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Figure 1. Population doubling time (PDT) and C-KIT positivity in cardiac stem cells. (A) PDT was averaged for 3 passages. (B)
C-KIT positivity was assessed by FACS and averaged for 3 passages. (C-F) gPCR analysis. The values are the average for trip-
licate in a representative experiment. *P<0.05, **P<0.01, ***P<0.0001 vs. “High” group. +*P<0.01 vs. “Mid" group.
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Statistical Analysis

All data represent the mean+SEM. Statistical analyses were
performed using software (JMP9, SAS Institute Japan, Tokyo,
Japan or Prism 5, GraphPad Software, La Jolla, CA, USA).
For multiple comparisons, ANOVA with Tukey’s HSD post-
hoc test was used. For the gPCR analysis of C-KIT, interleukin
(IL)-8, and VEGF (Vascular endothelial growth factor) A, the
raw data (normalized by GAPDH) of the “High” or “High+GSI”
group were normalized to the data of the “Low” group from
the same patient, because samples from 3 different patients
were used for this experiment, and 1-sample t-test (vs. Low
group) or unpaired t-test (High vs. High+GSI group) was used.
For echocardiography, the delta values (the difference be-
tween before and 3 weeks after the transplantation) were used.

If the P-value was <0.05, the difference was considered sig-
nificant.

Results

Plating Density-Dependent Proliferation Activity and Purity
of CSCs

Based on previous reports, we hypothesized that the plating
density would affect the proliferation activity and purity of
CSCs. We expected that higher plating density would increase
Notch signaling, induce differentiation and therefore decrease
the proliferation activity and purity of CSCs. To examine this,
we isolated CSCs from samples (eg, 5.6x10° cells/g muscle at
P1). After several passages of culture, we purified C-KIT pos-
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Figure 2. Vascular endothelial cell (EC)differentiation of cardiac stem cells resulting from high-density culture through Notch
signaling activation. (A-D) gPCR analysis was performed after 3:passages under each plating density condition for the target
gene of Notch signaling (HEST), C-KIT, and EC-related genes (IL-8 and VEGFA). (E) Representative morphologies of tube forma-
tion assay are shown. Original magnification, x20. Scale bars=500um. (F) Quantitative analysis of the tube formation assay. The
total length of tubes per well was measured. The results from 12-14 wells per group were analyzed. *P<0.05, **P<0.01,
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itive cells by FACS (93.0£0.3%; mean+SEM) and plated at
different densities (cells/cm?): 86 (Single), 340 (Low), 1,400
(Mid), or 5,500 (High).

The proliferation activity of CSCs in relation to plating
density was assessed by population doubling time (PDT),
which was measured at each passage until the 3rd passage and

Circulation Journal

then averaged (Figure 1A). The Single, Low and Mid groups
showed a significantly shorter PDT than the High group. Pu-
rity of CSCs in relation to plating density was assessed by
C-KIT positivity, which was measured at each passage until
the 3rd passage and then averaged (Figure 1B). The Single and
Low groups showed significantly greater C-KIT positivity than
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Figure 3. Differentiation potentials of cardiac stem cells (CSC}) in vitro. (A) CSCs cultured at a low (blue) or high (red) plating
density were incubated with dexamethasone for 9 days. The expression levels of cardiomyocyte (cTnT), smooth muscle cell
(PDGFRB), and endothelial cell (TIE2) markers were analyzed by gPCR during the culture period. (B-D) Immunostaining for dif-
ferentiated cells on day 7. Scale bars=100um. (E-G) Quantitative analysis of the immunostaining. The results from 11-20 fields
per group were examined. *P<0.05, **P<0.01 vs. “High” group. ++*P<0.0001 vs. “High+GSI" group.
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the Mid and High groups, and the Mid group showed signifi-
cantly greater C-KIT positivity than the High group. These
findings suggested that lower plating cell densities might con-
tribute to preservation of the proliferation activity and purity of
CSCs in vitro.

Plating Density-Dependent Transcriptional Profiles of CSCs
Cellular function of CSCs in relation to the plating cell-densi-
ty and Notch signaling was further assessed by gPCR for cell-
_cycle regulating genes (P21 and P53), EC markers (ETS1,
TIE2, IL8, and VEGFA), Notch-signaling target gene (HESI)*
and C-KIT. Expression of these genes in CSCs was analyzed
in the Low, Mid and High groups. In addition, GSI, which is
a known Notch signal inhibitor,61724?% was added to the cul-
ture medium of the High group to investigate the influence of
Notch signaling on the gene expression.

The Low and Mid groups showed significantly lower levels
of expression of P21, P53, ETS1, and TIE2, compared with
the High group (Figures 1C-F). In addition, the Low group
showed lower expressions of HES1, IL.8 and VEGFA than the
High group, and C-KIT expression was significantly greater
in the Low group than in the High group (Figures 2A-D). Of
note, the addition of GSI in the High group diminished the
expression of HES1 and IL-8, but not of VEGFA. In addition,
C-KIT expression in the High group was restored to that of the
Low group by GSI treatment (Figure 2B). These findings sug-
gested that higher plating densities might induce endothelial
differentiation followed by termination of cell cycles, which
slows PDT and diminishes the level of expression of C-KIT
through Notch signal activation. '

Plating density-dependent EC differentiation of CSCs in
relation to Notch signaling was further assessed by the tube
formation assay on Matrigel in vitro. Consistent with EC
marker expression, the High group generated longer tubes than
the Low group. Notably, GSI treatment diminished the tube
formation activity in the High group to the level of the Low
group, indicating active involvement of Notch signaling in the
plating density-dependent EC differentiation of CSCs in vitro
(Figures 2E-F).

Retained Multipotency in CSCs Under Low-Density Culture
Because we confirmed that a higher plating density might in-
duce EC differentiation of CSCs, we next examined the mul-
tipotency of CSCs in relation to the plating density by inducing
differentiation in vitro. We expected CSCs at a lower plating
density to maintain multipotency, and conversely, lose multi-
potency at a higher plating density. CSCs that were cultured in
Low and High conditions were replated with dexamethasone
and incubated for 9 days.3?627 Expressions of ¢TnT (cardio-
myocyte marker), PDGFRB (SMC marker), and TIE2 in each
group were serially assessed by gPCR. ¢TnT, PDGFRB, and
TIE2 were all upregulated in Low group over the culture pe-
riod compared with the High group (Figure 3A), suggesting
that CSCs cultured at low density may retain greater multipo-
tency than those cultured under High conditions.

The differentiation potential of CSCs was further assessed
by immunostaining for aSA (cardiomyocyte marker), aSMA
(SMC marker) and TIE2 on day 7 (Figures 3B-D). The num-
ber of aSA- or aSMA-positive cells was significantly greater
in the Low group than in the High group, and the TIE2-positive
cell number tended to be greater in the Low group than in the
High group (Figures 3E-G). Of note, the cells cultured under
High conditions with GSI showed a significantly greater posi-
tivity for xSSMA and TIE2 than those under pure High culture
conditions, though GSI treatment did not affect significantly

aSA positivity. These findings suggested that the multipotency
of CSCs was hampered by higher plating density through
Notch signaling-mediated EC differentiation.

Therapeutic Effects of CSCs in a Rat AMI Model

Our in vitro data suggested that CSCs at a lower plating den-
sity maintained multipotency. Because multipotency may be
required for their therapeutic potential, we next examined this
in relation to the plating density and Notch signaling by trans-
planting CSCs into a rat AMI model? We expected CSCs
cultured under Low and High+GSI conditions to have greater
therapeutic potential than those under High conditions. CSCs
that were prepared in Low, High, or High+GSI culture condi-
tions suspended with PBS or PBS only were injected into the
infarct-border zone just after permanent ligation of the LCA.
Effects of the CSC-transplantation therapy were assessed by
standard TTE.

TTE revealed that all groups consistently showed progres-
sive enlargement of the end-diastolic volume of the LV. How-
ever, the Low group showed significantly less progressive
enlargement in the end-systolic volume of the LV and signifi-
cantly less progressive reduction in LV ejection fraction com-
pared with the High group, which showed a similar trend to the
PBS-only group (Figures 4A—C). Notably, the enlarged LV
end-systolic volume and reduced LV ejection fraction in the
High group were restored to the levels of the Low group by
culturing intact CSCs under High+GSI conditions for 3 pas-
sages before transplantation. These findings suggested the re-
duced therapeutic potential of the High group was mediated by
Notch signaling activation during cultivation, which compro-
mised the multipotency of CSCs through EC differentiation.

LV Remodeling and Angiogenesis After CSC Transplantation
Because the therapeutic potential of CSCs is dependent not
only on multipotency but also paracrine effects, the latter (LV
remodeling and angiogenesis) were further assessed histo-
logically at 3 weeks after transplantation. We expected CSCs
cultured under Low and High+GSI conditions to show greater
paracrine effects than those under High conditions.

The Low and High+GSI groups had reduced area of scar-
ring and preserved structure of LV compared with the High
group, which showed a similar scar size and structure to the
PBS-only group, as assessed by Masson’s trichrome staining
(Figure 4D). The percentage of fibrosis in the LV was signifi-
cantly less in the Low and High+GSI groups compared with
the PBS-only and High groups (Figure 4F). vWF-positive
arterioles and capillaries were more prominent in the infarct-
border zone of the Low, High and High+GSI groups compared
with the PBS-only group (Figures 4E,G). These results indi-
cated that not only direct differentiation potential (multipo-
tency) but also the paracrine effect (antifibrotic effect) of the
Low and High+GSI groups might be greater than those of the
High group.

Differentiation Potential of CSCs in Vivo

Finally, we examined whether the greater multipotency of the
Low and High+GSI groups in vitro reflected greater therapeu-
tic potential in vivo as compared with the High group. The
phenotypic fate of the transplanted CSCs, in relation to their
plating cell-density and Notch signaling, was assessed in ex-
cised rat hearts at 3 weeks after transplantation.

MLC and HNA-double-positive cells were present in the
infarct-border zone of the Low and High+GSI groups, but were
rarely detected in the High group (Figure 5A). Quantitative
assessment showed that 60% of the HNA-positive transplanted
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Figure 4. Therapeutic potential of cardiac stem cells in a rat model of acute myocardial infarction. (A-C) Echocardiography before
(Pre) and after transplantation (1, 2, or 3 weeks). (A) End-diastolic volume (EDV, ml), (B) end-systolic volume (ESV, ml), (C) ejec-
tion fraction (EF, %) of rat left ventricle. Black lines indicate PBS treatment, blue lines “Low”, red lines “High", and yellow lines
“High+GSI" group. The results from 9-11 rats per group were examined. *P<0.05, **P<0.0001 Low vs. “PBS" and “High” groups.
*P<0.05, **P<0.01 High+GS! vs. “PBS" and “High” groups. (D-E) Masson’s trichrome staining and immunostaining against vWF,
The insets show the enlarged image of the indicated area. Scale bars=2mm in (D) and 200um in (E). (F~-G) Quantitative analysis
of D and E. (F) The resulis from 9-11 sections at the mid-ventricle level (transplanted site) from 9-11 rats per group were analyzed.
(G) The results from 54-66 fields from 9-11 rats per group were analyzed. **P<0.01 vs. "High" group. *P<0.05, +*P<0.01 vs. “PBS"
group. PBS, phosphate-buffered saline; vWF, von Willebrand factor.
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cells in the Low group and 70% in the High plus GSI group
were positive for MLC, compared with the High group in
which only 20% of the HNA-positive cells were MLC-positive
(Figure 5B). In addition, the human-derived cardiomyocytes
survived at least for 3 weeks after transplantation and resided

mainly in the infarct-border zone. These results indicated that
the lower plating density with lower Notch signaling main-
tained the multipotency of CSCs in vitro and their cardiomyo-
genic differentiation potential in vivo, which resulted in a
greater therapeutic potential in the rat model of AMI.
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Figure 5. Differentiation potential of cardiac stem cells into cardiomyocytes in vivo. (A) Representative images for immunostaining
against myosin light chain (MLC, red) and human nuclear antigen (HNA, green). DAPI (blue) was used for nuclear staining. Scale
bars=100um. (B) Quantitative analysis of HNA-positive cells that were MLC-positive in vivo. The results from- 10-31 fields per group
(from 2-4 rats per group) were analyzed. *P<0.05 vs. “High" group. (C) gPCR analysis for VEGFA and HGF. Rat hearts were col-
lected at 2 days after transplantation. GAPDH was used as internal control; 3-4 rats per group were used.

Regarding the paracrine effects, we examined by gPCR Discussion
some paracrine factors (VEGFA and HGF)* at 2 days after
transplantation. These experiments showed no significant dif- We discovered that Notch signaling was activated in CSCs
ference in the expression levels of the paracrine factors among under high cell-plating conditions and induced EC differentia-
the groups (Figure 5C). tion. Notch signaling is implicated as a key regulator of arte-
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rial EC differentiation from Flk1-positive endothelial precur-
sors.?® In addition, VEGF is a known key regulator of EC
differentiation from embryonic stem cells.?® In this study,
VEGFA and Notch signaling were both activated in the High
group (Figures 2A,D). Moreover, the use of GSI clearly dis-
sected the difference in downstream angiogenic gene expres-
sions and in angiogenic potential between the low- and high-
density cultures (Figures 2C,E,F). Thus, the results from this
study lead to the conclusion that Notch signaling is involved
in the EC differentiation of CSCs.

C-KIT positivity was markedly reduced during cultivation
regardless of the plating cell-density in this study, though pre-
vious reports suggested that C-KIT positivity was preserved
for several passages until transplantation.37 This contrary find-
ing between the present and the previous studies may be ex-
plained by different patient population, sampling/isolation
protocols, culture protocols including plating cell-density, and/
or different C-KIT detection protocols.>? Although a direct
relationship between C-KIT positivity and the therapeutic ef-
fects of CSCs remains unclear, plating cell-density was re-
lated to C-KIT positivity and therapeutic effects in this study,
warranting further studies to investigate the significance of
C-KIT expression in this treatment. In addition, the abso-
lute number of C-KIT positive cells increased under low-
density conditions compared with the high-density conditions
(Figure S1A). Thus, low-density conditions might propagate
CSCs effectively. In addition, we confirmed that CSCs ex-
pressed KDR but not Nkx2.5 (Figure S3C). Therefore, the
characteristics of CSCs might be similar to those of cardiovas-
cular progenitors.!230

The findings of this study suggested that plating cell-densi-
ty was a determinant of in vitro fundamental cellular function,
including multipotency and the in vivo therapeutic effects of
CSCs, and that Notch signal is one of the mechanisms respon-
sible for this plating density-dependent function. CSCs that
were cultured under High conditions showed a trend in EC
differentiation with loss of SC properties such as multipoten-
cy. Although this spontaneous differentiation of CSCs was
associated with activation of the Notch signaling pathway,
inhibition of Notch signaling using GSI did not totally re-
store cellular function, including C-KIT positivity and PDT
(Figure S1B).

One may consider several reasons for this as follows. First-
ly, the Notch signal pathway was not totally inhibited by GSI
treatment, though the concentration of GSI was carefully pre-
pared by referring to a previous report! and doing preliminary
experiments (Figures S1C-E). Secondly, alternative pathways
to Notch signaling are present that may affect cellular proper-
ties in the maintenance culture of CSCs.172531 Finally, Notch
signaling in the Low group might be slightly activated during
the culture process and thus affect the properties of CSCs.

The magnitude of the therapeutic effects of CSCs in the rat
AMI model was dependent upon the plating density in asso-
ciation with Notch signaling in this study. Although inhibition
of Notch signaling in the High group did not totally restore
cellular functions in vitro (Figures 2D,3E), functional and
pathological recovery from AMI in the High group was totally
restored by inhibition of Notch signaling during the course of
cell preparation. This contrary finding may be explained by
differences in cellular functions between in vitro and after
transplantation into a rat AMI model. The cells that were trans-
planted into the heart were influenced by a variety of factors,
such as needle injection-related mechanical damage, ischemia,
inflammation or factors released from the native cardiac tis-
sue.323 These complex pathways in this treatment may yield

different results for in vitro and in vivo experiments.

Regarding the therapeutic potential of CSCs, not only the
cardiomyogenic potential but also differentiation potential into
other lineages or just the proliferative activity of the cells might
be considered. However, only a few CSC-derived vWF-posi-
tive ECs were detected (Figure S2A). For the SMCs, a sig-
nificant difference in the percentage of aSMA-positive cells
was observed between not only the Low and High groups but
also the Low and High+GSI groups (Figure S2B). In addition,
the difference in proliferative activity in vitro might not ex-
plain the difference in therapeutic potential between the Low
and High groups because the High+GSI group did not recover
PDT (Figure S1B). Therefore, we conclude that the cardio-
myogenic differentiation potential might be the main differ-
ence between the Low and High groups in terms of therapeutic
potential, which was affected by Notch signaling.

In addition, we also examined the paracrine effect of trans-
planted CSCs and observed no significant difference in the
VEGFA or HGF (Figure 5C) (and IGF1; Figure S2C) expres-
sion levels* among the groups (Low vs. High vs. High+GSI)
at 2 days after transplantation. This was contrary to results
shown in Figures 4D,F, which indicated that the antifibrotic
effect (possibly by paracrine mechanisms) was hampered by
culturing CSCs at a higher plating density. Therefore, other
unknown factor(s) might be present and the “High” culture
condition might hamper the expression of such protein(s) after
transplantation.

This study is limited by the use of primary CSCs from
mainly 1 individual patient who had idiopathic cardiomyopa-
thy (except qPCR for C-KIT, IL-8, and VEGFA, in which 3
different patients’ samples were used; Figures 2B-D), though
a consistent fundamental difference in the cellular behavior of
primary CSCs cultured with different plating densities was
confirmed (PDTs with 4 different patient samples and C-KIT
positivity with another patient sample; Figures S3A,B).

Regarding CSC preparation in the clinical scenario, the use
of Notch signaling inhibitor in the culture process may be use-
ful in enhancing the therapeutic potential of CSCs.3* In addi-
tion, regarding the duration of the existence and localization of
the transplanted cells, human-derived cardiomyocytes survived
at least for 3 weeks after transplantation and resided mainly in
the infarct-border zone. In this study, CSCs of human origin
were transplanted into athymic nude rats. This xenotransplan-
tation model has been used in a number of studies, which have
rarely reported significant immunological reactions.?2% In fact,
the transplanted cells in this study were not histologically in-
volved in inflammatory reactions such as accumulation of in-
flammatory cells (data not shown). Thus, immune rejection in
this model is minimal and does not affect the results. In addi-
tion, CSCs will be transplanted in an autologous manner in the
clinical situation.¢ Therefore, the immunological reactions of
this treatment may be negligible.

In conclusion, cellular properties and therapeutic potential
of CSCs are affected by cell-plating density through activation
of Notch signaling. Therapeutic effects of CSC-transplanta-
tion therapy for heart disease may be enhanced by reducing
Notch signaling in CSCs.
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BNIP3 Plays Crucial Roles in the Differentiation and
Maintenance of Epidermal Keratinocytes

Mariko Moriyama'**, Hiroyuki Moriyama'*, junki Uda', Akifumi Matsuyama?®, Masatake Osawa® and
Takao Hayakawa'

Transcriptome analysis of the epidermis of Hes7 ™/~ mouse revealed the direct relationship between Hes1 (hairy
and enhancer of split-1) and BNIP3 (BCL2 and adenovirus E1B 19-kDa-interacting protein 3), a potent inducer of
autophagy. Keratinocyte differentiation is going along with activation of lysosomal enzymes and organelle
clearance, expecting the contribution of autophagy in this process. We found that BNIP3 was expressed in the
suprabasal layer of the epidermis, where autophagosome formation is normally observed. Forced expression of
BNIP3 in human primary epidermal keratinocytes (HPEKs) resulted in autophagy induction and keratinocyte
differentiation, whereas knockdown of BNIP3 had the opposite effect. Intriguingly, addition of an autophagy
inhibitor significantly suppressed the BNIP3-stimulated differentiation of keratinocytes, suggesting that BNIP3
plays a crucial role in keratinocyte differentiation by inducing autophagy. Furthermore, the number of dead cells
increased in the human epidermal equivalent of BNIP3 knockdown keratinocytes, which suggests that BNIP3 is
important for maintenance of skin epidermis. Interestingly, although UVB irradiation stimulated BNIP3 expression
and cleavage of caspase3, suppression of UVB-induced BNIP3 expression led to further increase in cleaved
caspase3 levels. This suggests that BNIP3 has a protective effect against UVB-induced apoptosis in keratinocytes.
Overall, our data provide valuable insights into the role of BNIP3 in the differentiation and maintenance of

epidermal keratinocytes.

Journal of Investigative Dermatology advance online publication, 6 February 2014; doi:10.1038/id.2014.11

INTRODUCTION

The skin epidermis is a stratified epithelium. Stratification is a
key process of epidermal development. During epidermal
development, the single layer of basal cells undergoes asym-
metric cell division to stratify, and produce committed
suprabasal cells on the basal layer. These suprabasal cells
are still immature and sustain several rounds of cell divisions
to form fully stratified epithelia. Recent studies have identified
numerous molecules involved in epidermal development,
although how these molecules coordinate to induce proper
stratification of the epidermis remains to be elucidated.
Previously, by integrating both loss- and gain-of-function
studies of Notch receptors and their downstream target Hest
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(hairy and enhancer of split-1), we demonstrated the multiple
roles of Notch signaling in the regulation of suprabasal cells
(Moriyama et al, 2008). Notch signaling induces
differentiation of suprabasal cells in a Hest-independent
manner, whereas Hes1 is required for maintenance of the
immature status of suprabasal cells by preventing premature
differentiation. In light of the critical role of Hes1 in the
maintenance of spinous cells, exploration of the molecular
targets of Hes1 in spinous layer cells may lead to the discovery
of the molecules required for differentiation of spinous layer
cells to granular layer cells. Because Hes1 is thought to be a
transcriptional repressor (Ohtsuka et al., 1999), loss of HesT is
expected to cause aberrant upregulation of genes that are
normally repressed in spinous layer cells. To identify these
genes, we previously conducted comparative global transcript
analysis using microarrays and found several candidates that
may play a crucial role in regulating epidermal development
(Moriyama et al., 2008). One of the genes that was highly
expressed was BNIP3 (BCL2 and adenovirus E1B 19-kDa-
interacting protein 3), an atypical pro-apoptotic BH3-only
protein that induces cell death and autophagy (Zhang and
Ney, 2009).

The molecular mechanism through which BNIP3 induces
cell death is not well understood; however, it has
been reported that BNIP3 protein is induced by hypoxia in
some tumor cells and that the kinetics of this induction
correlate with cell death (Sowter et al., 2001). In contrast,
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BNIP3-induced autophagy has been shown to protect HL-1
myocytes from cell death in an ischemia—reperfusion model
(Hamacher-Brady et al, 2007). Induction of autophagy by
BNIP3 has a protective effect in some conditions, whereas in
others it is associated with autophagic cell death. Recent
evidence also suggests that BNIP3, through autophagy, is also
required for the differentiation of chondrocytes under hypoxic
conditions (Zhao et al., 2012).

Autophagy was initially described based on its ultra-
structural features of the double-membraned structures that
surrounded the cytoplasm and organelles in cells, known
as autophagosomes (Mizushima et al, 2010). To date, only
microtubule-associated protein light chain 3 (LC3), a
mammalian homolog of yeast Atg8, is known to be
expressed in autophagosomes and, therefore, it serves as a
widely used marker for autophagosomes (Kabeya et al., 2000;
Mizushima et al, 2004). Autophagy is an evolutionarily
conserved catabolic program that is activated in response to
starvation or changing nutrient conditions. Recently,
autophagy was shown to be involved in differentiation of
multiple cell types, including erythrocytes, lymphocytes,
adipocyte, neuron, and chondrocyte (Srinivas et al., 2009;
Mizushima and Levine, 2010).

Epidermal cornification, the process of terminal keratino-
cyte differentiation, requires programmed cell death in a
similar but different pathway from apoptosis (Lippens et al.,
2005). Cornification is also accompanied by activation of
lysosomal enzymes and organelle clearance. Moreover, some
researchers have reported that autophagy may play a role in
epidermal differentiation (Haruna et al., 2008; Aymard et al.,
2011; Chatterjea et al., 2011). Therefore, it is likely that BNIP3
is involved in cornification through cell death or autophagy.

In this study, transcriptome analysis of Hes7 ™/~ mouse
epidermis revealed that Hes1 could directly suppress BNIP3
expression in epidermal keratinocytes. We also found that
BNIP3 was expressed in the suprabasal layer of the human
skin  epidermis, where autophagosome formation was
observed. BNIP3 was also sufficient to promote cornification
through induction of autophagy. Finally, we found that BNIP3
had a protective effect against UVB-induced apoptosis in
keratinocytes in vitro. Our data thus indicate that BNIP3, an
inducer of autophagy, is involved in the terminal differentia-
tion and maintenance of epidermal keratinocytes.

RESULTS

Hes1 directly represses BNIP3 expression in epidermal cells and
keratinocytes

We previously performed a microarray analysis with epider-
mal RNAs isolated from wild-type and Hes? ™'~ mice
(Moriyama et al, 2008)" and found that BNIP3 was
preferentially overexpressed in Hes1™’~ epidermis. The
upregulation of Bnip3 in the Hes? ™/~ epidermis was
confirmed by quantitative PCR (Q-PCR) and immuno-
fluorescent staining (Figure 1a and b). As Hes1 is thought to
be a transcriptional repressor (Ishibashi et al., 1994), it might
play a repressive role in the regulation of BNIP3 expression.
In accordance with this hypothesis, BNIP3 expression in
Hes1~/~ epidermis at embryonic day 15.5 was observed in
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the suprabasal layers (Figure 1b), where Hesl has been
reported to be expressed in wild-type epidermis at the same
age (Blanpain et al., 2006; Moriyama et al., 2008). To confirm
whether Hes1 suppresses BNIP3 expression, an adenoviral
vector expressing Hesl was used to infect human primary
epidermal keratinocytes (HPEKs) and, subsequently, the
expression level of BNIP3 was quantified by Q-PCR and
western blot analysis. The BNIP3 protein was detected as
multiple bands between 22 and 30kD as previously reported
(Vengellur and LaPres, 2004; Walls et al., 2009; Mellor et al.,
2010; Sassone et al., 2010). We found that Hes1 induced a
substantial reduction of BNIP3 expression in HPEKs at the
mRNA and protein levels (Figure Tc and d), demonstrating that
HesT is involved in the repression of BNIP3. To determine
whether Hes1 directly regulates BNIP3 expression, we per-
formed chromatin immunoprecipitation (ChIP) assays. We
identified at least 5 Hesl consensus binding sites 1kb
upstream of the transcription initiation site of the human
BNIP3 gene, and subsequent Q-PCR analysis revealed that a
DNA fragment located at — 247 to — 87 was slightly ampli-
fied from crosslinked chromatin isolated by Hes1 immuno-
precipitation (Figure Te). We also found an additional site
between —212 and + 22 that was strongly amplified. These
data clearly show that Hes1 specifically binds to the promoter
region of BNIP3 and directly suppresses its expression.

BNIP3 is expressed in the granular layer of the epidermis, where
autophagosome formation is observed

To determine the BNIP3 expression profile in the epidermis,
we performed immunofluorescent staining in human skin
epidermal equivalent. BNIP3 was expressed in the granular
layer of epidermal equivalent 18 days (Figure 2a and b) or 24
days (Figure 2c and d) after exposure at the air-liquid inter-
face. BNIP3 expression in the granular layer was also observed
in the normal human skin epidermis (Figure 2g and h). Recent
reports show that BNIP3 is expressed in mitochondria and that
it induces autophagy (Quinsay et al., 2010). In addition, some
researchers have reported that autophagy may play a role in
epidermal differentiation (Haruna et al., 2008; Aymard et al.,
2011; Chatterjea et al, 2011). We therefore investigated
whether autophagy occurred in the epidermis, especially in
the granular layers. To quantitate the level of autophagy,
cytosol to membrane translocation of the autophagy marker
EGFP-LC3 (Kabeya et al., 2000) was monitored in a human
skin equivalent model (Mizushima et al, 2004). When
autophagy is active, autophagosomes containing EGFP-LC3
are visible as fluorescent puncta (Kabeya et al., 2000). As
expected, EGFP-LC3 puncta were observed in the granular
layers of the epidermal equivalent (Figure 2e). Moreover,
endogenous LC3 dots were observed in the granular layers
of normal human skin epidermis (Figure 2f). These data
suggested that BNIP3 might be involved in the induction of
autophagy in the granular layer of the epidermis.

BNIP3 is required for terminal differentiation of keratinocyte by
induction of autophagy in vitro

To investigate the involvement of BNIP3 in the induction of
autophagy, we transduced HPEKs stably expressing EGFP-LC3
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Figure 1. BNIP3 (BCL2 and adenovirus E1B 19-kDa-interacting protein 3) is directly suppressed by HES1 (hairy and enhancer of split-1). (a) Quantitative
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(b) Immunofluorescent analysis of Bnip3 expression in dorsal skin epidermis from either WT or HesT KO embryo (E15.5). Keratin 14 staining is shown in
green and Bnip3 staining is shown in red. The blue signals indicate nuclear staining. Scale bars =20pm. (c) Q-PCR and (d) western blot analysis of BNIP3
expression in human primary epidermal keratinocyte (HPEK) cells infected with adenoviruses expressing enhanced green fluorescent protein (EGFP) or Hes1.
(c) Each expression value was calculated with the AACt method using UBE2D2 as an internal control. (d) Numbers below blots indicate relative band intensities
as determined by Image] software. (e) Specific binding of Hes1 to the BNIP3 promoter. HPEK cells were infected with adenoviral constructs expressing
hemagglutinin (HA)-tagged Hes1, and processed for chromatin immunoprecipitation (ChIP) with an anti-HA antibody and normal rabbit immunoglobulin G
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—244 (1); nucleotides —247 to —87 (2); —212 to +22 (3)) was also performed. The amount of precipitated DNA was calculated relative to the total input
chromatin. All the data represent the average of three independent experiments £ SD. **P<0.01.

with a BNIP3 adenoviral vector. BNIP3 expression was found
to be sufficient to trigger the formation of EGFP-LC3 puncta
that was significantly reduced by addition of 3-methyladenine
(3-MA), an inhibitor of autophagy (Figure 3a and b). On the
other hand, BNIP3 knockdown markedly decreased the
punctuate distribution of EGFP-LC3 in differentiated HPEKs
(Figure 3c and d). Furthermore, flow cytometry analysis using
a green fluorescent probe used to specifically detect auto-
phagy (Cyto-ID autophagy detection dye) (Chan et al., 2012)
also showed that BNIP3 was required for the autophagy
induction (Figure 3c and f). These data indicate that BNIP3
is involved in the induction of autophagy in HPEKs. Intrigu-
ingly, these data also confirm the previous finding that
autophagosome induction is accompanied by keratinocyte
differentiation (Haruna et al., 2008). We observed that the
number of mitochondria was decreased in the granular layers,
where BNIP3 expression and autophagosome formation was
observed (Figure 4a). In addition, mitochondria were signi-
ficantly decreased in the differentiated HPEKs in vitro
(Figure 4b). Colocalizations of mitochondria and EGFP-LC3
dot were observed only in the differentiating keratinocytes
(Figure 4c), suggesting the contribution of autophagy in the
decrease of mitochondria. BNIP3 expression was also corre-
lated with decreased mitochondria in HPEKs, whereas addi-
tion of 3-MA restored mitochondrial numbers (Figure 4d).
Furthermore, we also observed colocalization of mitochondria

and EGFP-LC3 dot in BNIP3-overexpressing HPEKs
(Figure 4e). These data indicated that mitochondria were
removed by BNIP3-induced autophagy. Next, we investigated
the involvement of BNIP3 in the differentiation of epidermal
keratinocytes. Western blot analysis and immunofluorescent
staining revealed that BNIP3 expression increased during
differentiation (Figure 5a and b). Knockdown of BNIP3
significantly suppressed keratinocyte differentiation when the
cells were treated with differentiation medium (Figure 5¢ and
d), indicating that BNIP3 is required for terminal differentiation
of keratinocyte. On' the other hand, forced expression of
BNIP3 in HPEKs markedly stimulated loricrin expression
(Figure 5e and f). To determine whether BNIP3-dependent
keratinocyte differentiation was induced by autophagy, 3-MA
was added to the cells transduced with BNIP3. As shown in
Figure 5e and f, 3-MA notably abolished the keratinocyte
differentiation induced by BNIP3, suggesting that BNIP3 is
required for terminal differentiation of keratinocyte by induc-
tion of autophagy.

BNIP3 maintains epidermal keratinocytes

To further determine the roles of BNIP3 in epidermal differ-
entiation, the human skin epidermal equivalent was recon-
stituted from HPEKs stably expressing a BNIP3 RNA
interference (RNAI). Unfortunately, we did not observe drastic
differentiation defects; however, we unexpectedly discovered
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Normal human skin

Figure 2. BNIP3 (BCL2 and adenovirus E1B 19-kDa-interacting protein 3) is
expressed in the granular layer of the human epidermis. (a-e) Human skin
epidermal equivalents were constituted from (a~d) normal human primary
epidermal keratinocytes (HPEKs) or (e) HPEKs transfected with EGFP-LC3 by
lentiviral vector. Cells were grown for (a, b) 18 days and (c-e) 24 days after
exposure at the air-liquid interface. (f~i) Normal human skin epidermis.

(@, ¢, f) Expression pattern of loricrin (LOR). (b, e, h) Expression pattern of
BNIP3. (i) Control staining without BNIP3 antibody is shown. (d)
Autophagosome formation determined by EGFP-LC3 puncta. (g) Endogenous
expression pattern of LC3. The blue signals indicate nuclear staining. The
dotted lines indicate (a-e) the boundary between the epidermis and the
membrane or (f-i) the boundary between the epidermis and the dermis.
Scale bars=20pum. BL, basal layer; GL, granular layer; SC, stratum corneum
(cornified layer); SP, spinous layer.

that “sunburn-like cells” existed in BNIP3 knockdown epi-
dermal equivalent (Figure 6a and b). We therefore hypothe-
sized that BNIP3 might play a key role in the survival of
epidermal keratinocytes. To evaluate this hypothesis, HPEKs
were irradiated with 20mjJcm ™2 UVB. UVB irradiation
triggered the formation of autophagosome that was signifi-
cantly reduced by BNIP3 knockdown (Figure 6¢c—e). As shown
in Figure 6f, UVB irradiation induced cleavage of caspase3
and BNIP3 expression. Intriguingly, knockdown of UVB-
induced BNIP3 by RNAi further increased the amount of
cleaved caspase3, suggesting that BNIP3 is required for the
protection of keratinocytes from UVB-induced apoptosis
(Figure 6f).
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Figure 3. BNIP3 (BCL2 and adenovirus E1B 19-kDa-interacting protein 3)
stimulates autophagy. (a, b) EGFP-LC3-expressing human primary epidermal
keratinocytes (HPEKs) were transduced with DsRed (Cont) or BNIP3. As an
inhibitor of autophagy, 3-methylaclenine 3-MA (5 mm) was added. Cells were
then stained with anti-EGFP at 24 hours after transduction. (a) EGFP-LC3
staining is shown in green. Scale bars =20pum. (b) The percentage of EGFP-
LC3-positive cells with more than five puncta were quantified and are
presented as the mean of three independent experiments + SD. (c) HPEKs were
transduced with DsRed (Cont) or BNIP3. As an inhibitor of autophagy, 3-MA
(5mn) was added. Autophagy induction was determined by Cyto-ID staining
and quantified by flow cytometry. (d, €) EGFP-LC3-expressing HPEKs were
transduced with miR neg, miR BNIP3_1, or miR BNIP3_2 and induced to
differentiate. Cells were then stained with anti-EGFP at 8 hours after
differentiation induction. (d) EGFP-LC3 staining is shown in green. Scale
bars =20pm. (e) The percentage of EGFP-LC3-positive cells with more

than five puncta were quantified and are presented as the mean of three
independent experiments £ SD. (f) HPEKs were transduced with miR neg, miR
BNIP3_1, or miR BNIP3_2 and induced to differentiate. Autophagy induction
was determined by Cyto-ID staining and quantified by flow cytometry.

All the data represent the average of three independent experiments £ SD.
*P<0.01; *0.01 <P<0.05.
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dotted lines indicate the boundary between the epidermis and the membrane. Scale bars=20pum. BL, basal layer; GL, granular layer; SC, stratum corneum
(cornified layer); SP, spinous layer. (b) Nondifferentiated control (Cont) or differentiated human primary epidermal keratinocytes (HPEKs; Dif) were subjected to
immunofluorescent staining 2 days after induction of differentiation. Mitochondrial staining is shown in red. The blue signals indicate nuclear staining. Scale
bar =20pum. The graph indicates the percent of median brightness calculated by BZ Analyzer Software (Keyence) as the mean of three independent
experiments = SD. (c) EGFP-LC3-expressing HPEKs were differentiated. Cont or Dif were stained with anti-mitochondria (red) and anti-EGFP (green) 8 hours after
induction of differentiation. Graph indicates the linescan analysis of the red and green fluorescent channels. Initial point of {inescan is indicated as 0, and terminal
point is indicated as 1. The arrows mark the colocalization of the two proteins. (d) HPEKs were transduced with enhanced green fluorescent protein (EGFP;
Cont) or BNIP3 (BCL2 and adenovirus E1B 19-kDa-interacting protein 3). As an inhibitor of autophagy, 3-methyladenine 3-MA (5 mm) was added. Cells were then
fixed and stained with anti-mitochondria 48 hours after transduction. Scale bar =20 um. The graph indicates the percent of median brightness calculated

by BZ Analyzer Software (Keyence) as the mean of three independent experiments. **P<0.01; *0.01 < P<0.05. (e) EGFP-LC3-expressing HPEKs were
transcduced with mock (Cont) or BNIP3. Cells were then fixed and stained with anti-mitochondria (red) and anti-EGFP (green) 24 hours after transduction. Graph
indicates the linescan analysis of the red and green fluorescent channels. Initial point of linescan is indicated as 0, and terminal point is indicated as 1. The
arrows mark the colocalization of the two proteins.

DISCUSSION attempts have been made to clarify the involvement of
In this study, we demonstrated that BNIP3, a potent inducer of  autophagy in skin epidermis.
autophagy, plays a role in the terminal differentiation and We found that the HES1 transcriptional repressor directly

maintenance of epidermal keratinocytes. It has been suggested  suppressed BNIP3 expression in mouse epidermis and HPEKs
that autophagy plays a role in the skin epidermis, but few  (Figure 1). Moreover, our results revealed that BNIP3 was
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Figure 5. BNIP3 (BCL2 and adenovirus E1B 19-kDa-interacting protein 3) is
required for the differentiation of keratinocytes in vitro. (a, b) Human primary
epidermal keratinocytes (HPEKs) were differentiated and BNIP3 expression was
observed. (a) Nondifferentiated control (Cont) or differentiated HPEKs (Dif)
were subjected to immunofluorescent staining. BNIP3 staining is shown in
green. Mitochondrial staining is shown in red. The blue signals indicate
nuclear staining. Scale bar=20um. (b) Western blot (WB) analysis. Proteins
extracted from Cont or Dif were probed with anti-BNIP3 or anti-actin.

(¢, d) HPEKs were infected with adenoviral vectors expressing miR neg, miR
BNIP3_1, or miR BNIP3_2 followed by induction of differentiation. Cells were
then immunostained with a loricrin antibody 9 days after transduction.

(e, f) HPEKs were infected with adenoviral vectors expressing enhanced green
fluorescent protein (EGFP; Cont) or BNIP3 and subjected to immunofluorescent
staining against loricrin (LOR) 6 days after transduction. As an inhibitor of
autophagy, 3-methyladenine 3-MA (5 mm) was added. Phase contrast images
(Ph) and LOR staining are shown. Scale bars=200 pm. (d, f) Percentages of
LOR-positive differentiated cells were calculated by computerized image
analysis. The data represent the average of three independent

experiments £ SD. **P<0.01.

expressed in the granular layers of mouse epidermis, its
human skin epidermal equivalent, and its normal human skin
epidermis (Figures 1 and 2). These data are consistent with our
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previous report showing that Hes1 is expressed in the spinous
layers, where it represses the regulatory genes for differentia-
tion to maintain the spinous cell fate (Moriyama et al., 2008).
Hence, it can be inferred that Bnip3 expression is suppressed
in the spinous layers by Hes1, whereas it is upregulated in the
granular layers where Hes1 expression is absent. In addition,
our finding that BNIP3 is required for keratinocyte differen-
tiation fits our idea that Hesl represses certain regulatory
genes to prevent the premature differentiation of spinous
cells. Our in vitro data suggest that BNIP3 is involved in
keratinocyte differentiation through autophagy (Figures 3-5).
The mechanisms underlying the involvement of autophagy in
keratinocyte differentiation remain elusive; however, consid-
ering that keratinocyte differentiation induced mitochondrial
clearance and BNIP3 expression (Figure 4 and 5), BNIP3-
induced autophagy may be responsible for the removal of
mitochondria that may be required for the terminal differentia-
tion of epidermal keratinocytes. During reticulocyte differen-
tiation, programmed clearance of mitochondria induced by
BNIP3L/Nix, a molecule closely related to BNIP3, has been
reported to be a critical step (Schweers et al, 2007).
Therefore, keratinocytes likely possess the same differen-
tiation mechanism that reticulocytes have, although further
investigation will be required for elucidation.

In contrast to the results from differentiation in two-dimen-
sional culture, we did not observe drastic differentiation
defects in the BNIP3 knockdown human epidermal equivalent
except for the existence of “‘sunburn-like cells’” (Figure 6). This
might be because of the incomplete suppression of BNIP3 in
the BNIP3 knockdown keratinocytes, and/or might be because
of the redundancy between BNIP3 and BNIP3L/Nix, a homo-
log of BNIP3, as we found in our preliminary study that Bnip3|
is also expressed in the epidermis (data not shown). Although
the phenotypes of BNIP3-null mice were published in 2007,
these researchers found that BNIP3-null mice had no increase
in mortality or apparent physical abnormalities (Diwan et al.,
2007). Generally, impairment of epidermal differentiation
or skin barrier formation results in an obvious defect. Thus,
BNIP3-null epidermis seems to exhibit subtle, if any, abnor-
malities. On the basis of these findings, the involvement
of BNIP3 in epidermal differentiation must be investigated in
the future. In-depth analysis of the BNIP3-null epidermis
phenotype could help elucidate the role of BNIP3 in mouse
epidermal differentiation.

Despite the lack of obvious differentiation defects in the
human epidermal equivalent, our data showing that BNIP3
knockdown caused the appearance of “sunburn-like cells’” is
regarded as an example of apoptosis (Young, 1987), revealing
a new role of BNIP3 in keratinocyte maintenance.
Furthermore, requirement of BNIP3 for protection from
UV-induced apoptosis was confirmed in two-dimensional
keratinocyte cultures (Figure 6e). The underlying mechanism
of this prosurvival function of BNIP3 in keratinocytes remains
unclear; however, previous reports have demonstrated that
hypoxia-induced autophagy through BNIP3 is critical for the
prosurvival process (Bellot et al., 2009). Recently, it has been
reported that UVA induces autophagy to remove oxidized
phospholipids and protein aggregates in epidermal keratino-
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Figure 6. BNIP3 (BCL2 and adenovirus E1B 19-kDa-interacting protein 3) promotes cell survival in the reconstituted epidermis and keratinocytes.

(@) Morphology of the human skin epidermal equivalents from human primary

epidermal keratinocytes (HPEKs) infected with lentivirus expressing miR neg,

miR BNIP3_1, or miR BNIP3_2. Arrowheads indicate sunburn-like cells. (b) The number of sunburn-like celfls per mm was counted and plotted as the means
of 10 sections = SD. (c—e) HPEKs were infected with adenovirus expressing miR neg, miR BNIP3_1, or miR BNIP3_2, and irradiated with UVB. (c) Cells were

stained with anti-EGFP at 8 hours after UVB irradiation. (d) The percentage of

presented as the mean of three independent experiments £ SD. (e) Autophagy i

The data represent the average of three independent experiments = SD. () Cell

EGFP-LC3-positive cells with more than five puncta were quantified and are
induction was determined by Cyto-ID staining and quantified by flow cytometry.
s were subjected to western blot analysis at 8 hours after irradiation. The blot

shown is representative image of three independent experiments. Graphs indicate relative band intensities as determined by Image) software and plotted
as the means of three independent experiments. Scale bars =20 um. **P<0.01.

cytes (Zhao et al, 2013). Because our data indicate that
UVB-induced autophagy is mediated by BNIP3 (Figure 6¢ and
d), it is possible that autophagy induced by BNIP3 also plays a
role in the maintenance of keratinocytes. Further analysis is
required to confirm these results.

UV-induced apoptotic cells appear within 12 hours and
are predominately located in the suprabasal differentiated
keratinocyte compartment of human skin (Gilchrest et al,
1981). Moreover, differentiated keratinocytes appear to be
most sensitive to the UV light that induces p53-dependent
apoptosis (Tron et al., 1998). Tron et al. (1998) demonstrated
that differentiated keratinocytes in p53-null mice exhibited
only a small increase in apoptosis after UVB irradiation
compared with the increase observed in normal control
animals (Tron et al., 1998). Interestingly, because p53 has
been reported to directly suppress BNIP3 expression (Feng
et al, 2011), BNIP3 might be abundantly upregulated in
suprabasal cells in p53-null animals, resulting in the resistance
to UVB-induced apoptosis. Indeed, our preliminary study

showed that p53 knockdown enhanced UV-induced BNIP3
expression in HPEKs (data not shown). Therefore, BNIP3
expression in suprabasal cells appears to be important for
the protection of differentiated keratinocytes from normal
environmental stress such as weak UV exposure in vivo.

A recent report on a role for autophagy in epidermal barrier
formation and function was identified in atg7-deficient mice
(Rossiter et al., 2013). The authors showed that autophagy was
constitutively active in the suprabasal epidermal layers as we
report in this study (Figure 2). However, in contradiction to
our results, the authors concluded that autophagy was not
essential for the barrier function of the skin. This may
be because of the presence of an alternative Atg5/Atg7-
independent autophagic pathway (Nishida et al., 2009) in
the epidermis. This Atg5/Atg7-independent pathway is also
independent of LC3, but forms Rab9-positive double-
membrane vesicles. Moreover, protein degradation via this
pathway is inhibited by 3-MA and is dependent on Beclin 1.
Our data demonstrate that: (1) BNIP3 induced the formation of
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EGFP-LC3 puncta (Figure 4) and (2) 3-MA significantly
diminished the formation of GFP-LC3 puncta and keratinocyte
differentiation induced by BNIP3 (Figure 5). These findings
suggest that BNIP3 in the epidermis induced both conven-
tional and Atg5/Atg7-independent autophagy. Intriguingly,
GFP cleaved from GFP-LC3 also accumulates in the Atg7-
deficient epidermis (Rossiter et al, 2013), thereby
demonstrating the existence of an alternative autophagic
pathway (Juenemann and Reits, 2012) in the epidermis.
Further investigation will be required to determine whether
Beclin 1 and Rah9 are indispensable for the BNIP3-induced
autophagy and subsequent differentiation of keratinocytes.

In summary, our data reveal that expression of BNIP3 in
granular cells induces autophagy and is involved in the
terminal differentiation and maintenance of skin epidermis.
Studies on the involvement of autophagy in skin epidermis
have attracted considerable attention recently. In addition,
increasing evidence suggests the involvement of BNIP3 in the
differentiation of several cell types, including oligodendro-
cytes (itoh et al., 2003), osteoclasts (Knowles and Athanasou,
2008), and chondrocytes (Zhao et al., 2012); however, the
precise role of BNIP3 in this process remains to be
investigated. Our study thus provides new insights into the
functions of BNIP3 in differentiation and homeostasis.

MATERIALS AND METHODS

Histology and immunofluorescent analysis

Samples and embryos were fixed in 4% paraformaldehyde,
embedded in optimal cutting temperature compound, frozen, and
sectioned at 10 um. Sections were then either subjected to hematox-
ylin and eosin staining or immunohistochemical analysis as pre-
viously described (Moriyama et al., 2006). Details are described in
Supplementary Materials Online.

Cell culture

HPEKs were purchased from CELLnTEC (Bern, Switzerland) and
maintained in CnT-57 (CELLRTEC) culture medium according to the
manufacturer’s protocol. For induction of differentiation, the medium
was changed to CnT-02 (CELLnTEC) at confluent monolayers of
HPEKs, followed by adding calcium ions to 1.8 mm. The generation of
human skin equivalents was performed using CnT-02-3DP culture
medium (CELLNTEC) according to the manufacturer’s protocol.

Design of artificial microRNAs and plasmid construction

Oligonucleotides targeting a human BNIP3 sequence compatible for
use in cloning into BLOCK-iT Pol Il miR RNAi expression vectors
(Invitrogen, Carlsbad, CA) were obtained using the online tool
BLOCK-T RNAi Designer. The oligonucleotide sequences used in
this study are shown in Supplementary Table S1 online. Cloning
procedures were performed following the manufacturer’s instructions.

Adenovirus and lentivirus infection

Adenoviruses expressing EGFP, Hes1, BNIP3, and miR BNIP3 were
constructed using the ViraPower adenoviral expression system (Invi-
trogen) according to the manufacturer’s protocol. Lentivirus expressing
EGFP-LC3 (from Addgene plasmid 21073, Cambridge, MA) and miR
BNIP3 plasmid was constructed and used to infect keratinocytes as
previously described (Moriyama et al., 2012; Moriyama et al., 2013).

Journal of Investigative Dermatology

RNA extraction, complementary DNA generation, and Q-PCR
Total RNA extraction, complementary DNA generation, and Q-PCR
analyses were carried out as previously described (Moriyama et al.,
2012). Details of the primers used in these experiments are shown in
Supplementary Table S2 online.

Western blot analysis

Western blot analysis was performed as previously described
(Moriyama et al., 2012; Moriyama et al, 2013). Details are
described in Supplementary Materials Online.

ChlP assay

The ChlP assay was performed using the SimpleChlP Enzymatic
Chromatin [P Kit- (Magnetic Beads) (Cell Signaling Technology,
Danvers, MA) according to the manufacturer’s instructions. Hemag-
glutinin-tagged Hes1 was immunoprecipitated with rabbit polyclonal
antibody against hemagglutinin tag (ab9110, Abcam, Cambridge, MA).
Immunoprecipitated DNA was analyzed by Q-PCR. Relative quantifi-
cation using a standard curve method was performed, and the
occupancy level for a specific fragment was defined as the ratio of
immunoprecipitated DNA over input DNA. Details of the primers used
in these experiments are shown in Supplementary Table S2 online,

Flow cytometry analysis

For autophagy detection, Cyto-ID Autophagy detection kit (Enzo Life
Sciences, Plymouth Meeting, PA) was used according to the manu-
facturer’s instructions. Details are described in Supplementary
Materials Online.
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SUMMARY

The establishment of self-renewing hepatoblast-like cells (HBCs) from human pluripotent stem cells (PSCs) would realize a stable supply
of hepatocyte-like cells for medical applications. However, the functional characterization of human PSC-derived HBCs was not enough.
To purify and expand human PSC-derived HBCs, human PSC-derived HBCs were cultured on dishes coated with various types of human
recombinant laminins (LN). Human PSC-derived HBCs attached to human laminin-111 (LN111)-coated dish via integrin alpha 6 and
beta 1 and were purified and expanded by culturing on the LN111-coated dish, but not by culturing on dishes coated with other laminin
isoforms. By culturing on the LN111-coated dish, human PSC-derived HBCs were maintained for more than 3 months and had the ability
to differentiate into both hepatocyte-like cells and cholangiocyte-like cells. These expandable human PSC-derived HBCs would be
manageable tools for drug screening, experimental platforms to elucidate mechanisms of hepatoblasts, and cell sources for hepatic regen-

erative therapy.

INTRODUCTION

Human embryonic stem cells (hESCs) and human induced
pluripotent stem cells (hiPSCs) have the ability to self-repli-
cate and to differentiate into all types of body cells
including hepatoblasts and hepatocytes. Although cryo-
preserved primary human hepatocytes are useful in drug
screening and liver cell transplantation, they rapidly lose
their functions (such as drug metabolism capacity) and
hardly proliferate in in vitro culture systems. On the other
hand, human hepatic stem cells from fetal and postnatal
human liver are able to self-replicate and able to differen-
tiate into hepatocytes (Schmelzer et al, 2007; Zhang
et al., 2008). However, the source of human hepatic stem
cells is limited, and these cells are not available commer-
cially. Therefore, the human pluripotent stem cell (hPSC)-
derived hepatoblast-like cells (HBCs), which have potential
to differentiate into the hepatocyte-like cells, would be an
attractive cell source to provide abundant hepatocyte-like
cells for drug screening and liver cell transplantation.
Because expandable and multipotent hepatoblasts or
hepatic stem cells are of value, suitable culture conditions
for the maintenance of hepatoblasts or hepatic stem cells
obtained from fetal or adult mouse liver were developed
(Kamiya et al., 2009; Tanimizu et al., 2004). Soluble factors,
such as hepatocyte growth factor (HGF) and epidermal
growth factor (EGF), are known to support the proliferation
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of mouse hepatic stem cells and hepatoblast (Kamiya et al.,
2009; Tanimizu et al., 2004). Extracellular matrix (ECM)
also affects the maintenance of hepatoblasts or hepatic
stemn cells. Laminin can maintain the character of mouse
hepatoblasts (Dlk1-positive cells) (Tanimizu et al., 2004).
However, the methodology for maintaining HBCs differen-
tiated from hPSCs has not been well investigated. Zhao
et al. (2009) have reported that hESC-derived hepatoblast-
like cells (sorted N-cadherin-positive cells were used) could
be maintained on STO feeder cells. Although a culture sys-
tem using STO feeder cells for the maintenance of hepato-
blast-like cells might be useful, there are two problems. The
first problem is that N-cadherin is not a specific marker for
human hepatoblasts. N-cadherin is also expressed in hESC-
derived mesendoderm cells and definitive endoderm (DE)
cells (Sumi et al., 2008). The second problem is that residual
undifferentiated cells could be maintained on STO feeder
cells. Therefore, their culture condition cannot rule out
the possibility of the proliferation of residual undifferenti-
ated cells. Because it is known that hPSC-derived cells
have the potential to form teratomas in the host, the pro-
duction of safer hepatocyte-like cells or hepatoblast-like
cells has been required. Therefore, we decided to purify
hPSC-derived HBCs, which can differentiate into mature
hepatocyte-like cells, and then expand these cells.

In this study, we attempt to determine a suitable culture
condition for the extensive expansion of HBCs derived
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from hPSCs. We found that the HBCs derived from hPSCs
can be maintained and proliferated on human laminin-111
(LN111)-coated dishes. To demonstrate that expandable,
multipotent, and safe (i.e., devoid of residual undifferenti-
ated cells) hPSC-derived HBCs could be maintained under
our culture condition, the hPSC-derived HBCs were used
for hepatic and biliary differentiation, colony assay, and
transplantation into immunodeficient mice.

RESULTS

Human PSC-Derived Hepatoblast-like Cells Could

Adhere onto Human LN111 via Integrin «6 and B1

The HBCs were generated from hPSCs (hESCs and hiPSCs)
as described in Figure 1A (details of the characterization of
hPSC-derived HBCs are described in Figure 3). Definitive
endoderm differentiation of hPSCs was promoted by
stage-specific transient transduction of FOXA2 in addition
to the treatment with appropriate soluble factors (such as
Activin A). Overexpression of FOXA2 is not necessary
for establishing the hPSC-derived HBCs, but it is helpful
for efficient generation of the hPSC-derived HBCs. On
day 9, these hESC-derived populations contained two
cell populations with distinct morphology (Figure 1B).
One population resembled human hepatic stem cells
that were isolated from human fetal liver (shown in red)
(Schmelzer et al,, 2007), whereas the other population
resembled definitive endoderm cells (shown in green)
(Hay et al., 2008). The population that resembled human
hepatic stem cells was alpha-1-fetoprotein (AFP) positive,
whereas the other population was AFP negative (Figure 1C,
left). On day 9, the percentage of AFP-positive cells was
approximately 80% (Figure 1C, right). To characterize
these two cell populations (hESC-derived HBC and non-
HBC [NHBC] populations), the colonies were manually
isolated by using a pipette, and then the gene expression
analysis was performed. The gene expression levels of AFF,
CD133, EpCAM, CK8, and CKI18 in the hESC-derived
HBCs were higher than those in the bulk population con-
taining both hESC-derived HBCs and NHBCs (CD133,
EpCAM, CK8, and CK18 were named as pan-hepatoblast
markers and are known to be strongly expressed in both
human hepatic stem cells and hepatoblasts [Schmelzer
et al., 2007; Zhang et al., 2008]) (Figure 1D). On the other
hand, the gene expressions of AFF, CD133, EpCAM, CKS,
and CKI18 in the hESC-derived NHBCs were hardly de-
tected. The gene expression levels of DE, mesendoderm,
and pluripotent markers in the hESC-derived NHBCs
were higher than those in the hESC-derived HBCs, indi-
cating that the hESC-derived NHBCs could remain in a
more undifferentiated state than the hESC-derived HBCs
(Figures S1A-S1C available online). These results suggest

that hepatoblast-like cells could be differentiated from
hPSCs.

To purify the hESC-derived HBC:s, these cells were plated
onto dishes coated with various laminins. There are 15
different laminin isoforms in human tissues. Although
laminin is known to be useful to sustain mouse hepato-
blasts (Tanimizu et al., 2004), it remains unknown which
human laminin isoform has the potential to purify and
expand the HBCs. To identify a human laminin isoform
that would be useful for purifying hESC-HBCs, the hESC-
HBCs and -NHBCs were plated onto dishes coated with
various types of commercially available human laminins
(Figure 1E). The hESC-derived HBCs could more efficiently
adhere onto the human LN111-coated dish compared with
hESC-derived NHBCs or unseparated populations (con-
taining both HBCs and NBCs). These data suggest that a
hESC-derived HBC population can be purified from the
unseparated populations by culturing on human LN111-
coated dishes. Because integrins are known to be important
molecules for cell adhesion to the ECM including laminins,
we expected that certain types of integrins would allow
selective adhesion of the hESC-derived HBCs to human
LN111-coated dish. The gene expression levels of various
integrins were examined (Figure 1F). Among the integrin
a subunits, the gene expression level of infegrin a6 in the
hESC-derived HBCs was significantly higher than that in
the hESC-derived NHBCs. In contrast, among the integrin
B subunits, the gene expression level of infegrin 81 was
higher than those of integrin §2 and 83 in all cell popula-
tions. The hESC-derived HBCs, but not NHBCs, expressed
both integrin «6 and B1 (Figure S1D). Almost all adhesion
of the hESC-derived HBCs to a human LN111-coated dish
was inhibited by both function-blocking antibodies to in-
tegrin 6 and B1 (Figure 1G). These results indicated that
the hESC-derived HBCs could attach to a human LN111-
coated dish via integrin 6 and B1.

The hPSC-Derived HBCs Could Be Proliferated and
Maintained on a Human LN111-Coated Dish

To obtain the purified hESC-derived HBC population, the
hESC-derived cells (day 9) were plated onto a human
LN111l-coated dish, and then unattached cells were
removed at 15 min after plating (Figure 2A). Among various
laminins, only human ILN111 could proliferate (Figure 2B)
and purify (Figure 2C) the AFP-positive population in the
presence of HGF and EGFE. During culture on the human
LN111-coated dish, the morphology of the hESC-derived
HBCs gradually changed into that of human hepatoblasts
(Figure S1E) (Schmelzer et al., 2007). Therefore, the charac-
teristics of hESC-derived HBCs might be changed by
culturing on a human LN111-coated dish (details of the
characterization of the hESC-derived HBCs are described
in Figure 3). After culturing on a human LN111-coated
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Figure 1. The Human ESC-Derived HBCs Selectively Attached to a Human LN111-Coated Dish via Integrin 6 and 1
(A) The procedure for the differentiation of hESCs (H9) into hepatoblast-like cells (HBCs) is presented schematically. Details are described
in the Experimental Procedures.
(B) Phase-contrast micrographs of the hESC-derived HBCs (red) and non-HBCs (NHBCs) (green) are shown.
(C) The hESC-derived cells (day 9) were subjected to immunostaining with anti-AFP (red) antibodies. The percentage of AFP-positive cells
was examined on day 0 or 9 by using FACS analysis. Data represent the mean + SD from ten independent experiments. Cells on “day 0" and
“day 9” were compared using Student’s t test (p < 0.01).
(D) On day 9, the hESC-derived HBCs and NHBCs were manually picked, and the gene expression levels of AFP and pan-hepatoblast markers
(CD133, EpCAM, (K8, and CK18) were measured by real-time RT-PCR. The gene expression levels of AFP and pan-hepatoblast markers in the
hESC-derived cells (day 9; bulk) were taken as 1.0. Data represent the mean =+ SD from four independent experiments. The gene expression
levels in the HBCs were significantly different among the three groups (bulk, HBCs, and NHBCs) based on analysis with one-way ANOVA
followed by Bonferroni post hoc tests (p < 0.05).

(legend continued on next page)
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