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Introduction

The molecular mechanisms of liver development have been
clarified by using model organisms such as chicks, Xenopus,
zebrafish, and mice [1-2]. Although these models have many
advantages, the molecular mechanisms of human liver develop-
ment might be different from those of model organisms. The use of
differentiation models from human embryonic stem cells (hESCs)
for studying human development might resolve these problems,
because these differentiation methods mimic human embryogen-
esis [3]. Previous reports have demonstrated that the definitive
endoderm (DE) cells could be efficiently generated from hESCs in
the presence of Activin A [4], and that the hESC-derived DE cells
have the potential to differentiate into various DE-derived
lineages, such as hepatocytes, pancreatic beta-cells, and small
intestinal enterocytes[5-7]. In hepatic differentiation, Agarwal
et al. reported that the typical gene expression profiles observed in
the differentiation model from hESCs are similar to those observed
in fetal liver development [8]. In addition, we previously reported
that CCAAT/enhancer binding protein-mediated regulation of
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TGF beta receptor 2 expression determines the hepatoblast fate
decision by using a differentiation model from hESCs [9]. The use
of differentiation models from hESCs, rather than the usual model
organisms, would provide great opportunities to expand our
understanding of the molecular mechanisms.

A transcription factor, hematopoietically expressed homeobox (HHEX),
is initially expressed in DE, and then its expression is restricted to
the future hepatoblasts, which could segregate into both hepato-
cytes and cholangiocytes [10]. In the AHEX-null embryo, some
hepatic gene expression levels are reduced and further hepatic
development is prevented [11-12]. These studies indicate that the
transcription factor HHEX plays an essential role in hepatic
specification from DE. Recently, we reported that overexpression
of HHEX by using adenovirus (Ad) vectors in the hESC-derived
DE cells markedly promotes the hepatic specification [13].
Moreover, Kubo et al. demonstrated that HHEX promotes this
process by synergistically working with bone morphogenetic
protein 4 (BMP4), and they expected that HHEX might function
with HNFI homeobox A (HNF1o) [14], which is known to be its co-
activator [15]. However, the functions of HHEX in this process
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are not well understood, and the target genes of HHEX have not
been investigated in detail. Therefore, we attempted to identify the
target genes of HHEX in the hepatic specification by using a
differentiation model from hESCs.

In the present study, to clucidate the functions of HHEX in
hepatic specification from DE, we attempted to identify the target
genes of HHEX by using the hepatic differentiation model from
hESCs. To this end, the candidate target gene of HHEX were
verified by performing ChIP-qPCR and luciferase reporter assays,
and then loss-of-function assays were performed to clanify the
functions of the candidate target gene in the hepatic specification.
These results confirmed that eomesodermin (EOMES), which is
known to regulate DE differentiation, is one of the crucial target
genes of HHEX in human hepatic specification from the DE. Our
report thus shows for the first time that HHEX promotes hepatic
specification through the repression of EOMES expression.

Materials and Methods

hESCs Culture

A hESC line, H9 (WA09, WISC Bank, WiCell Rescarch
Institute), was maintained on a feeder layer of mitomycin C-
treated mouse cmbryonic fibroblasts (MEF) (Millipore) with
ReproStem medium (ReproCELL) supplemented with 5 ng/ml
fibroblast growth factor 2 (FGF2) (KATAYAMA CHEMICAL
INDUSTRIES). hESCs were dissociated with 0.1 mg/ml dispasc
(Roche) into small clumps and then were subcultured every 4 or 5
days. H9 was used following the Guidelines for Utilization of
Human Embryonic Stem Cells of the Ministry of Education,
Culture, Sports, Science and Technology of Japan after approval
by the institutional ethical review board at National Institute of
Biomedical Innovation.

In vitro Differentiation

The differentiation protocol for the induction of DE cells and
hepatoblasts was based on our previous report with some
modifications [13-16-21]. Briefly, hESCs were dissociated by
using dispase and suspended in MEF-conditioned ReproStem
medium supplemented with 10 ng/ml FGF2, and then plated
onto a growth factor reduced Matrigel (BD Biosciences)-coated
dish. When hESCs reached approximately 80% confluence, the
MEF-conditioned ReproStem medium was replaced with the
differentiation RPMI-1640 medium (Sigma) containing 100 ng/
ml Activin A (R&D systems) (the differentiation RPMI-1640
medium is consisted with RPMI-1640 medium (Sigma) supple-
mented with B27 supplement (Invitrogen) and 4 mM L-gluta-
mine), and then cultured for 4 days. For induction of the
hepatoblasts, the DE cells were cultured for 5 days in the
differentiation RPMI-1640 medium supplemented with 20 ng/ml
BMP4 (R&D Systems) and 20 ng/ml FGF4 (R&D Systems).

RNA Isolation and Reverse Transcription-PCR

Total RNA was isolated from hESCs and their derivatives using
ISOGENE (Nippon Gene). cDNA was synthesized using 500 ng
of total RNA with a SuperScript VILO cDNA Synthesis Kit
(Invitrogen). Real-time RT-PCR was performed with SYBR
Green PCR Master Mix (Applied Biosystems) using an Applied
Biosystems StemOnePlus real-time PCR systems. Relative quan-
tification was performed against a standard curve and the values
were normalized against the input determined for the housekeep-
ing gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
The primer sequences used in this study are described in Table
81 in File S2.
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Flow Cytometry

Single-cell suspensions of the hESC derivatives were fixed with
2% paraformaldechyde (PFA) at 4°C for 20 minutes and then
incubated with the primary antibody, followed by the secondary
antibodly. Flow cytometry analysis was performed using a FACS
LSR Fortessa flow cytometer (BD Biosciences). All the antibodies
are listed in Table S2 in File S2.

ChiP-gPCR

ChIP assays were performed by using a Chromatin Immuno-
precipitation Assay Kit (Millipore) according to the manufacturer’s
instructions. The hESC-derived eells (approximately 1.0 x 10°
cells) were cross-linked with 1% formaldchyde at room temper-
ature for 10 minutes. The cells were washed once with PBS
containing protease inhibitors (I mM phenylmethylsulfonyl fluo-
ride, 1 mg/ml aprotinin and 1 mg/ml pepstatin A) and then
harvested using a cell scraper. The cross-linked cells were
centrifuged and resuspended with sodium dodecyl sulfate (SDS)
lysis buffer with the protease inhibitors described above, and then
incubated on ice for 10 minutes. The cells were sonicated to
solubilize and shear cross-linked DNA. The resulting whole cells
were centrifuged, and the supernatants were diluted in ChIP
Dilution Buffer containing the protease inhibitors described above,
then added to Protein A magnetic beads and rotated at 4°C for 30
minutes. Next, the supernatants of these cells were immunopre-
cipitated with anti-human HHEX antibody (Santa Cruz Biotech-
nology, sc-15129) or anti-goat IgG antibody at 4°C overnight with
rotation. On the following day, the resulting supernatants were
added to Protein A magnetic beads and rotated at 4°C for 60
minutes, then washed five times with Low Salt Immune Complex
Wash Buffer (one time), High Salt Immune Complex Wash Buffer
(one time), LiCl Immune Complex Wash Buffer (one time), and
TE Buffer (two times) for 5 minutes per wash with rotation. Bound
complexes were added to clution buffer (1% SDS, 0.1 M
NaHCOsg) at room temperature for 15 minutes with rotation,
and then the supernatants were added to 5 M NaCl and were
cluted at 65°C for 4 hours. Immunoprecipitated DNA was purified
by treatment with 0.5 M EDTA, 1 M Tris-HCI, and 10 mg/ml
proteinase K at 45°C for 60 minutes and recovered by phenol/
chloroform alcohol extraction and ethanol precipitation. Purified
DNA was used as a template for gPCR according to the protocol
described in the RNA isolation and reverse transcription-PCR section
above. All the antibodies are listed in Table S2 in File $2. The
primer sequences used in this study are described in Table 81 in
File S2.

Plasmid Constructions

The promoter region of EOMES was cloned. To generate the
5" untranslated region (UTR) of the EOMES-firefly luciferase
reporter construct (pGL3-EOM-5UTR1000), a 1,000 bp 5" UTR
of the human EOMES was amplified by using the following
primers: 5'-AGCGGTACCTTCCTCTCTACAAACCTTTCC-
CACTGGG-3" and 5'-TAACCATGGGCTTTGCAAAGCG-
CAGACGGCAGCTGGCTGC-3" (—1,000/—1 5" UTR of
EOMES; Kpnl and Ncol restriction sites incorporated into sense
and antisense primers, respectively, are underlined) and to
generate the long 5° UTR of the EOMES-firefly luciferase
reporter construct (pGL3-EOM-5UTR4000), a 4,000 bp 5" UTR
of the human EOMES was amplified by using the following
primers: 5'-CAGGGTACCGATAACACGTTTT-
TAGTGGGGGTG-3" and  5-TAACCATGGGCTTTG-
CAAAGCGCAGACGGCAGCTGGCTGC-3' (—4,000/—1-5"
UTR of EOMES; Kpnl and Ncol restriction sites incorporated
into sense and antisense primers, respectively, are underlined).
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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, HNF4w, and PROXT) 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

Fach 5 UTR of the human EOMES was cloned into the 5'-TCCAGCTGACAATC-3'. PCR products were cloned into
promoter region of the pGL3-Basic vector (Promega) using Kpnl the enhancer region of pGL3-EOM-5UTRI1000 using Xbal

and Ncol restriction sites. In addition, the 400 bp region around restriction site.

the HHEX response element (HRE) was amplified by using the

following primers: 5'-CCTGCTAGCGTTCTCTGG- Luciferase Reporter Assays
TACTTTTCAAAATGGTGC-3"  and  5-GAAAACTAG- HeLa cells were transfected with each of the firefly luciferase

TATGCGCCTGTGCAAGGGAATAGAATCAG-3'. The reporter plasmids described above (p5° EOM-Luc or p5° EOM-
400 bp region around the HRE was cloned into the enhancer mut-Luc) or control plasmids, pGL3-Basic vector plasmids
region of each of pGL3-EOM-5UTR1000 and pGL3-EOM- (pControl-Luc), by using Lipofectamine 2000 (Invitrogen)-medi-
5UTR4000 using Xbal restriction site to generate pGL3-EOM-  ated gene transfection according to the manufacturer’s instruc-
5UTR1000 containing the region around the HRE (p5’ EOM- tions. HeLa cells were seeded at a density of 2.0 x 10° cells/well in
Luc) and pGL3-EOM-5UTR4000 containing the region around 24-well tissue culture plates, and cultured for 24 hours before
the HRE (pLong-5" EOM-Luc). transfection. Hella cells were transfected with 333 ng/well of each

To generate pGL3-EOM-5UTR1000 containing the region firefly luciferase reporter plasmids (pControl-Luc, p5* EOM-Luc,
which has a mutated HRE reporter construct (p5’ EOM-mut- or p5 EOM-mut-Luc), 333 ng/well of HHEX expression
Luc), the following base substitutions were introduced into the plasmids (pHMEF5-HHEX [13]) or blank expression plasmids
400 bp region around the HRE: 5'-TCCCAATTAAAATC-3' to  (pHMEF5), and 333 ng/well of internal control plasmids (pCMV-

PLOS ONE | www.plosone.org 3 March 2014 | Volume 9 | Issue 3 | 90791



Functions of HHEX in the Hepatic Specification

A
Exonl Exon Il Exon il ExonVv
Exoniv ExonVi
'
# S—H——— -
:
1] ~\s
1 ~,
1
H
! Exonl
t
+1
B
5" untranslated Luciferase th;;ﬁ%'g“
region of EOMES cassette HRE O pHMEF5 B pHMEF5-HHEX
pControl
-Luc
1,000
p5’ EOM-
Luc
1,000
p5’ EOM-
mut-Lue

relative luciferase activity

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 (pHMEF5-
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 cotrasfected 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 RNA (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 RINAIMAX (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 82 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 ¢ 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 S2 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

4 March 2014 | Volume 9 | Issue 3 | 90791
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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-gPCR 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
HHEX in hepatoblast differentiation, a loss of function assay of
HHEX was performed by using siRNA-mediated HHEX
knockdown. We confirmed the knockdown of HHEX expression
in the hESC-derived DE cells that has been transfected with si-
HHEX (Fig. S1 in File S1). The gene expression levels of
hepatoblast markers in the si-HHEX-transfected cells were
significantly downregulated as compared with those in the si-
control-transfected cells (Fig. 1A). In addition, the percentage of
alpha-fetoprotein (AFP; a hepatoblast marker)-positive cells was
decreased by HHEX knockdown on day 9 (Fig. 1B). These results
suggest that hepatoblast differentiation is prevented by HHEX
knockdown, demonstrating that HHEX plays an important role in
hepatoblast differentiation from DE cells. To characterize the si-
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

PLOS ONE | www.plosone.org

were significantly upregulated by HHEX knockdown, although
those of pancreatic, intestinal, and pluripotent markers were not
changed by HHEX knockdown. Furthermore, the percentage of
DE marker (CXCR4 and EOMES)-positive cells was increased by
HHEX knockdown (Fig. 1D). In addition, the percentage of AFP-
positive cells or EOMES expression level was decreased or
increased, respectively, by HHEX knockdown not only in the
DE cells (day 4) but also in the cells starting to commit to
hepatoblast (day 5-7) (Fig. S2 in File S1). This suggested that
HHEX knockdown inhibits hepatoblast differentiation but does
not simply change the number of the DE cells. These results
suggest that the inhibition of HHEX expression during hepato-
blast differentiation results in an increase of DE cells, but not
pancreatic, intestinal, or undifferentiated cells.

March 2014 | Volume 9 | Issue 3 | €90791
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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, wherecas 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 SOXI7 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 SOXI7 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-gPCR 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 untll 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

March 2014 | Volume 9 | Issue 3 | e90791
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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 HNF4x) 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.0090791.9g005

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. 85 in File 81). To
further mvestigate 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
ATFP-positive cells not only in the DE cells (day 4) but also in the
cells starting to commit to hepatoblast (day 5-7) (Fig. $6 in File
S1). 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

PLOS ONE | www.plosone.org

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
clucidate 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 growth 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 figare 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 nccessary 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 clucidated, and
will need to be resolved in future studics.

Simultancous 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 regulatc 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 HNFla protein
and synergistically upregulate the HNFla 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, HNF4a, 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 S1 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 S2. The
percentage of AFP-positive cells or EOMES expression
level was decreased or increased, respectively, by
HHEX knockdown. (A, B) The hESCs (FH9) 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, 3, 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 cfficiency (A). Also on day 9, the gene expression
levels of EOMES in si-control- or si-HHHEX-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 (n =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,
p5 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 activitics 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 S4. 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 EOMES
in the si-control-transfected cells were taken as 1.0. All data arce
represented as means = SD (n=3). ** p<<0.01. 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 (n=3). ¥p<0.01. Figure
S$6. 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 cclls
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 (n = 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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Plasma Elevation of Vascular Endothelial Growth Factor
Leads to the Reduction of Mouse Hematopoietic and
Mesenchymal Stem/Progenitor Cells in the Bone Marrow

Katsuhisa Tashiro"" Aki Nonaka,'"*" Nobue Hirata, Tomoko Yamaguchi,
Hiroyuki Mizuguchi®>® and Kenji Kawabata'?

Vascular endothelial growth factor (VEGF) is reported to exhibit potent hematopoietic stem/progenitor cell
(HSPC) mobilization activity. However, the detailed mechanisms of HSPC mobilization by VEGF have not
been examined. In this study, we investigated the effect of VEGF on bone marrow (BM) cell and the BM
environment by intravenous injection of VEGF-expressing adenovirus vector (Ad-VEGF) into mice. A colony
assay using peripheral blood cells revealed that plasma elevation of VEGF leads to the mobilization of HSPCs
into the circulation. Granulocyte colony-stimulating factor (G-CSF) is known to mobilize HSPCs by decreasing
CXC chemokine ligand 12 (CXCL12) levels in the BM. However, we found almost no changes in the CXCL12
levels in the BM after Ad-VEGF injection, suggesting that VEGF can alter the BM microenvironment by
different mechanisms from G-CSF. Furthermore, flow cytometric analysis and colony forming unit-fibroblast
assay showed a reduction in the number of mesenchymal progenitor cells (MPCs), which have been reported to
serve as niche cells to support HSPCs, in the BM of Ad-VEGF-injected mice. Adhesion of donor cells to the
recipient BM after transplantation was also impaired in mice injected with Ad-VEGF, suggesting a decrease in
the niche cell number. We also observed a dose-dependent chemoattractive effect of VEGF on primary BM
stromal cells in vitro. These data suggest that VEGF alters the distribution of MPCs in the BM and can also
mobilize MPCs to peripheral tissues. Taken together, our results imply that VEGF-elicited egress of HSPCs
would be mediated, in part, by changing the number of MPCs in the BM.

Introduction

EMATOPOIETIC STEM CELLS (HSCs) sustain blood pro-

duction throughout life. In a steady state, HSCs exist
within the bone marrow (BM) and remain largely quiescent
and self-renew at a low rate to avoid their exhaustion. By
contrast, HSCs can actively proliferate, differentiate into
progenitor cells, or egress from the BM into the circulation in
some situations, such as tissue damage-induced cell death
and increased plasma levels of hematopoietic cytokines, in-
cluding the granulocyte colony-stimulating factor (G-CSF).
These dynamic behaviors of HSCs are controlled by a local
specific microenvironment called niches [1-8]. The non-
hematopoietic cells, such as endosteal osteoblasts and peri-
vascular mesenchymal progenitor cells (MPCs), are reported

to function as niche cells by supplying several HSC main-
tenance factors, including the CXC chemokine ligand 12
(CXCL12). Indeed, previous studies have shown that de-
creased levels of CXCL12 in the BM caused hematopoietic
stem/progenitor cell (HSPC) mobilization, indicating the
pivotal role of CXCL12 signaling in HSPC egress [9,10].
Not only is the vascular endothelial growth factor
(VEGF) a well-known factor in angiogenesis, but it also
plays an important role in the growth and differentiation of
hematopoietic cells. Homozygous or heterozygous deletion
of VEGF in mice leads to early embryonic lethality because
of impaired vascular angiogenesis and hematopoiesis
[11,12]. By conditional deletion of VEGF in hematopoietic
cells, but not in stromal cells, Ferrara and colleagues clearly
showed that VEGF is required for survival and repopulation

!Laboratory of Stem Cell Regulation, National Institute of Biomedical Innovation, Osaka, Japan.
Laboratory of *Biomedical Innovation and *Biochemistry and Molecular Biology, Graduate School of Pharmaceutical Sciences, Osaka

University, Osaka, Japan.

4PS Cell-Based Research Project on Hepatic Toxicity and Metabolism, Graduate School of Pharmaceutical Sciences, Osaka University,

Osaka, Japan.

SLaboratory of Hepatocyte Regulation, National Institute of Biomedical Innovation, Osaka, Japan.
5The Center for Advanced Medical Engineering and Informatics, Osaka University, Osaka, Japan.

*These two authors contributed equally to this work.

2202



REDUCTION OF HSPC AND MPC IN THE BM BY VEGF

of adult HSCs [13]. Furthermore, VEGF has been shown to
be an essential factor for HSC niche formation through
endochondral ossification [14]. These observations clearly
demonstrate that VEGF exerts physiological actions on
hematopoietic systems through both cell-autonomous and
-nonautonomous mechanisms.

In addition to the functions described above, VEGF also
has a potent HSPC mobilization capacity [15], although the
mechanisms of VEGF-induced HSPC mobilization have not
been addressed in detail. In the current study, we investi-
gated the effect of VEGF on the BM cell mobilization and
BM environment after the intravenous injection of VEGF-
expressing adenovirus (Ad) vector (Ad-VEGF) into mice.
The results showed that VEGF overexpression in mice could
fead to a reduction of not only the HPSC number, but also
the MPC number in the BM. We also observed an enhanced
chemoattractive activity of BM stromal cells by VEGF. Our
data suggest that the plasma elevation of VEGF in mice
alters the distribution of MPCs in the BM, and this might
cause HSPC egress from the BM.

Materials and Methods
Ad vectors

Ad vectors were constructed by an improved in vitro
ligation method [16,17]. The mouse VEGF;45 cDNA and
human G-CSF c¢cDNA were obtained from pBLAST49-
mVEGF and pORF9-hGCSFb, respectively (Invivogen).
Each ¢DNA was cloned into a multicloning site of
pHMCMV10 [18,19], which contains the cytomegalovi-
rus (CMV) promoter/enhancer and intron A sequence
flanked by the I-Ceul and PI-Scel sites, thereby resulting
in pHMCMVIO-VEGF and pHMCMVI10-G-CSF.
pHMCMV10-VEGF and pHMCMV10-G-CSF were di-
gested with I-Ceul/PI-Scel and ligated into I-Ceul/
PI-Scel-digested pAdHM41-K7 (C) [20], resulting in
pAd-VEGF and pAd-G-CSF, respectively. To generate
the virus, Ad vector plasmids were digested with Pacl and
purified by phenol-chloroform extraction and ethanol
precipitation. Linearized DNAs were transfected into 293
cells with SuperFect (Qiagen) according to the manu-
facturer’s instructions. The viruses were amplified in 293
cells. Before virus purification, the cell lysates were

centrifuged to remove cell debris and were digested for -

30 min at 37°C with 200 pg/mL DNase I and 200 pg/mL
RNase A in the presence of 10mM MgCl,. Viruses were
purified by CsCl, step gradient ultracentrifugation fol-
lowed by CsCl, linear gradient ultracentrifugation. The
purified viruses were dialyzed against a solution con-
taining 10 mM Tris-HCI (pH 7.5), 1 mM MgCl,, and 10%
glycerol and were stored at —80°C. The control vector,
Ad-Null, is similar in design, except that it contains no
transgene in the expression cassette. The biological titers
[infectious unit (ifu)] of Ad-VEGF, Ad-G-CSF, and Ad-
Null were determined by using an Adeno-X Rapid Titer
kit (Clontech).

Administration of Ad vectors in mice

C57BL/6j female mice aged 7-9 weeks were obtained
from Nippon SLC, and all animals were maintained under
specific pathogen-free conditions. Each Ad vector was in-
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travenously injected into C57BL/6j mice at 1x10° ifu
through the tail vein. All experiments were conducted ac-
cording to the institutional ethics guidelines for animal ex-
perimentation of the National Institute of Biomedical
Innovation.

Cell preparation

Blood and BM were harvested from mice using standard
methods on day 5 after injection of Ad vector into mice, and
the number of nucleated cells in these tissues was then
counted using a Nuclecounter (Chemometec). To collect the
nonhematopoietic cells from the femur and tibia, the bone
fragments were minced with scissors, and were then incu-
bated at 37°C with a type I collagenase (3 mg/mL; Wor-
thington) in the Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS) for 90 min
[21]. The cells were filtered with a cell strainer to remove
debris and bone fragments, and suspended in a staining
buffer [phosphate buffer saline (PBS)/2% FBS]. These cell
suspensions were kept on ice for further analysis.

Flow cytometry

The following antibodies (Abs), conjugated with fluores-
cein isothiocyanate (FITC), phycoerythrin (PE), allophyco-
cyanin (APC), or PECy7, were used for flow cytometric
analysis and cell sorting: biotinylated lineage cocktail [CD3
(145-2C11), B220 (RA3-6B2), Gr-1 (RB6-8C5), CDl11b
(M1/70), Ter119 (Ter-119)], c-Kit-APC (2B8), Sca-1-PECy7
(D7), Ter119-FITC (Ter-119), CD45-FITC (30-F11), CD11b-
FITC (M1/70), Gr-1-PE (RB6-8C5), CD31-FITC (390),
CD31-APC (390), CD51-PE (RMV-7), PDGFRa-APC
(APA-5), Fit-1-PE (141522), FIk1-PE (Avasl2al), and Al-
cam-PE. For detection of biotinylated Abs, PerCP-Cy5.5- or
FITC-conjugated streptavidin was used. Abs were purchased
from e-Bioscience, BD Bioscience, Biolegend, and R&D
Systems. Cells were incubated with primary Abs at 4°C for
30 min and washed twice with PBS/2% FBS. After staining,
cells were analyzed and isolated by flow cytometry on an
LSR II and FACSAria flow cytometer, respectively, using
FACSDiva software (BD Bioscience).

Enzyme linked immunosorbent assay

Blood samples were collected through the inferior vena
cava on day 5 after Ad vector injection, and transferred to
polypropylene tubes containing heparin. Plasma was har-
vested by centrifugation. The BM supernatant was obtained
by flushing a femur with 500 pL. of PBS, followed by cen-
trifugation at 500g for Smin. The levels of VEGF and
CXCL12 in the plasma and BM supernatant were measured
using a commercial ELISA kit (R&D Systems) following
the manufacturer’s instructions.

Reverse transcription-polymerase chain
reaction analysis

CD45-negative(™) Ter119™ nonhematopoietic cells in the
BM were sorted from mice injected with Ad-VEGF or Ad-
Null, and total RNA was then extracted using ISOGEN
(Nippon Gene). cDNA was synthesized from DNase I-treated
total RNA with a Superscript VILO c¢cDNA synthesis kit



2204

(Invitrogen), and quantitative real-time reverse transcription-
polymerase chain reaction was performed using the Fast
SYBR Green Master Mix with an ABI StepOne Plus system
(Applied Biosystems). Relative quantification was performed
against a standard curve and the values were normalized
against the input determined for the housekeeping gene,
glyceraldehyde 3-phosphate dehydrogenase. The sequences
of the primers used in this study are listed in Table 1.

Colony assay

BM cells (2 x 10* cells) and peripheral blood cells (2 x 10°
cells) were plated in the Methocult M3434 medium
(StemCell Technologies, Inc.). Cultures were plated in du-
plicate and placed in a humidified chamber with 5% CO, at
37°C for 10 days. The number of individual colonies was
counted by microscopy. The colony number was normalized
to the total number of the nucleated cells.

Colony forming unit-fibroblast assay

BM-derived CD45Ter119™ cells were added to the Me-
senCult MSC Basal Medium, including supplements (Stem
Cell Technologies, Inc.), and then plated on a six-well plate
at 1x 10° cells per well. Cells were cultured for 14 days and
stromal cell colonies (fibroblast-like colonies: >50 cells)
derived from colony forming unit-fibroblasts (CFU-Fs) were
stained with the Giemsa solution (Wako) after fixation with
methanol. The colony number was counted by microscopy.

Cell migration assay

BM-derived stromal cells, including MPCs, were tested
for migration toward VEGF using 8-pum pore-sized cell
culture inserts (BD Falcon). Stromal cells (I1x10° cells)
resuspended in 200 pL of DMEM/2% FBS were added to
the upper chamber, and 750 pL. of DMEM/2% FBS con-
taining recombinant mouse VEGF (10 or 100ng/mL; Pe-
protech) was added to the bottom chamber. After 6h of
incubation at 37°C, the upper side of the filters was carefully
washed with PBS, and cells remaining on the upper face of
the filters were removed with a cotton wool swab. The filters
were fixed with 100% methanol and stained with the Giemsa
solution. Cells migrating into the lower compartment were
counted manually in three random microscopic fields
(x200).

Homing assay

Mice were administrated with Ad-Null or Ad-VEGF at
1x 10 ifu. Five days later, BM cells (1107 cells) derived
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from green fluorescent protein (GFP)-expressing transgenic
mice [22] were intravenously transplanted into Ad-Null- or
Ad-VEGF-injected mice. At 16h after BM transplantation,
the percentage of GFP-expressing donor cells in the BM was
determined by flow cytometry.

Results

Effect of systemic VEGF overexpression on the
distribution of myeloid cells and HSPCs in mice

To evaluate the effect of VEGF on the mobilization of
hematopoietic cells, we generated a VEGF-expressing Ad
vector, Ad-VEGF, because plasma VEGF levels were rap-
idly decreased with a ¢, of ~25min after intravenous in-
jection of recombinant VEGF [23]. Single intravenous
injection of Ad-VEGFE (1x 10 ifu) into mice led to a sig-
nificant elevation of VEGF levels in plasma on day 5
compared with Ad-Null-injected mice (control mice) (Fig.
Ia). On the other hand, unexpectedly, BM VEGF levels in
the Ad-VEGF-injected mice were almost equivalent to those
in the Ad-Null-injected mice (Fig. 1b). There were no signs
of toxicity in mice treated with Ad-VEGF and Ad-Null at
this dose (1x10” ifu). To investigate whether the hemato-
poietic cells could be mobilized from the BM into the cir-
culation after injection of Ad-VEGF, we examined the
number of total nucleated cells, myeloid cells (Gr-
17CD11b* cells), and HSPCs [c-Kit*Sca-1*Lineage™
(KSL) cells or CFU-granulocyte, erythroid, macrophage,
megakaryocyte/CFU-Mix] in the peripheral blood. Com-
pared with Ad-Null-injected mice, Ad-VEGF-injected mice
showed an increased number of total nucleated cells and
myeloid cells in the peripheral blood (Fig. lc, d). We found
that the number of multipotent hematopoietic progenitor
cells, CFU-GEMM/CFU-Mix, in the blood of Ad-VEGF-
injected mice was four times as great as that of Ad-Null-
injected mice (Fig. le). Importantly, in Ad-VEGF-injected
mice, the number of KSL cells in the blood was also in-
creased (Fig. 1f). These results indicate that hematopoietic
cells, including immature hematopoietic cells with colony-
forming potentials, would be mobilized from the BM fol-
lowing systemic Ad-VEGF administration.

An increased number of mobilized cells in VEGF-treated
mice were reported previously [15], but little is known about
the effect of VEGF on BM cells during the mobilization
period. Thus, we next investigated the number of total BM
cells, myeloid cells, and HSPCs. In contrast to the peripheral
blood, the number of total hematopoietic cells, myeloid
cells, and CFU-Mix was significantly decreased (Fig. 2a—c).
It is of note that the VEGF overexpression in mice resulted

TABLE 1. PRIMER SEQUENCES USED IN THIS STUDY

Gene name (5') Sense primers (3')

(5’) Antisense primers (3')

Gapdh TTCACCACCATGGAGAAGAAGGC GGCATGGACTGTGGTCATGA

Cdh2 CAAGAGCTTGTCAGAATCAGG CATTTGGATCATCCGCATC

Veam-1 GACCTGTTCCAGCGAGGGTCTA CTTCCATCCTCATAGCAATTAAGGTG
Angptl CTCGTCAGACATTCATCATCCAG CACCTTCTTTTAGTGCAAAGGCT
Thpo GGCCATGCTTCTTGCAGTG AGTCGGCTGTGAAGGAGGT

Gapdh, glyceraldehyde 3-phosphate dehydrogenase; c¢dh2, N-cadherin; Vcam-1, vascular cell adhesion molecule-1; Angptl, angiopoietin-1;

Thpo, thrombopoietin.
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FIG. 1. Effect of vascular endothelial growth factor (VEGF) on the number of myeloid cells and hematopoietic stem/
progenitor cells (HSPCs) in peripheral blood. (a, b) Mice were intravenously injected with adenovirus (Ad)-Null (Null) or
Ad-VEGF (VEGF). Five days later, the concentration of plasma (a) and bone marrow (BM) (b) VEGF levels was
determined by enzyme linked immunosorbent assay (ELISA). Data are expressed as mean * standard deviation (SD) (n=4).
(¢) The number of total peripheral blood mononuclear cells (PBMCs) was counted on day 5 after administration of each Ad
vector. (d) The percentage of Gr-1"CD11b™ myeloid cells was determined by flow cytometric analysis, and the absolute
number was then normalized to the total PBMC number. Data are expressed as mean*SD (n=4). (e) The number of colony
forming unit (CFU)- -Mix/CFU-granulocyte, erythroid, macrophage, megakaryocyte (GEMM) a multipotent hematopoietic
progenitor cells, in PBMCs was determined by a standard colonlr assay. The colony number was normalized to the total
PBMC number. (f) A 1ep1esentat1ve analysis of the c-Kit™ Sca-1 " Lineage ~ (KSL) subset in the blood is shown (leff). The
proportion of cKit™Sca-17 cells in the lineage-negative (Lin™~) population is indicated in the dot blot. The number of KSL
cells in the blood was normalized to the total cell number (right). Data are expressed as mean*SD (n=4). *P<0.05,
*#P <(.01 as compared with Null.
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in the reduction in both the frequency and the absolute
number of KSL cells in BM (Fig. 2d). Thus, these data
suggest that VEGF exerts a physiological effect on the
various types of cells within the BM.

Unchanged level of CXCL12 after
VEGF overexpression

To examine the mechanisms of BM cell mobilization by
VEGF treatment, we analyzed the expression levels of genes
associated with HSC maintenance in the BM [N-cadherin
(cdh2), vascular cell adhesion molecule-1 (Vcam-1),
angiopoietin-1 (Angptl), and thrombopoietin (Thpo)]. The
expression levels of these genes in BM nonhematopoietic
cells were modestly downregulated after Ad-VEGF injec-
tion (Fig. 3a). We next measured the CXCLI12 levels in
Ad-VEGF-injected mice. Chemokine CXCL12 is an in-
dispensable factor for the maintenance and retention of
HSPCs in the BM [5,24]. Previous studies showed that
the BM CXCLI12 levels were reduced by the injection of
mobilization-inducing factors, such as G-CSF and stem cell
factor (SCF) [10,25]. We also found that the CXCL12 levels
were markedly reduced in the BM, but not the plasma, of
Ad-G-CSF-injected mice (Fig. 3b). However, there was al-
most no difference in the BM CXCL12 levels between Ad-
VEGF-injected mice and Ad-Null-injected mice (Fig. 3b).
Therefore, these data indicate that VEGF would alter the
BM microenvironment, probably by a different mechanism
from other mobilization factors.

Reduction of MPCs in the BM
after Ad-VEGF injection

Recent studies have demonstrated that MPCs play a pivotal
role in HSPC maintenance in the BM [4,6-8]. Therefore, we
examined the disposition of MPCs in the BM after Ad-VEGF
administration. Flow cytometric analysis of the enzymatically
dissociated BM cells revealed that Ad-VEGF overexpression
led to a significant reduction of CD45Ter119CD31
Alcam ™~ Sca-1" cells, which are reported to be MPCs [21,26]
(Fig. 4a). In addition, the percentage of other MPC popula-
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tions, such as CD45  Ter119”PDGFRa.* Sca-1" cells [27]
and CD45 Lineage CD317CD51%Sca-1" cells [28], in the
BM of Ad-VEGF-injected mice was also lower than those of
Ad-Null-injected mice (Fig. 4b, ¢). These data clearly showed
the decreased number of phenotypically identified MPCs in
the BM after injection of Ad-VEGF.

Next, to investigate whether functional MPCs in the BM
were reduced in Ad-VEGF-injected mice, we performed a
CFU-F assay and homing assay. Consistent with the above
data, we observed decreased CFU-F numbers in the BM in
Ad-VEGF-injected mice (Fig. 4d). For homing studies, Ad-
Null- or Ad-VEGF-injected mice were used as the recipient
mice. Donor BM cells derived from GFP transgenic mice
were intravenously injected into nonirradiated recipient mice,
and the frequency of GFP-expressing cells in the recipient
BM was then estimated by flow cytometry. The results
showed that the homing activity of GFP-expressing cells was
partially inhibited in Ad-VEGF-treated recipient mice (Fig.
4e). Thus, the decreased homing efficiency of donor HSPCs
in Ad-VEGF-injected mice suggests the decreased number of
niche cells in the BM. Taken together, our findings indicate
that overexpression of VEGF in mice leads to a reduction of
phenotypic and functional MPCs in the BM.

VEGF stimulates the migration of MPCs

We next examined the mechanisms of the reduction of
MPCs in the BM after VEGF overexpression. In vitro-
expanded primary mouse BM stromal cells (mBMSCs),
including MPCs, showed slight expression of Flt-1
(VEGFR1), but not Flk-1 (VEGFR2), on the cellular sur-
face (Fig. 5a). We speculated that MPCs might egress from
the BM in response to the plasma level of VEGF, because
there was almost no change in the BM VEGEF levels in Ad-
VEGF-injected mice (Fig. 1b). We performed an in vitro
migration assay and found a dose-dependent chemoat-
tractive effect of VEGF on mBMSCs (Fig. 5b), suggesting
the possibility that a decreased number of BM MPCs in Ad-
VEGF-injected mice would result from the mobilization of
MPC:s to the peripheral tissue in response to an elevation of
plasma VEGF.
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FIG. 4. The number of mesenchymal progenitor cells (MPCs) in the BM is decreased following Ad-VEGF injection. (a—
¢) After BM stromal cells were collected from bone by treatment with collagenase, the proportion of MPC populations
[CD45 Ter119°CD31~ Alcam ™ Sca-1* MPCs (a), CD45 Ter119”™ PDGFRa™ (Pa™) Sca-1* MPCs (b), or Lin CD45~
CD317CD51%Sca-1" MPCs (¢)] in the BM was determined by flow cytometry. Data are expressed as mean+SD (n=35).
(d) A colony-forming unit-fibroblast (CFU-F) assay was performed using CD45 Ter119~ BM cells. The number of CFU-
Fs was counted using a microscope after staining with the Giemsa solution. Data are expressed as mean=SD (n=23). (e)
Homing assay. After injection of Ad-Null or Ad-VEGF into mice, green fluorescent protein (GFP) transgenic mice-derived
BM cells (donor cells) were transplanted into Ad vector-administrated mice. The percentage of donor cells (GFP-expressing
cells) in the BM of Ad-Null- or Ad-VEGF-injected mice was analyzed by flow cytometry at 16h after BM transplantation.
The percentage of donor cells in the BM is indicated in the dot blot. Data are expressed as mean®SD (n=35). *P<0.05 as
compared with Null.

Discussion mal cells [4] and CXCL12-abundant reticular cells [5]. It is
of note that deletion of MPCs led to the increased number of

Recent studies have clearly reported that the HSPC HSPCs in the spleen, demonstrating the mobilization of
numbers in the BM are significantly decreased by condi- HSPCs from BM to peripheral tissues [4]. Therefore,
tional deletion of MPCs, including nestin-expressing stro- maintenance and retention of HSPCs in the BM would
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FIG. 5. VEGEF enhances the migration capacity of MPCs. BM-derived stromal cells were collected and propagated in a
tissue culture dish. (a) Expression levels of VEGF receptors, VEGFR1 (leff) and VEGFR2 (right), in the cells was
determined by flow cytometry. Staining profiles of specific mAb (dotted lines) and an isotype-matched control mAb (gray
area) are shown. (b) BM stromal cells were exposed to various doses of recombinant VEGEF. Cells that had migrated toward
the VEGF (lower chamber) by passing through a membrane filter were counted by microscopy after staining with the
Giemsa solution. Data are expressed as mean+SD (n=3).
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considerably be dependent on the number of MPCs [4,5]. In
the present study, we examined the effect of VEGF on the
disposition of BM HSPCs and MPCs in mice. Our main
finding was that VEGF overexpression in mice resulted in a
reduction of not only HSPCs but also MPCs in the BM. We
also found that VEGF could promote the migration of
mBMSCs in vitro. The data described here suggest that, as
in the case of HSPCs, MPCs would also be mobilized to the
peripheral tissues in response to an clevation of plasma
VEGEF levels, and a reduced number of BM MPCs by VEGF
would lead to HSPC egress from the BM, because MPCs
would function as niche cells in the BM.

It is well known that BM CXCL12 levels are down-
regulated following G-CSF administration and thereby in-
duce an egress of HSPCs [25,29]. Christopher et al.
previously showed the reduced BM CXCLI2 levels after
administration of other mobilization factors, such as SCF
and Flt3-ligand [10]. In addition to their mobilization-
inducing effects, these factors also impact the number of
stem and progenitor cells in the BM. For instance, it has
been reported that the number of HSPCs and MPCs in the
BM was significantly increased after G-CSF administration
[30,31]. Unlike in the case of G-CSF and other mobilization
factors, however, VEGF had almost no effect on BM
CXCL12 levels (Fig. 3b). Furthermore, systemic VEGF
expression resulted in a significant reduction in the number
of HSPCs (KSL cells and CFU-Mix) in the BM (Fig. 2).
The number of MPCs in the BM was also reduced in Ad-
VEGF-injected mice (Fig. 4). Therefore, these data strongly
indicate that VEGF would induce HSPC mobilization by
altering the BM environment through different mechanisms
from G-CSF. Notably, a recent study showed that HSPCs
could be mobilized from the BM into the circulation by ad-
ministration of a prostagrandin E, (PGE,) inhibitor, and this
effect was independent of CXCL12-CXCR4 signaling [32]. A
nucleotide sugar, uridine diphosphate (UDP)-glucose, has
also been shown to mobilize subsets of HSPCs functionally
distinct from those mobilized by G-CSF, suggesting that
UDP-glucose-induced HSPC mobilization would be medi-
ated, at least in part, by different mechanisms from G-CSF
[33]. Thus, it would be of interest to examine whether VEGF
could influence the levels of BM PGE, and/or plasma UDP
glacose.

The expression levels of HSC maintenance genes (Cdh2,
Veam-1, Angptl, and Thpo) in BM nonhematopoietic cells
were decreased in Ad-VEGF-injected mice (Fig. 3a). This
would be due to the reduction in the number of MPCs in the
BM after Ad-VEGEF injection (Fig. 4). However, we have no
idea why BM CXCL12 levels were not changed in Ad-
VEGF-injected mice, because MPCs abundantly produce
CXCL12 [7,8]. A detailed investigation would be required to
clarify the regulation of CXCL12 expression in niche cells,
including MPCs, endosteal osteoblasts, and endothelial cells.

We observed enhanced in vitro migration activities of
mBMSCs by VEGF, suggesting the possibility that MPCs in
the BM would be mobilized to the peripheral tissue in re-
sponse to the plasma VEGF concentration. However, at
present, we did not detect the CFU-F in the blood in Ad-
VEGF-injected mice (data not shown). MPCs are known to
be rare cells even in the BM, representing ~1 in 10,000-
100,000 total nucleated cells [34], and it is therefore pos-
sible that the frequency of MPCs in the blood was too low to
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detect under our experimental conditions. Alternatively, it is
also possible that VEGF overexpression in mice might lead
to the homing of MPCs to organs, such as the liver, because
transgene expression in the liver was extremely high fol-
lowing systemic Ad vector injection [35]. Therefore, it
might be necessary to investigate whether or not the fre-
quency and the number of MPCs are changed in tissues or
organs other than the peripheral blood.

Recently, Liu et al. showed that MPCs could be mobilized
to the peripheral tissue when rats were exposed to hypoxic
conditions, and this hypoxia-induced MPC mobilization was
caused by the elevation of plasma CXCLI12 levels and BM
VEGF levels [36]. Under our conditions, however, plasma
CXCL12 levels and the BM VEGF levels in Ad-VEGF-
injected mice were almost equal to those in Ad-Null-injected
mice (Figs. 1b and 3b), suggesting that the mechanisms of
decreased number of BM MPCs in Ad-VEGF-injected mice
would be different from those of hypoxia-induced MPC
mobilization.

Consistent with previous reports [15], we confirmed the
HSPC mobilization from BM into the circulation by VEGF
overexpression using an Ad vector system (Fig. 1). On the
other hand, a previous report showed that administration of
a recombinant VEGF protein into mice failed to induce the
HSPC mobilization [37]. In our Ad vector systems, plasma
VEGEF levels were maintained at 400-600 ng/mL on day 3-5
after single intravenous injection. Although we do not know
the VEGF levels in the plasma under their experimental
protocols, plasma VEGF levels might not be sufficient for
HSPC egress from the BM, because exogenous VEGF levels
in the plasma were rapidly decreased after administration of
a recombinant VEGF protein [23]. Therefore, this difference
would be partly due to the difference in the plasma VEGF
levels, and we concluded that an Ad vector system would be
an appropriate one to estimate the in vivo physiological
action of VEGF.

In summary, our results showed that plasma VEGF levels
could regulate the distribution of BM HSPCs and MPCs,
probably by a mechanism distinct from that of other mo-
bilization factors, and we suggest that a reduction in the
number of MPCs in the BM would be one of the mecha-
nisms involved in VEGF-induced HSPC mobilization. Al-
though further investigation of the BM environment will be
needed to uncover the VEGF-mediated HSPC mobilization,
our findings obtained in this study provide a novel insight
into the mechanisms of HSPC mobilization and would be
helpful in the development of new clinical mobilizing
agents.
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® EC stimulation induces large and long-lasting hyperpolarizing signals in the La.
® This hyperpolarization is analyzed by VSD imaging spatially and temporally.
* We identify an inhibitory pathway toward the La via the m-ITC.
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The lateral amygdala nucleus (La) is known as a gateway for emotional learning that interfaces sensory
inputs from the cortex and the thalamus. In the La, inhibitory GABAergic inputs control the strength
of sensory inputs and interfere with the initial step of the acquisition of fear memory. In the present
study, we investigated the spatial and temporal patterns of the inhibitory responses in mouse La using
voltage-sensitive dye imaging. Stimulating the external capsule (EC) induced large and long-lasting
hyperpolarizing signals in the La. We focused on these hyperpolarizing signals, revealing the origins
of the inhibitory inputs by means of surgical cuts on the possible afferent pathways with four pat-
terns. Isolating the medial branch of EC (ECmed), but not the lateral branch of EC (EClat), from the La
strongly suppressed the induction of the hyperpolarization. Interestingly, isolating the ECmed from the
caudate putamen did not suppress the hyperpolarization, while the surgical cut of the ECmed fiber tract
moderately suppressed it. Glutamatergic antagonists completely suppressed the hyperpolarizing signals
induced by the stimulation of EC. When directly stimulating the dorsal, middle or ventral part of the
ECmed fiber tract in the presence of glutamatergic antagonists, only the stimulation in the middle part
of the ECmed caused hyperpolarization. These data indicate that the GABAergic neurons in the medial
intercalated cluster (m-ITC), which receive glutamatergic excitatory input from the ECmed fiber tract,
send inhibitory afferents to the La. This pathway might have inhibitory effects on the acquisition of fear

memory.
© 2015 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecomumons.org/licenses/by-nc-nd/4.0/).
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1. Introduction gateway for emotional learning that interfaces sensory inputs from

the cortex and the thalamus | 14]. Inhibitory circuits are known to

The amygdala is an important brain structure for emotional
behavior and learning {13]. Fear conditioning is a widely-used
experimental model to examine emotional and learning processing
in animal brains. The lateral amygdala nucleus (La) is known as a
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control the amygdala’s functions, such as acquisition, expression,
and extinction of conditioned fear [6,21,22]. Inhibitory inputs to
the La control the strength of sensory inputs and interfere with
the initial step of the acquisition of fear memory. Two groups of
GABAergic neurons in the amygdala are known: local interneurons
that are scattered within the local neuropil {17}, and intercalated
cells organized in clusters (intercalated clusters) surrounding the
amygdala complex [15,16,18,20,23,24]. Although inhibitory inputs
to the individual principal neurons in the amygdala have been ana-
lyzed electrophysiologically [4,26,31,37,38], how sensory inputs

This is an open access article under the CC BY-NC-ND license
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induce inhibitory responses in the La, and how inhibitory responses
propagate in the La, are still unclear because of the technical limi-
tations of patch clamp recording.

Opticalimaging techniques overcome these limitations to inves-
tigating propagations in a wide range of neuronal interactions, and
have been applied in the study of excitatory circuits of several brain
regions {7,9,11,12,29,23,34]. In this study, using optical imaging
techniques, we investigate neuronal activities in the La, focusing
particularly on inhibitory responses. To identify the origins of the
inhibitory inputs, we perform various patterns of knife-cut opera-
tions of the possible afferent pathways evoking hyperpolarization
in the La. In addition, we investigate the effects of glutamatergic
antagonists on the inhibitory responses in the La, and show an
inhibitory pathway from the medial intercalated cluster (m-ITC)
to the La.

2. Materials and methods
2.1. Slice preparation and staining procedure

The experimental protocol was reviewed and approved by the
National Institute of Health Sciences (NIHS) in Japan, following the
guidelines in the National Research Council’s ‘Guide for the Care
and Use of Laboratory Animals’. All experiments were approved by
the NIHS' ethics committee. Male mice (C57BL/6], 7-22 weeks old,
Japan SLC, Inc., Japan) were deeply anesthetized with halothane
and quickly decapitated. Coronal slices containing the amygdala
complex (400 um) were prepared using a vibrating microtome
(Campden Instruments Ltd., Loughborough, UK)in ice-cold artificial
cerebrospinal fluid (ACSF). The ACSF was composed of the follow-
ing (inmM): 119 Na(l, 2.5 KCl, 1.3 MgS0y, 2.5 CaCly, 1.0 NaH;PO,4,
26.2 NaHCO3, and 11.0 glucose; this was oxygenated with a mix-
ture gas of 95% Oy and 5% CO, (pH 7.4). The slices were immediately
soaked in the oxygenated ACSF containing a voltage-sensitive dye
(VSD), di-4-ANEPPS (50 wM, Invitrogen Molecular Probes Inc., Ore-
gon, USA) for 105, and then transferred to a filter that absorbed the
staining solution and subsequently to another filter that absorbed
the normal ACSF for at least an hour before the experiment.

2.2. Experimental apparatus for VSD imaging

An epi-illumination macro zoom fluorescence microscopy
(MVX-10 MacroView, Olympus, Japan), a LED light source
with a 530 nm center wavelength (LEX2-Green, Brainvision Inc.,
Tokyo, Japan), a dichroic mirror (560 nm), an emission filter (BP
575-625nm), and a CMOS imaging device (MiCAM ULTIMA-L,
Brainvision Inc., Tokyo) were used for VSD imaging.

The decrease and increase in the fluorescent intensity from the
preparation corresponded to the membrane depolarization and
hyperpolarization, respectively. Each data acquisition consisted of
1024 images of consecutive frames (1.0 ms/frame). A coaxial needle
electrode (TF203-047, Unique Medical Co. Ltd., Tokyo, Japan) was
placed on the external capsule (EC). Electrical stimuli with 200-p.s
duration at various intensities from 15 to 90 pA were delivered at
the 100th frame of each acquisition. To analyze the effects of deaf-
ferentation on the induction of the hyperpolarization, the stimulus

intensity was adjusted to make the peak value of depolarization

equal before and after the surgical cut. Methods to calculate opti-
cal signals and present images were described in previous papers
[11,29,32].

2.3. Surgical cuts of afferent connections to the La
Afterrecording the optical signals at various stimulation intensi-

ties, we performed knife-cut operations on the pathways assumed
to be involved in the induction of the hyperpolarization in the La.

Four afferent pathways to the La were cut under the macro scope
observation, as follows: the La was isolated by the longitudinal cut
from: (i) the lateral branch of the EC, (ii) the medial branch of the EC
and (iii) the CPu, and by (iv) the transverse cut of ECmed at the dor-
sal part. For the sham operations, the slices remained intact but the
same procedure was carried out. After the surgical cuts, the slices
were stored in the recovery chamber at room temperature (at least
1h).

2.4, Excitation and inhibition values

Images from the 251st-300th frames were stacked and aver-
aged to determine regions of interest (ROIs), which were circles of
8 pixels in diameter. Two ROIs were defined for each experiment.
One of the ROIs had the maximal hyperpolarization value in the
center spot. The other was adjacent to the first, which had an ade-
quately large hyperpolarization value within the region. For the
after-operation analysis, the ROIs were centered on the spots that
had the same distances from the position of the stimulating elec-
trode and the EC as the before-operation analysis. The averaged
optical signals of the two ROIs were used as representative data.

The excitation (E) value was determined as the largest value
among all the values from the first to the 15th frame after electrical
stimulation. The inhibition (J) value was determined by averag-
ing 50 frames, from the 251st frame to the 300th frame after the
electrical stimulation.

2.5. Statistical analysis

We defined the operation index (O1) as follows: Ol = [I/E]./{I/E]p,
where a: after the operation, b: before the operation. The data were
presented as mean % standard error of the mean (SEM). Normality
ofthe data was tested with the Shapiro-Wilk test, and subsequently
one-way ANOVA followed by Dunnett’s post-hoc test was carried
out, In the pharmacological experiments, inhibition value was sta-
tistically analyzed using a paired t-test.

3. Results
3.1. Optical signal propagation after the EC stimulation

The anatomical nomenclatures related to our experiments are
shown in Fig. 1A. Each white fiber bundle in the amygdala slice
preparation was observed through the macro zoom microscope;
thus, the ramifying point of the EC was identified. The La, BLA, and
CeA of the amygdala complex were identified in the fluorescent
image recorded by the system (Fig. 1B). In Fig. 1C, a typical example
of the optical signal propagation is shown in pseudo-color repre-
sentation. The depolarization started at the stimulation point and
spread over the La within 3 ms after the stimulation (0-3 ms). It
became stronger in the La and spread over the other regions, the
BLA, CPuy, and CeA (4-7 ms). Then the depolarization at the dorsal
area of the La faded, while growing stronger in the other regions
(8-11 ms). Following depolarization, a weak hyperpolarization was
first observed in the La; the depolarization remained in the other
regions, although it was weakened (12-15ms). The hyperpolar-
ization grew stronger, and the depolarization in the other regions
gradually disappeared (16-19 ms). The hyperpolarization in the La
lasted about 600-650 ms (the middle wave in Fig. 1B). The maximal
value of the hyperpolarization was observed around 255 ms after
the stimulation.

After the hyperpolarization started in the La at the area along
the dorsal part of the ECmed (16-19ms), it spread out in the La
during the next 100 ms (20-119 ms), then it spread over the BLA
and a narrow part of the CPu along the dorsal part of the ECmed



