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Figure 1. The expression levels of DE markers in the si-HHEX-transfected cells were upregulated in hepatoblast differentiation
from DE cells. (A) hESCs (H9) were differentiated into DE cells according to the protocol described in the Materials and Methods section. The DE cells
were transfected with 50 nM si-control or si-HHEX on day 4, and cultured in the medium containing 20 ng/ml BMP4 and 20 ng/ml FGF4 until day 9.
On day 9, the gene expression levels of hepatoblast markers (AFP, EpCAM, TTR, HNF4«, and PROX1) in si-control- or si-HHEX-transfected cells were
examined by real-time RT-PCR. The gene expression levels in the si-control-transfected cells were taken as 1.0. (B) On day 9, the percentage of AFP-
positive cells was measured by using FACS analysis to examine the hepatoblast differentiation efficiency. (C) The gene expression levels of DE
(EOMES, FOXA2, GATA4, GATA6, GSC, and SOX17), pancreatic (PDX1, NKX2.2, and NKX6.1), intestinal (CDX2 and KLF5), and pluripotent markers (NANOG
and OCT3/4) in the si-control- or si-HHEX-transfected cells were examined by real-time RT-PCR. The gene expression levels in the si-control-
transfected cells were taken as 1.0. (D) On day 9, the percentage of cells positive for the DE markers (CXCR4 and EOMES) was examined by using FACS
analysis. All data are represented as means = SD (n =3). ¥*p<<0.05, *p<0.01.

doi:10.1371/journal.pone.0090791.g001

5-TCCAGCTGACAATC-3". PCR products were cloned into
the enhancer region of pGL3-EOM-5UTRI1000 using Xbal

restriction site.

Each 5" UTR of the human EOMES was cloned into the
promoter region of the pGL3-Basic vector (Promega) using Kpnl
and Ncol restriction sites. In addition, the 400 bp region around
the HHEX response element (HRE) was amplified by using the
following primers: 5'-CCTGCTAGCGTTCTCTGG-
TACTTTTCAAAATGGTGC-3" and  5'-GAAAACTAG-

Luciferase Reporter Assays
HeLa cells were transfected with each of the firefly luciferase

TATGCGCCTGTGCAAGGGAATAGAATCAG-3'. The
400 bp region around the HRE was cloned into the enhancer
region of each of pGL3-EOM-5UTR1000 and pGL3-EOM-
5UTR4000 using Xbal restriction site to generate pGL3-EOM-
5UTR1000 containing the region around the HRE (p5° EOM-
Luc) and pGL3-EOM-5UTR4000 containing the region around
the HRE (pLong-5" EOM-Luc).

To generate pGL3-EOM-5UTR1000 containing the region
which has a mutated HRE reporter construct (p5° EOM-mut-
Luc), the following base substitutions were introduced into the
400 bp region around the HRE: 5'-TCCCAATTAAAATC-3' to
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reporter plasmids described above (p5’ EOM-Luc or p5> EOM-
mut-Luc) or control plasmids, pGL3-Basic vector plasmids
(pControl-Luc), by using Lipofectamine 2000 (Invitrogen)-medi-
ated gene transfection according to the manufacturer’s instruc-
tions. HeLa cells were seeded at a density of 2.0 x 10° cells/well in
24-well tissue culture plates, and cultured for 24 hours before
transfection. HeLa cells were transfected with 333 ng/well of each
firefly luciferase reporter plasmids (pControl-Luc, p5> EOM-Luc,
or p5’ EOM-mut-Luc), 333 ng/well of HHEX expression
plasmids (pPHMEF5-HHEX [13]) or blank expression plasmids
(pPHMEF5), and 333 ng/well of internal control plasmids (pCMV-
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Figure 2. HHEX suppresses EOMES expression by binding to the HRE located in the first intron of EOMES. (A) An overview of the
EOMES mRNA precursor and the location of the putative HRE are presented. The HRE is located in the first intron of EOMES. (B) Luciferase reporter
assays were performed to examine the regulation of EOMES expression by HHEX. HeLa cells were cotransfected with both firefly luciferase reporter
plasmids (pControl-Luc, p5’ EOM-Luc, or p5’ EOM-mut-Luc) and effecter plasmids (control plasmids (pHMEF5) or HHEX expression plasmids (pHMEFS-
HHEX)). The details of the luciferase reporter assays are described in the Materials and Methods section. The luciferase activities in the pControl-Luc-
and pHMEF5-cotransfected cells were taken as 1.0. All data are represented as means = SD (n=3). % p<0.05.

doi:10.1371/journal.pone.0090791.g002

Renilla luciferase), and cultured for 72 hours. The luciferase
activities in the cells were measured by using Dual Luciferase
Assay System (Promega) according to the manufacturer’s instruc-
tions. Firefly luciferase activities in the cells were normalized by
the measurement of renilla luciferase activities. The luciferase
activity in the cells cotrastected with pControl-Luc and pHMEF5
was assigned a value of 1.0.

siRNA Transfection

Knockdown of HHEX or EOMES was performed using a
specific small interfering RINA (siRNA) fourplex set targeted to
HHEX or EOMES, respectively (Darmacon SMARTpool)
(Thermo Fisher Scientific). Si-Control (Darmacon siGENOME
Non-Targeting siRNA Pool) (Thermo Fisher Scientific) was used
as a control. Lipofectamine RNAIMAX (Invitrogen)-mediated
gene transfection was used for the reverse transfection according to
the manufacturer’s instructions. The hESC-derived DE cells on
day 4 were transfected with 50 nM of siRNA for 6 hours by
reverse transfection.

Immunohistochemistry

The hESC-derived cells were fixed with methanol or 4% PFA.
After blocking with PBS containing 1% BSA (Sigma), 0.2% Triton
X-100 (Sigma), and 10% FBS, the cells were incubated with
primary antibody at 4°C overnight, followed by incubation with a
secondary antibody that was labeled with Alexa Fluor 488
(Invitrogen) at room temperature for 1 hour. All the antibodies
are listed in Table S2 in File S2.
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Western Blotting Analysis

The hESC-derived cells were homogenized with lysis buffer
(20 mM HEPES, 2 mM EDTA, 10% glycerol, 0.1% SDS, 1%
sodium deoxycholate, and 1% Triton X-100) containing a
protease inhibitor mixture (Sigma). After being frozen and thawed,
the homogenates were centrifuged at 15,000 g at 4°C for 10
minutes, and the supernatants were collected. The lysates were
subjected to SDS-PAGE on 7.5% polyacrylamide gel and were
then transferred onto polyvinylidene fluoride membranes (Milli-
pore). After the reaction was blocked with 1% skim milk in TBS
containing 0.1% Tween 20 at room temperature for 1 hour, the
membranes were incubated with anti-human HHEX, EOMES, or
B-actin antibodies at 4°C overnight, followed by reaction with
horseradish peroxidaseconjugated anti-rabbit IgG or anti-mouse
IgG antibodies at room temperature for 1 hour. The band was
visualized by ECL Plus Western blotting detection reagents (GE
Healthcare) and the signals were read using an LAS-4000 imaging
system (Fuji Film). All the antibodies are listed in Table 82 in
File S2.

Results

Obstruction of Hepatoblast Differentiation by HHEX
Knockdown Results in Upregulation of the Expression

Levels of DE Markers

It is known that HHEX plays an important role in hepatoblast
differentiation [11-12-14]. We have previously reported that
HHEX overexpression promoted hepatoblast differentiation from
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Figure 3. Temporal analysis of endogenous gene expression levels of EOMES and HHEX in hepatoblast differentiation from hESCs.
(A) The schematic protocol for hepatoblast differentiation from hESCs (H9) is shown. (B) The temporal gene expression levels of HHEX, AFP, SOX17
and EOMES were examined by real-time RT-PCR in hepatoblast differentiation. The gene expression levels in undifferentiated hESCs were taken as 1.0.
(C) To examine the hepatoblast differentiation efficiency, the percentage of AFP-positive cells was measured by FACS analysis. (D) The HHEX protein-
binding frequencies of the regions around the HRE of the EOMES gene and a negative control gene (B-ACTIN) were measured by ChIP-qPCR analysis.
The results are presented as the percent input of anti-HHEX samples compared with those of anti-lgG samples. All data are represented as means *
SD (n=3).

doi:10.1371/journal.pone.0090791.g003

the hESC-derived DE cells [13]. To confirm the importance of  were significantly upregulated by HHEX knockdown, although
HHEX in hepatoblast differentiation, a loss of function assay of those of pancreatic, intestinal, and pluripotent markers were not
HHEX was performed by using siRNA-mediated HHEX changed by HHEX knockdown. Furthermore, the percentage of
knockdown. We confirmed the knockdown of HHEX expression DE marker (CXCR4 and EOMES)-positive cells was increased by
in the hESC-derived DE cells that has been transfected with si- HHEX knockdown (Fig. 1D). In addition, the percentage of AFP-
HHEX (Fig. S1 in File S1). The gene expression levels of  positive cells or EOMES expression level was decreased or
hepatoblast markers in the si-HHEX-transfected cells were increased, respectively, by HHEX knockdown not only in the
significantly downregulated as compared with those in the si- DE cells (day 4) but also in the cells starting to commit to
control-transfected cells (Fig. 1A). In addition, the percentage of hepatoblast (day 5-7) (Fig. 82 in File S1). This suggested that
alpha-fetoprotein (AFP; a hepatoblast marker)-positive cells was HHEX knockdown inhibits hepatoblast differentiation but does
decreased by HHEX knockdown on day 9 (Fig. 1B). These results not simply change the number of the DE cells. These results
suggest that hepatoblast differentiation is prevented by HHEX suggest that the inhibition of HHEX expression during hepato-
knockdown, demonstrating that HHEX plays an important role in blast differentiation results in an increase of DE cells, but not
hepatoblast differentiation from DE cells. To characterize the si- pancreatic, intestinal, or undifferentiated cells.
HHEX-transfected cells on day 9, the gene expression levels of

DE, pancreatic, intestinal, and pluripotent markers were examined

(Fig. 1C). Interestingly, the gene expression levels of DE markers
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Figure 4. Hepatoblast differentiation was promoted by knockdown of EOMES in the presence of BMP4. (A) The hESCs (H9) were
differentiated into the DE cells according to the protocol described in the Materials and Methods section. The hESC-derived DE cells were transfected
with 50 nM si-control or si-EOMES on day 4, and then cultured with the medium containing BMP4 or FGF4. The percentage of AFP-positive cells was
examined by FACS analysis on day 9. (B) The gene expression levels of hepatoblast markers (AFP, EpCAM, TTR, HNF4x, and PROX1) were measured by
real-time RT-PCR on day 9. The gene expression levels in si-control-transfected cells were taken as 1.0. (C) The si-control- or si-EOMES-transfected cells
were subjected to immunostaining with anti-AFP (green) antibodies. Nuclei were counterstained with DAPI (blue). The bar represents 50 pm. All data

are represented as means * SD (n=3). ¥p<<0.05, **p<0.01.
doi:10.1371/journal.pone.0090791.g004

HHEX Directly Represses EOMES Expression

Because the gene expression level of EOMES was most increased
by HHEX knockdown in hepatoblast differentiation, we expected
that EOMES might be directly regulated by HHEX. The putative
HHEX-binding site (HHEX response element (HRE)) [22] was
found in the first intron of EOMES as shown in Figure 2A. To
investigate whether HHEX could directly repress EOMES
transcription, luciferase reporter assays were performed. The
reporter plasmids that contain a 5" untranslated region (UTR) of
EOMES (Fig. 83 in File S1) and the first intron of EOMES were
generated because the putative HHEX-binding site was observed
in the first intron of EOMES. The luciferase reporter assays
showed that p5’ EOM-Luc, which contains the wild-type HRE,
mediates significant repression of luciferase activity by HHEX
overexpression, whereas p5° EOM-mut-Luc, which contains a
mutant HRE, mediates similar luciferase activity even in the
presence of HHEX (Fig. 2B). These results indicated that HHEX
represses EOMES expression through the HRE located in the first
intron of EOMES.

Endogenous Temporal Gene Expression Analysis of HHEX
and EOMES in Hepatic Specification

To examine the relationship between HHEX and EOMES in
hepatic specification, the temporal gene expression patterns of
HHEX and EOMES were examined in hepatoblast differentiation
from hESCs (Fig. 3A). In DE differentiation (from day 0 to 4), the
gene expression levels of EOMES and SOX17 were increased,

PLOS ONE | www.plosone.org

although those of HHEX and AFP did not change (Fig. 3B). In the
hepatic specification process (from day 5 to 9), the gene expression
levels of HHEX and AFP began to be upregulated on day 5, and
continued to increase until day 9. On the other hand, the gene
expression levels of EOMES and SOX17 started to decrease on day
5, and continued to decrease until day 9. We confirmed that the
percentage of CXCR4-positive cells was 95.2£2.2% on day4. In
addition, we confirmed that few AFP-positive cells were observed
on day 5, and that the percentage of AFP-positive cells
continuously increased until day 9 (Fig. 3C). To examine whether
HHEX binds to the HRE located in the first intron of EOMES,
ChIP-qPCR analysis of hepatoblast differentiation from hESCs
was performed (Fig. 3D). HHEX bound to the HRE located in
the first intron of EOMES on day 5, when the hepatic specification
began. The amount of HHEX binding to that site continued to
increase until day 9. These results suggest that HHEX binds to
HRE located in the first intron of EOMES in hepatic specification
from the DE cells.

EOMES Knockdown Promotes Hepatic Specification in
the Presence of BMP4

To examine the function of EOMES in hepatoblast differen-
tiation, EOMES was knocked down in the DE cells in the presence
of BMP4 or FGF4. We confirmed the knockdown of EOMES
expression in the hESC-derived DE cells that has been transfected
with si-EOMES (Fig. 84 in File S1). Although the percentage of
AFP-positive cells was increased by EOMES knockdown in the
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Figure 5. Hepatoblast differentiation is inhibited by EOMES, which functions downstream of HHEX. (A) The hESCs (H9) were
differentiated into the DE cells according to the protocol described in the Materials and Methods section. The hESC-derived DE cells were transfected
with 50 nM si-control, si-EOMES, or si-HHEX on day 4, and then cultured with the medium containing BMP4 and FGF4. The gene expression levels of
hepatoblast markers (AFP, EpCAM, TTR, and HNF4w) were measured by real-time RT-PCR on day 9. The gene expression levels in si-control- and si-
HHEX-transfected cells were taken as 1.0. (B) The percentage of AFP-positive cells was examined by FACS analysis on day 9. All data are represented
as means = SD (n=3). ¥p<0.05, **p<0.01. (C) HHEX promotes the hepatic specification from the hESC-derived DE cells by negatively regulating
EOMES expression. A model of the hepatic specification from the hESC-derived DE cells by HHEX is presented. In the hESC-derived DE cells, HHEX

represses EOMES expression. In this way, HHEX promotes the hepatic specification from the hESC-derived DE cells.

doi:10.1371/journal.pone.0090791.g005

presence of BMP4, it was not changed by EOMES knockdown in
the presence of FGF4 (Fig. 4A). In addition, EOMES knockdown
did not affect the percentage of AFP-positive cells in the presence
of both FGF4 and BMP4. This might have been because the
endogenous EOMES expression level was already sufficiently
suppressed under the existence of FGF4 (Fig. S5 in File S1). To
further investigate the function of EOMES in hepatoblast
differentiation, gene expression and immunohistochemical analy-
ses of hepatoblast markers were performed in si-EOMES-
transfected cells. The gene expression levels of hepatoblast markers
in si-EOMES-transfected cells were upregulated as compared with
those in si-control-transfected cells (Fig. 4B). Consistently, the
immunohistochemical analysis of AFP showed that EOMES
knockdown upregulated the expression levels of AFP (Fig. 4C).
In addition, EOMES knockdown increased the percentage of
AFP-positive cells not only in the DE cells (day 4) but also in the
cells starting to commit to hepatoblast (day 5-7) (Fig. S6 in File
81). This suggested that EOMES knockdown promotes hepato-
blast differentiation but does not simply change the number of the
DE cells. These results suggest that hepatic specification from the
DE cells is promoted by EOMES knockdown depending on the
existence of BMP4.

EOMES Functions Downstream of HHEX in the Hepatic
Specification from the DE Cells

To examine whether EOMES functions downstream of HHEX
in the hepatic specification from the DE cells, both HHEX and
EOMES were knocked down in the DE cells, and then the gene
expression profiles of hepatoblast markers were analyzed. The
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gene expression levels of hepatoblast markers were upregulated in
both si-HHEX- and si-EOMES-transfected cells as compared with
those in si-HHEX-transfected cells (Fig. 5A). Furthermore, the
percentage of AFP-positive cells was also increased by double-
knockdown of HHEX and EOMES (Fig. 5B). These results
suggest that EOMES knockdown could promote the hepatic
specification from the DE cells by HHEX knockdown. In
conclusion, EOMES exerts downstream of HHEX in the hepatic
specification from the DE cells.

Discussion

The purpose of this study was to identify and characterize the
target genes of HHEX in hepatic specification from DE to
elucidate the functions of HHEX in this process. We clearly
demonstrated that the expression of EOMES is directly suppressed
by HHEX, and that EOMES is one of the crucial target genes of
HHEX in the hepatic specification from the hESC-derived DE
cells. We also showed that EOMES knockdown in the hESC-
derived DE cells could rescue the si- HHEX-mediated inhibition of
hepatic specification. Our findings indicate that promotion of the
hepatic specification by HHEX in the hESC-derived DE cells
would be mainly mediated by the repression of EOMES
expression (Fig. 5C).

To explore direct target genes of HHEX in the hepatic
specification, EOMES knockdown experiments were conducted
(Fig. 1). The luciferase reporter assays (Fig. 2B) and ChIP-qPCR
(Fig. 3C) indicated that HHEX represses EOMES expression by
binding to the first intron of EOMES containing a putative HRE.
It might be expected that HHEX recruits co-repressor proteins to
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repress EOMES expression because HHEX could negatively
regulate the expressions of target genes such as vascular endothelial
growth factor (Vegf) and vascular endothelial growih factor receptor-1 (Vegfr-
1) by forming the co-repressor protein complexes [23-25].
Previous studies demonstrated that HHEX has three main
domains, a repression domain, a DNA-binding domain, and an
activation domain [26], and thus exerts both positive and negative
effects on the target gene expressions. Taken together, these
findings suggested that HHEX would repress EOMES expression
through the function of its repression domain,

The results in figure 4A demonstrate that EOMES knockdown
promoted hepatic specification in the presence of BMP4, but not
FGF4. Because it was previously reported that FGF4 could induce
the expression level of HHEX in the DE cells [27], FGF4
treatment in the DE cells would lead to downregulation of
EOMES expression via the regulation of HHEX expression.
Therefore, HHEX and EOMES might exert in the downstream of
FGF4 in the hepatic specification. In addition, both BMP4 and
FGF4 are necessary for hepatic specification (Fig. 4A). However,
the functions of BMP4 in hepatic specification and the synergistic
effect of BMP and FGF have not been sufficiently elucidated, and
will need to be resolved in future studies.

Simultaneous knockdown of HHEX and EOMES in the hESC-
derived DE cells led to rescue of the HHEX-mediated inhibition of
the hepatic specification (Fig. 5). These results suggested that the
majority of functions in the hepatic specification by HHEX may
be caused by the repression of EOMES expression. EOMES is
known to regulate numerous target genes related to DE
differentiation, and thus the repression of EOMES expression
might also promote other DE-derived lineage specifications, such
as pancreatic specification. HHEX is known to regulate not only
hepatic specification but also pancreatic specification [11-28].
Therefore, EOMES might also be a target gene of HHEX in
pancreatic specification as well as in hepatic specification. Because
the HHEX protein is known to interact with the HNF1a protein
and synergistically upregulate the HNF1a target gene expression
[15], it would be of interest to examine the relationship between
HHEX and HNFla in the hepatic specification from the hESC-
derived DE cells. The proteomic analyses of HHEX protein in the
hepatic specification from the hESC-derived DE cells might help
to elucidate the functions of HHEX in this process.

Conclusions

In summary, we showed that the homeobox gene HHEX
promotes the hepatic-lineage specification from the hESC-derived
DE cells through the repression of EOMES expression. Previously,
we reported that transduction of SOX17, HNF40, FOXA2 or
HNFlo into the hESC-derived cells could promote efficient
hepatic differentiation [16-18]. The direct target genes of these
genes might be identified by using the strategy described here.
Furthermore, identification of the genes targeted by functional
genes in the various lineage differentiation models from hESCs
will promote understanding of the intricate transcriptional
networks that regulate human development.

Supporting Information

File 81 Contains the following files: Figure S1. Knockdown
of HHEX in the DE cells by si-HHEX transfection. (A, B)
The hESCs (H9) were differentiated into the DE cells (day 4)
according to the protocol described in Materials and Methods section.
The DE cells were transfected with 50 nM si-control or si-HHEX
on day 4. On day 6, the HHEX expression levels in si-control- or
si-HHEX-transfected cells were examined by real-time RT-PCR
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(A) or Western blotting (B). The gene expression levels of HHEX in
the si-control-transfected cells were taken as 1.0. All data are
represented as means & SD (n=3). ** p<<0.01. Figure 82. The
percentage of AFP-positive cells or EOMES expression
level was decreased or increased, respectively, by
HHEX knockdown. (A, B) The hESCs (H9) were differentiated
into the DE cells according to the protocol described in the
Materials and Methods section. The DE cells were transfected with
50 nM si-control or si-HHEX on day 4, 5, 6, or 7, and cultured in
medium containing 20 ng/ml BMP4 and 20 ng/ml FGF4 until
day 9. On day 9, the percentage of AFP-positive cells was
measured by using FACS analysis to examine the hepatoblast
differentiation efficiency (A). Also on day 9, the gene expression
levels of EOMES in si-control- or si- HHEX-transfected cells were
examined by real-time RT-PCR (B). The gene expression levels in
the si-control-transfected cells were taken as 1.0. All data are
represented as means * SD (z= 3). **$<0.01. Figure S$3. Both
1,000 bp and 4,000 bp 5’ UTR of EOMES have promoter
activities. Luciferase reporter assays were performed to examine
whether 1,000 bp and 4,000 bp 5° UTR of EOMES have
promoter activity. Hela cells were cotransfected with both
500 ng/well of firefly luciferase reporter plasmids (pControl-Luc,
p> EOM-Luc, or pLong-5" EOM-Luc), and 500 ng/well of
internal control plasmids (pCMV-Renilla luciferase), and cultured
for 72 hours. The luciferase activities in the cells were measured by
using Dual Luciferase Assay System (Promega) according to the
manufacturer’s instructions. Firefly luciferase activities in the cells
were normalized by the measurement of renilla luciferase
activities. The RLU in the pControl-Luc-transfected cells was
assigned a value of 1.0. All data are represented as means = SD
(n=3). * p<0.05. Figure $4. Knockdown of EOMES in the
DE cells by si-EOMES transfection. (A, B) The hESCs (H9)
were differentiated into the DE cells (day 4) according to the
protocol described in Materials and Methods section. The DE cells
were transfected with 50 nM si-control or si-EOMES on day 4.
On day 6, the EOMES expression levels in si-control- or si-
EOMES-transfected cells were examined by real-time RT-PCR
(A) or Western blotting (B). The gene expression levels of FOMES
in the si-control-transfected cells were taken as 1.0. All data are
represented as means * SD (r=3). ** p<<0.0l. Figure S5.
Hepatoblast differentiation was promoted by knock-
down of EOMES. The hESCs (H9) were differentiated into the

‘DE cells according to the protocol described in the Materials and

Methods section. The hESC-derived DE cells were transfected with
50 nM si-control or si-EOMES on day 4, 5, 6, or 7, and then
cultured in medium containing BMP4 or FGF4. The percentage
of AFP-positive cells was examined by FACS analysis on day 9. All
data are represented as means * SD (»=3). *¥p<0.0l. Figure
S6. The EOMES or HHEX expression level was sup-
pressed or increased, respectively, in the presence of
FGF4. The hESCs (H9) were differentiated into the DE cells
according to the protocol described in the Materials and Methods
section. The hESC-derived DE cells were cultured in medium
containing BMP4 or FGF4 until day 9. The gene expression levels
of EOMES, HHEX, or AFP in the non-treated cells (control) were
taken as 1.0. All data are represented as means £ SD (z = 3), *p<<
0.01 (compared with control).

(PDF)

File §2 Contains the following files: Table S1. List of primers
used in this study. Table 82, List of antibodies used in this study.
DOC)
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Enzymes used for passaging human pluripotent stem cells (hPSCs) digest cell surface proteins, resulting in
cell damage. Moreover, cell dissociation using divalent cation-free solutions causes apoptosis. Here we
report that Mg** and Ca’* control cell-fibronectin and cell-cell binding of hPSCs, respectively, under feeder-
and serum-free culture conditions without enzyme. The hPSCs were detached from fibronectin-,
vitronectin- or laminin-coated dishes in low concentrations of Mg** and remained as large colonies in high
concentrations of Ca>*. Using enzyme-free solutions containing Ca®* without Mg>*, we successfully
passaged hPSCs as large cell clumps that showed less damage than cells passaged using a divalent cation-free
solution or dispase. Under the same conditions, the undifferentiated and early-differentiated cells could also
be harvested as a cell sheet without being split off. Our enzyme-free passage of hPSCs under a serum- and
feeder-free culture condition reduces cell damage and facilitates easier and safer cultures of hPSCs.

uman pluripotent stem cells (hPSCs), including human embryonic stem cells (hESCs) and human

induced pluripotent cells (hiPSCs), have increased the possible applications of stem cell research in

biology and medicine'~. Since dissociating hPSCs into single cells using divalent cation-free solution
causes cell damage and death by apoptosis* ™, hPSC passaging usually entails dissociating the cell colonies into
large cell clumps using enzymes in a divalent cation-containing solution (Table 1). However, these enzymes may
also induce cell damage by digesting cell-surface proteins®®.

To achieve enzyme-free and less damaging passage of hPSCs, we focused on the roles of Ca®* and Mg** in cell-
cell and cell-fibronectin binding. Physiological concentrations of Ca** regulate cell-cell binding of hPSCs
mediated by E-cadherin®”**°. On the other hand, physiological concentrations of Mg>* are required for optimal,
tight binding between cells and fibronectin, part of the extracellular coating matrix of hPSCs"' . We therefore
hypothesized that solution containing physiological concentration of Ca**, but no Mg*", could be used to passage
hPSCs cultured on fibronectin-coated dishes as large cell clumps without the need for enzyme-based cell dis-
sociation. We tested this hypothesis using our serum- and feeder-free culture medium (ESF9a) in fibronectin-
coated dishes™'®", allowing us to examine hPSC attachments without masking by undefined adherent factors
derived from the serum and feeder cells.

Results

Dose-dependent effects of Mg*>* and Ca®* on cell-fibronectin and cell-cell binding. The hiPSCs 253G1*® and
201B7* were incubated in phosphate-buffered saline (PBS) containing various concentrations (0, 10, 100,
1000 pM) of Mg** and Ca®* and then triturated to detach cells from the fibronectin-coated plates and
dissociate them into cell clumps (Fig. 1a). The number of cells remaining on the dishes decreased with
decreasing Mg®™ concentration, although the sizes of the detached hPSCs clumps increased with increasing
Ca®" concentration (253G1: Fig. 1b-e, 201B7: Supplementary Fig. lab). These results suggest that the cell-
fibronectin binding depended on Mg>* concentration whereas cell-cell binding of hPSCs was dependent on
Ca®" concentration, and that these bindings could be independently controlled without enzyme.
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} Table 1 | Passaging protocols for hPSC culture

Passage Protocols Culture Conditions References
Serum

Divalent cations Enzymes Manipulation Cell clump size  replacement  Coat** & feeder

Ca?*, Mg** *  Collagenase Cutting, Scraping, Glass  Large KSR, MEF 1,27

\ beads

| Ca?*, Mg?* *  Free Cutting Large KSR MEF 5

| Ca?* #5% Trypsin & Collagenase  Pipetting Llarge KSR MEF 2,6,23

Free ([EDTA)  Trypsin TryplE Pipetting Single cells, Large KSR MEF 4-6,19,28

|Free [EDTA)  Free (CDB#) Pipefting Single cells KSR MEF 5

| Ca?*, Mg?* * Dispase, Collagenase  Scraping, Pipetting Large Free Mg, Gx,Lm, Vn, Fb,  8,14,15,20,29
TryplE Cg, pVn, pBSP

Ca®*, Mg®* *  Free Cutting Large Free Vn 12

Free (EDTA) Free (CDB#) Pipetting Small Free Mg, HBP 8,30

Cu2+ Free Pipetting Large (Small) Free Fb Present study

*DEME/F]? or ESF soluhon"’ confaining Ccz’ Mg**.

**MEF: mouse embryonic fibroblast feeder cells on gelatincoated dishes, Mg: Matrigel, Gx: geltrex, Lm: laminin, Vn: vitronectin, Cg: collagen, pVn: vitronectin-derived peptide, pBSP: bone sialoprotein-
derived peptide, HBP: heparin-binding peptide.
| ***Dissociation solution named CTK containing CaCly, frypsin, collagenase IV, and KSR**. KSR contains many divalent cations.
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Figure 1| Dose-dependent effects of Mg** and Ca** on cell-fibronectin and cell-cell binding. (a): Schematics of experiments. The illustrations were
drawn by KO. (b—e): Fluorescent imaging (live-cell dye, Calcein-AM) of the hiPSCs (253G1) remaining on the fibronectin-coated 24-well plate (b) and
the cells detached from the plate (d) after incubation and then trituration using a 1-ml pipette tip in PBS containing 0-1000 pM Ca** and Mg*". (c):
Remaining-cell ratios equal the area of remaining cells divided by the area of the cells before incubation and trituration. (d): Mean cell clump size detached
from the plates. Two-way ANOVA revealed no interaction effect between Ca>* and Mg** concentration ((c): P = 0.066, mean = SE, n = 5, (e): P= 0.47,
mean * SE, n = 5 experiments X 200 cells). Post-hoc Tukey’s multiple comparison revealed significant differences in remaining-cell ratio between
different Mg>* concentrations (the same Ca*>* data were put together to derive the numbers and bars in (c)) and in cell clump size between different Ca**
concentrations (the same Ca>* data were put together to derive the numbers and bars in (e)). Scale bars are 5 mm (b), 1 mm (d).
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Figure 2 | Effects of dissociation without divalent cation and with dispase. (a—c): Comparison between the hiPSCs (253G1) detached and dissociated by
PBS™~ (—=/—) and those by PBS®~ (Ca). (ab): Micrograph (a) and FCM analysis (b) of apoptosis marker annexin V-FITC after four hours floating
culture (RI: with 5 pM ROCK inhibitor) following detachment and dissociation. The cells were stained by annexin V-FITC (green), propidium iodide
(red: late apoptosis or necrosis marker), and Hoechst 33342 (blue: nuclei marker). (c): The number of cells remaining after 3 days culture in ESF9a on
fibronectin-coated 10-cm dishes (the initial cell number was 1.2 X 10° cells/10-cm dish, mean * SE, n = 5, t-test). (d—g): Effects of dispase in PBS*~ for
detaching and dissociating cells. (d): Mean cell clump size detached from the plates using PBS®~ (Ca) and 1 U/ml dispase in PBS™~ (Ca + Ds). (ef):
Micrograph (e) and FCM analysis (f) of annexin V-FITC after four hours floating culture following detachment and dissociation by PBS®~ or 1 U/ml
dispase in PBS®~. The staining were the same as (a). (g): Reattachment efficiency. The cells were digested with 0-2 U/ml dispase in PBS*/~ and were
plated with ESF9a medium including 5 pM ROCK inhibitor. The numbers of cells were estimated using calcein-AM 1 day after plating and normalized
against the PBS®~ results (0 U/ml dispase). The mean value at 1 U/ml dispase was smaller than 1 (P < 0.015, n = 4, t-test). Pearson’s correlation
coefficient = —0.791, P= 4.6 X 10~ ° t-test, from 4 independent experiments. Scale bars are 100 pm. (bdf): * P = 0.05, ns: not significant, n = 6, mean +
SE (bf) and * P = 0.01, ns: not significant, n = 4 experiments X 200 cells, mean * SE (d), Holm’s multiple comparison tests (cf. Supplementary Fig 5).

Passage of hPSCs with enzyme-free solution containing a physio-
logical concentration of Ca>* without Mg**. We tested whether the
buffer solutions with Ca** and without Mg** could be used to
passage hPSCs. Large cell colonies of hESCs, HUES8%, and H9*
were detached from fibronectin-coated dishes and dissociated into
large cell clumps by incubation in PBS containing 1 mM Ca**
without Mg?** (PBS®~) followed by pipetting (Supplementary Fig.
2a-g). These detached cell clumps were then plated into fibronectin-
coated dishes and reattached as typical hPSC flat colonies on the next
day (Supplementary Fig. 2h-m). In addition, hiPSCs cultured on
vitronectin and laminin, which are also used as a coating matrix
for culturing hPSCs (Table 1), can be detached from the culture
dishes by PBS*~ (Supplementary Fig. 3). These results suggested
that enzyme-free solution containing physiological concentration
of Ca>*, but no Mg**, could be useful for passaging hPSCs as large
cell clumps.

Effects of dissociation and enzymatic digestion. We compared our
enzyme-free passage method to both dissociation passaging in a
divalent cation-free solution and enzymatic digestion passaging.

Dissociating hPSCs into single cells and replating at low density
causes cell damage and death by apoptosis*®. Thus, we hypothesized
that detaching and dissociating hPSCs into larger clumps using
PBS~ could suppress apoptosis and support higher survival rates
than detaching and dissociating these cells into smaller clumps using
PBS without Ca*" and without Mg>* (PBS™/"). To test this hypo-
thesis, apoptosis was detected in the hiPSCs 253G1 and 201B7 using
annexin V-FITC, which stains cell surface phosphatidylserine, four
hours after detachment and dissociation in PBS™'~ and PBS*/~ fol-
lowed by floating culture in ESF9a solution. Fluorescence micro-
scopy showed many annexin V-FITC-positive single cells
dissociated by PBS~/~, whereas annexin V-FITC-negative cells pre-
dominated in the large cell clumps dissociated by PBS™* (253Gl:
Fig. 2a, 201B7: Supplementary Fig. 4a). Quantitative analysis using
flow cytometry (FCM) revealed that fewer annexin V-FITC-positive
cells were detached and dissociated by PBS®/~ than by PBS™'~, and
that addition of a ROCK inhibitor (RI) abolished these differences
(253Gl: Fig. 2b, 201B7: Supplementary Fig. 4b). RI blocks the dis-
sociation-induced apoptosis of hPSCs®”. To measure cell survival,
hPSCs were detached and dissociated in PBS®~ or PBS™'~, plated

| 4:4646 | DOI: 10.1038/srep04646

3



