
hepatoblasts in liver development [11-13].
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CHARACTERIZATION OF EARLY HEPATIC PROGENITOR CELLS

In contrast to hepatoblasts in mid-fetal livers, few studies
have been done with early fetal HSPCs in E9.5 and 10.5 liver
buds (Fig. 1A), because no suitable culture system for these
cells has been established. HSPCs in early fetal livers thus
remain largely uncharacterized. Explant culture systems
have been used to study early fetal liver cells, and the effects
of fibroblast growth factor secreted from cardiac mesoderm
on early fetal livers were found using explanted-liver organ
culture [1,2]. However, as explanted early fetal livers do not
consist solely of HSPCs, to establish a culture system for
purified progenitor cells in such livers is crucial for analyses
of the initial steps of liver development. In this study, we
found that cells expressing CD13, DIk, and Liv2 exist during
early- to mid-fetal liver development. We established a new
culture system for in vitro expansion of these cells, candidate
HSPCs, at the single-cell level using mouse embryonic fi-
broblasts (MEFs) as feeder cells. CD13"DIk* cells derived
from early fetal liver showed bipotency and could proliferate
to form large colonies in this culture system. Inhibition of
Rho-associated coiled-coil-containing protein kinase (Rock)
or myosin II activity using, respectively, Y-27632 or bleb-
bistatin significantly enhanced colony-forming activities of
early fetal CD13*DIk™ cells. This study, the first investiga-
tion of purified HSPCs derived from early fetal livers,
demonstrates that these progenitor cells in early fetal livers
have properties distinct from those in mid-fetal livers.

A s E9 E10 E1

E12

Primitive

gut Liver bud

1125

Materials and Methods
Materials

C57BL/6NCrSlc, C3H, and green fluorescent protein
(GFP)-transgenic mice (Nihon SLC, Shizuoka, Japan) were
used in this study. All animals were treated under guide-
lines of the Institute of Medical Science, The University of
Tokyo. Reagents and commercial suppliers were Dulbecco’s
modified Eagle’s medium (DMEM), DMEM/Ham’'s F12
half medium, penicillin/streptomycin/L-glutamine (100x),
dexamethasone, dimethyl sulfoxide, nicotinamide, and gel-
atin from porcine skin (Sigma, St. Louis, MO); insulin—
transferrin—selenium X, nonessential amino acid solution,
KnockOut Serum Replacement (KSR), and HEPES buffer
solution (Invitrogen, Carlsbad, CA); fetal bovine serum (FBS;
Nichirei Biosciences, Tokyo, Japan); hepatocyte growth fac-
tor and epidermal growth factor (PeproTech, Rocky Hill, NJ);
collagen type I (Nitta Gelatin, Osaka, Japan); PD0325901 and
CHIR99021 (Axon Biochemicals, Groningen, The Nether-
lands); Y-27632 (Wako Pure Chemical Industries, Osaka,
Japan); A-83-01 (Tocris Bioscience, Bristol, United Kingdom);
and (S)-(-)-blebbistatin (Toronto Research Chemicals, Inc.,
Toronto, ON). Phycoerythrin (PE)-conjugated anti-CD13
(Pharmingen, San Jose, CA), fluorescein isothiocyanate
(FITC)-conjugated anti-Dlk (Medical and Biological Labora-
tories, Nagoya, Japan), allophycocyanin (APC)-conjugated

FIG. 1. Expression of cell
surface markers in early- to
mid-fetal liver cells. (A) Studies
of hepatic stem/progenitor
cells (HSPCs) during embry-

E13 E14

Stem/progenitor

Not determined
cells

Hepatoblats (H-CFU-C cells)

onic development. Bipotent
progenitor cells in E11-14 mid-

fetal livers (hepatoblasts) have

CD13* cells Not determined

+ been well characterized using
H-CFU-C assays. In contrast,

Not

4
DIk" cells determined

progenitor cells in early fetal
+ livers (E9-10) have not been
previously purified. (B) Cells

B CD45 Ter119" cells
Dik ES.5

289% %

Sample

from E9.5, E10.5, E11.5, and
E13.5 fetal livers were stained
with antibodies to various
markers against mid-fetal he-
patoblasts (CD13 and DIk)
and hematopoietic cells (CD45
and Ter119). Some popula-
tions of CD45 Ter119™ non-
hematopoietic cells in early- and
mid-fetal livers expressed both

Non-stained ‘
sample

Isotype -
control

CD13 and Dlk. Nonstained
cells (Nonstained sample),
cells stained with isotype anti-
bodies (Isotype control), or
cells stained with anti-mouse
CD13 and Dlk antibodies
(Sample) were analyzed using
flow cytometer. Ratios of CD13-
single positive, Dlk-single posi-
tive, and CD13"DIk* cells in
the CD45  Ter119™ fraction are
shown. Numbers of CD13*

DIk* cells in each of the CD45 ™ Ter119~ fractions are as follows: 652 in 36,796 (E9.5), 1,630 in 25,481 (E10.5), 2,764 in 17,429
(E11.5), and 526 in 6,587 (E13.5). H-CFU-C, hepatic colony-forming unit in culture.
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anti-Ter119, and APC-conjugated anti-CD45.2 (eBioscience,
San Diego, CA) antibodies were used for cell staining.

Flow cytometric analysis

Minced liver tissues from E9.5 through E13.5 mice were
dissociated with 0.05% collagenase solution. Dissociated cells
were washed with phosphate-buffered saline (PBS) supple-
mented with 3% FBS and incubated with antibodies against
cell surface markers for 60 min at 4°C. After washing with
PBS supplemented with 3% FBS and staining of dead cells
with propidium iodide, the cells were analyzed and sorted
using a MoFlo™ fluorescence-activated cell sorter (DAKO,
Glostrup, Denmark). Results with isotype control antibodies
were shown as negative control.

Analysis of Liv2 expression using
a fluorescence-activated flow cytometer

Dissociated cells were incubated with rat anti-Liv2 anti-
body [8] for 30 min on ice. After washing with PBS supple-
mented with 3% FBS, cells were stained with anti-rat
immunoglobulin G (IgG)-Alexa647 (Invitrogen) for 30 min
on ice and were washed with PBS supplemented with 3%
FBS. Cells were further stained with FITC-conjugated anti-
DIk, PE-conjugated anti-CD13, PE-Cy7-conjugated anti-
CD45, and PE-Cy7-conjugated anti-Terll9 (eBioscience)
antibodies for 30 min on ice. After washing with PBS sup-
plemented with 3% FBS and staining of dead cells with
propidium iodide, the cells were analyzed and sorted using a
MoFlo fluorescence-activated cell sorter.

Preparation of MEF

E13.5 ICR mouse embryos (Nihon SLC) were dissected
and the head and internal organs were completely removed.
The torso was minced and dissociated in 0.05% trypsin-
EDTA (Sigma) for 30 min. After washing with PBS, cells were
expanded in DMEM with 10% FBS. To halt cell proliferation,
these MEFs were treated with mitomycin C (Wako Pure
Chemical Industries) at 37°C for 2h and used as feeder cells.

Colony formation assay

CD13" DIk ™ and other types of cells in the nonhematopoietic
cell fraction were plated onto type I collagen or gelatin-coated
35-mm tissue culture dishes at a low density (25 cells/cm?) or
into type I collagen-coated 96-well plates at one cell per well. For
colony formation assay with feeder cells, mitomycin C-treated
feeder cells (MEF or other cell lines) were plated onto 0.1%
gelatin-coated 12-well plates (2x 10° cells per well). After 24h of
culture, cells in the nonhematopoietic cell fraction were sorted
onto feeder cells at a low density (25 cells/cm?).

Our standard culture medium is a 1:1 mixture of H-CFU-C
medium (DMEM/Ham’s F12 half medium with 10% FBS or
10% KSR, 1xInsulin-Transferrin~Selenium X, 10mM nico-
tinamide, 107 M dexamethasone, 2.5mM HEPES, 1x peni-
cillin/streptomycin/L-glutamine, and 1 xnonessential amino
acid solution) and conditioned medium derived from E14.5
hepatic cells [13]. In several experiments, we used a 1:1
mixture of H-CFU-C medium and fresh DMEM with 10%
KSR as a culture medium for coculture colony assays. Cells
were cultured for 6 days, in the presence of 40ng/mL he-
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patocyte growth factor and 20ng/mL epidermal growth
factor, in either standard culture medium or 1:1 mixture of
H-CFU-C medium and fresh DMEM with 10% KSR. To
count colonies derived from individual single cells, we used
an ArrayScan VTI HCS Reader (Thermo Scientific, Waltham,
MA) following immunostaining. Albumin-positive colonies
were counted.

To analyze the effects of Rock-myosin II pathway using
inhibitors, CD45 Ter119 Dlk* cells derived from GFP
transgenic mouse embryos were cocultured with MEF in the
presence of either Y-27632 or blebbistatin. GFP-positive col-
onies were counted. To analyze the effects of soluble factors
derived from MEF, MEF-conditioned medium was harvested
from 2-day confluent cultures of MEF cultured in a 1:1
mixture of H-CFU-C medium and fresh DMEM with 10%
KSR. We cultured early fetal cells on collagen-coated dishes
or on MEF feeder cells in MEF-conditioned medium.

Messenger RNA detection by reverse
transcription—-polymerase chain reaction

Total RNA was extracted from CD13*DIk™ cells in the
nonhematopoietic cell fraction using the RNeasy Micro Kit
(Qiagen, Venlo, The Netherlands). First-strand cDNA syn-
thesized using the Primescript first strand cDNA synthesis
kit (Takara, Otsu, Japan) was used as a template for quan-
titative reverse transcription—polymerase chain reaction (RT-
PCR) amplification. The cDNA samples were normalized by
number of glyceraldehyde 3-phosphate dehydrogenase
copies using quantitative RT-PCR with the TagMan probe
(Applied Biosystems, Foster City, CA). Universal Library
(Roche Diagnosis, Basel, Switzerland) was used to quantify
the copy numbers of albumin, a-fetoprotein (AFP), cytoker-
atin (CK) 19, c-Met, E-cadherin, and Sox17 transcripts. In-
tron-spanning primer sequences and probe number for each
gene are shown in Supplementary Table S1 (Supplementary
Data are available online at www.liebertonline.com/scd).

For hepatic gene expression analyses in HSPC colonies,
E10.5 and E13.5 CD13*DIk* cells derived from GFP-
transgenic mice were cultured with MEF for 3 days. Colonies
were dissociated in 0.05% trypsin—~EDTA and GFP" cells
were purified using a MoFlo fluorescence-activated cell sor-
ter. Total RNA was extracted and first-strand ¢cDNA was
synthesized using High-Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems). Expression of hepatic genes
was detected using quantitative RT-PCR with the TaqMan
probe: CyplAl, Mm00487218_m1; CyplA2, Mm00487224 m1;
Cyp3All, Mm00731567_ml; Cyp3A13, Mm00484110_m1;
Cyp7al, Mm00484152_m1; glucose-6-phosphatase, Mm00839363_
ml; tyrosine aminotransferase, Mm01244282_m1; albumin,
Mm00802090_m1; CK19, Mm00492980_m]1.

Immunostaining

Cultured cells were washed with PBS and were fixed with
4% paraformaldehyde/PBS. After washing 3 times with PBS,
cells were permeabilized with 0.5% Triton/PBS for 10 min,
washed with PBS, and incubated with 5% donkey serum/
PBS for 1h at room temperature. They were incubated with
diluted primary antibodies overnight at 4°C. Goat anti-
albumin antibody (Bethyl, Montgomery, TX) and rabbit anti-
CK19 antibody (A gift from Prof. A. Miyajima, University of
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Tokyo, Tokyo, Japan) were used as primary antibodies [7].
The cells next were washed with PBS and were incubated for
1h at room temperature with anti-rabbit IgG-Alexa488 and
anti-goat IgG-Alexa546 antibodies (Invitrogen). The cells
were washed with PBS and their nuclei were stained with
40,6-diamidine-20-phenylindole dihydrochloride (Sigma).

For the analyses of proliferation, colonies were stained
with goat anti-albumin antibody and rabbit anti-Ki67 anti-
body (Abcam, Cambridge, United Kingdom). After washing
with PBS, cells were stained with anti-rabbit IgG-Alexa555
and anti-goat IgG-Alexa488 antibodies (Invitrogen). In-
tensities of Ki67 in individual albumin-positive colonies were
analyzed with an ArrayScan VII HCS Reader.

In-droplet cell-staining methods

To quantify albumin and CK19 expression in individual
cells, in-droplet staining methods were used [14]. CD13"
Dik™ cells derived from fetal livers were sorted onto slide
glasses. After fixation with 2% paraformaldehyde/PBS and
permeabilization with 0.5% Triton/PBS, cells were incubated
in 5% donkey serum/PBS for 30 min at room temperature.
They then were incubated with goat anti-albumin and rabbit
anti-CK19 antibodies overnight at 4°C, washed with PBS,
and incubated with secondary antibodies (anti-rabbit IgG-
Alexa488 and anti-goat IgG-Alexa546 antibodies) for 40 min
at room temperature. The cells were washed with PBS and
their nuclei were stained with 40,6-diamidine-20-pheny-
lindole dihydrochloride. For each analysis, addition of an
appropriate immune serum provided a negative control.
Antibody fluorescence intensity was measured using the
ArrayScan Reader.

Statistics

We used Microsoft Excel 2004 for Mac, Version 11.6.2
(Microsoft, Redmond, WA) to calculate standard deviations
(SDs) and statistically significant differences between sam-
ples using Student’s 2-tailed #-test.

Results

Early fetal liver contains cells expressing mid-fetal
hepatoblast cell-surface markers

Several studies show that CD13 and DIk are cell surface
markers of hepatoblasts in mid-fetal livers (E11.5 to E14.5)
and hepatoblasts exist in the CD13"DIk* fraction [7,15]. We
assessed whether early fetal livers (E9.5 and E10.5) contain
cells expressing these cell-surface markers (Fig. 1B). Livers
derived from E9.5 to E13.5 mouse embryos were dissected
and dissociated using collagenase. Cells were stained with
antibodies against hematopoietic cell surface markers
(CD45 and Ter119) as well as CD13 and Dlk. CD13*DIk*
double-positive cells were found in the CD45 Terl19~
nonhematopoietic cell fraction derived from both early- and
mid-fetal livers, although the expression level of CD13 and
Dlk was low at E9.5 and increased during liver development.
Liv2 is another cell surface molecule expressed on hepatic
progenitor cells; numbers of Liv2-positive cells increase
during E9.5 to E12.5 [8]. We found that CD13*DIk* cells in
E9.5 fetal liver also expressed Liv2, indicating that cells ex-
pressing several hepatoblast cell-surface markers existed
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during early- to mid-fetal liver development (Supplementary
Fig. S1). These results suggested that cell surface markers of
hepatoblasts are commonly encountered during fetal liver
development.

Phenotypic differences between early-
and mid-fetal CD13" DIk* cells

To further characterize CD13*DIk* cells from each stage,
expression of endodermal, hepatocyte, and cholangiocyte
marker genes was analyzed using real-time RT-PCR. Strong
expression of albumin and AFP was detected in CD13*Dlk*
cells derived from E13.5 mid-fetal liver (Fig. 2A). In contrast,
these hepatocyte marker genes were detected at low levels in
CD13"Dik* cells derived from E9.5 early fetal liver. Inter-
estingly, E9.5 CD13*DIk* cells expressed CK19 and the
early endodermal cell marker Sox17 at high levels (Fig. 2B).
Although CK19 is known as a marker for cholangiocytes, it is
also expressed in primitive gut endoderm at an earlier stage,
including E9.0 [16]. Synthesis of albumin and CK19 was also
analyzed using an in-droplet staining method (Fig. 2C). Al-
though albumin levels were barely detectable in E9.5
CD13*DIk* cells, but they were accumulated during liver
development. In contrast, CK19 expression levels in CD13*
DIk* cells derived from E9.5 and E10.5 livers were higher
than those in CD13 DIk ™ cells derived from E11.5 and E13.5
livers. These results indicate that gene expression patterns in
early fetal CD13*DIk* cells are distinct from those in mid-
fetal CD13"Dlk* cells.

Proliferative capacity of CD13* DIk* cells derived
from early- and mid-fetal livers

To analyze whether early fetal CD13*Dlk* cells contain
phenotypes of hepatic progenitor cells (exhibiting high pro-
liferative potential and bipotency), we analyzed these cells
using single-cell colony assays. Sorted single cells were in-
oculated into individual wells of 96-well collagen type
I-coated culture plates. Cells derived from mid-fetal livers
(E11.5 and E13.5) formed several small colonies (50-100 cells)
and large colonies (over 100 cells) after 6 days of culture [13].
In contrast, cultures derived from E9.5 and E10.5 livers
yielded few colonies or none (Supplementary Fig. S2). The
nonhematopoietic cell fraction of E9.5 fetal livers comprises
almost 1% CD13*DIk* cells and 99% CD13~ or DIk~ cells
(Supplementary Fig. S3A). To exclude the possibility that
early fetal progenitor cells are in the DIk~ or CD13 ™ fraction,
we sorted 10,000 E9.5 fetal liver cells (100 CD13*Dik™* cells
and 9,900 CD13™ or D1k~ cells). Cells from neither fraction
could form colonies in H-CFU-C culture medium on colla-
gen-coated dishes. In addition, no colonies were detected in
cultures derived from 10,000 nonsorted E9.5 liver cells, in-
dicating that low colony-forming activities of E9.5-derived
cells were not due to damage sustained during flow cy-
tometry (Supplementary Fig. 3B). Nonsorted cells derived
from E10.5 livers could form only a few small colonies but
not large colonies (Supplementary Fig. 3C). Few colony for-
mation of early fetal livers was also detected on gelatin-
coated dishes (data not shown). These results suggested that
conventional H-CFU-C culture on collagen- and gelatin-
coated dishes is not suitable for early fetal (E9.5-10.5)
HSPCs.
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FIG. 2. Gene expression profiles of
CD45 Terl19"CD13"DIk* cells during
fetal liver development. (A, B) Expression
of several hepatocyte (Met, albumin,
AFP, and E-cadherin), primitive gut en-
doderm and cholangiocyte (CK19), and
endodermal progenitor (Sox17) markers
was analyzed using quantitative reverse
transcription-polymerase chain reaction.
CD45"Ter119 CD13*Dlk* cells derived
from E9.5, E10.5, E11.5, and E13.5 fetal
livers were purified using flow cytome-
try. Expression level of marker genes in
E9.5 cells was set to 1.0. Results are re-
presented as relative expression®SD
(triplicate samples). (C) Protein expres-
sion (albumin and CK19) in CD45~
Ter119"CD13*DIk* cells derived from
E9.5, 10.5, 11.5, and E13.5 fetal livers.
CD45 ™ Ter119"CD13*DIk* cells were
directly sorted onto slide glasses and
were stained with primary antibodies
(goat anti-albumin and rabbit anti-CK19
antibodies) and secondary antibodies
(anti-rabbit IgG-Alexa488 and anti-goat
IgG-Alexa546 antibodies). Results are re-
presented as intensities of fluorescence of
randomly picked-up cells (n=50,
**P<0.01). CK, cytokeratin; IgG, immu-
noglobulin G; AFP, a-fetoprotein.
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Early fetal liver CD13* Dik* cells require both
feeder cell interaction and the addition of ROCK
inhibitor for their optimal expansion

Several studies have suggested that cell-cell interactions
are important for proliferation and differentiation of somatic
stem cells and progenitor cells. In early fetal liver develop-
ment, the interaction between endodermal and mesenchymal
populations is important for proper liver bud growth. Tran-
scription factor Hlx, expressed in the septum transversum
mesenchyme, is essential for proliferation of early fetal hepatic
cells [17]. Therefore, we inferred that E9.5 CD13*Dlk* cells
need to interact with other cell populations to propagate both
in vivo and in vitro. To mimic the interaction of hepatic and
mesenchymal cells, CD13"DIk™ cells were cocultured with
MEF as mesenchymal feeder cells. We sorted either CD13™
DIk* cells or other cells (Dlk™ or CD13~ cells) in the non-
hematopoietic cell fraction of E9.5 and E13.5 fetal livers. After

6 days of coculture with MEF, a few large colonies (containing
both albumin® hepatocytic cells and CK19* cholangiocytic
cells) were detected in culture of E9.5 CD13"DIk* cells (Fig.
3A). Some early fetal CD13*DIk™ cells possess phenotypes of
hepatic progenitor cells, viz., high proliferative activity and
bipotency. In contrast to mid-fetal hepatoblasts, early fetal
HSPCs required interaction with mesenchymal fibroblasts for
in vitro expansion. After 3 days of colony formation culture,
early fetal CD13"DIk™ cells expressed several hepatic genes
and their expression levels were lower than those in mid-fetal
CD13"DIk™ cells, suggesting that early fetal cells are more
immature types of progenitors (Supplementary Table S2). KSR
is routinely employed in serum-free embryonic stem-cell cul-
ture protocols. We found that numbers of large and small
colonies derived from E9.5 CD13*DIk* cells detected in KSR
supplemented culture increased compared with those de-
tected in FBS-supplemented culture (Fig. 3B). To explore sig-
naling pathways regulating proliferation of early fetal liver
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