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Fig.2. Gene expression levels -
of histone tail-associated proteins Brgi
in the undifferentiated and the
differentiated embryonic stem
(ES) cells. D3-ES cells were
cultured for 120 h in the absence
(-) and presence (+) of 0.5 um
retinoic acid (RA). RNA was
extracted from both states of cells
for semiquantitative reverse
transcription—-polymerase chain
reaction (RT-PCR) to measure
the expression levels of the
indicated 20 genes. GAPDH
(glyceraldehyde 3-phosphate
dehydrogenase) gene was used
as an internal control gene. The
Roman numerals | to IV represent
categories of nuclear proteins:
I, chromatin remodeling proteins;
II, histone chaperones; lll, histone
modification-related proteins; and
IV, others. The experiments were
independently carried out twice
and similar results were obtained.
A result of the two experiments is P66
presented here. Similar results were
also obtained from the experiment
with CMT-1-ES cells
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and which preserve their original pluripotency in that
they can be used for germ-line transmission when
used according to the manufacturer's instructions
(Cell & Molecular Technologies, New Jersey, NJ,
USA), and D3-ES cells (ATCC, Manassas, VA, USA).
These two types of ES cell are of the same origin
(129/SV strain). We used CMT-1-ES cells for short-term
culture experiments (up to 2 days; Figs 1 and 4A) in
the presence of fetal bovine serum (FBS). D3-ES cells
were used for long-term culture experiments (3-5 days,
Figs 2 and 3), in which ES cells were characterized
in terms of undifferentiated (RA-untreated) and dif-
ferentiated (RA-treated) states. These cells were also
used in experiments, in which the effect of NPM3 on
the undifferentiated ES cells was examined in a long-
term culture (3 days, Fig.5). CMT-1-ES cells were
cultured in high glucose Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% FBS
and 1000 IU/mL LIF provided by Cell & Molecular
Technologies on 0.1% gelatin-coated dishes. D3-ES
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cells were cultured on 0.1% gelatin-coated dishes in
Glasgow's MEM (GMEM) supplemented with 10%
KnockOut serum replacement (Invitrogen, Carlsbad,
CA, USA), 1 x nonessential amino acids (Invitrogen),
1mm sodium pyruvate, 0.1 mm fB-mercaptoethanol
(Sigma, St. Louis, MO, USA), 1000 IU/mL ESGRO
(Invitrogen), and 1 um ACTH (American Peptide Com-
pany, Sunnyvale, CA, USA; Ogawa et al. 2004). We
confirmed that both types of ES cells showed similar
characteristics in their expression profiles of mRNA and
proteins, and the effects of RA on their expression
(data not shown). Thus, ES cells are described simply
as ES cells without referring to the original name of
the cell lines (CMT-1 or D3) unless specified. Both types
of ES cells were at 11 passages when purchased.
ES cells were maintained without feeder cells and
were used within four passage numbers. To obtain
differentiated ES cells, D3-ES cells were cultured for
up to 120 h in the presence of 0.5 um RA (Sigma), under
which ES cells are known to differentiate into neural
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Fig. 3. Expression levels of nucleoplasmin 3 (NPM3) mRNA
and protein during retinoic acid (RA)-induced differentiation. (A)
mRNA expression. D3-ES cells were treated with 0.5 um RA for
up to 120 h and total RNA was isolated at the indicated time
points for semiquantitative reverse transcription-polymerase
chain reaction (RT-PCR) to estimate mRNA levels of NPM3,
OCT4, and Mash1. GAPDH gene was used as an internal control
gene. Similar results were also obtained from the experiment
with CMT-1 cells. (B) Protein expression. D3-ES cells were
cultured for 120 h in the absence (-) and presence (+) of 0.5 pum
RA. Whole cell lysates were prepared for Western blotting of
NPM3 and OCT4, and Lamin B1 as an internal control. Similar
results were obtained from the experiment with CMT-1-ES cells.

precursor cells (Lee et al. 1994). LIF was removed from
the culture media when cells were treated with RA.

Protein extraction and pull-down assay

Nuclear extracts of ES cells were obtained using a
Nuclear Extraction Kit (Active Motif, Carlsbad CA, USA)
according to the supplier's protocol. The 21-amino
acid residue-long peptides (1-21 aa) starting from
the N-terminus of the tail domain of histone H3 and
H4 were purchased from Upstate (Charlottesville, MA,
USA), which were, biotinylated at the C-terminus. The
peptides, 20 ug each, were incubated for 12 h at 4°C
with 50 pL streptavidin-agarose beads included in a
Pro-bound biotinylated pull-down kit (Pierce, Rockford,
IL, USA). Nuclear extracts were dialyzed against
phosphate-buffered saline (PBS) containing a complete
ethylenediaminetetraacetic acid (EDTA)-free protease
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Fig.4. Specificity of nucleoplasmin 3 (NPM3) binding to
histone tails. (A) NPM3 binding to the tail domains of core
histones.-Upper panel. Nuclear extracts of CMT-1-ES cells were
incubated with the beads bearing each of the tail peptides of
histone H3 and H4. The proteins bound to the beads were
subjected to Western blotting for NPM3. Lower panel. /n vitro
synthesized NPM3 was incubated with the beads bearing each
of the tail peptides of H2A, H2B, H3, and H4. The proteins
bound to the beads were processed as in the upper panel.
‘Input’ represents a Western blot of NPM3 in which the same
amount of NPM3 as in the binding experiments was directly
loaded on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gels without incubation with
beads. ‘Mock' represents samples incubated with streptavidin-
agarose beads that did not bind the tail peptides. The
arrowhead at the right side of the gel points to NPM3 bands.
The positions of the molecular mass (22.0 kDa) of NPM3 in kDa
are indicated at the left side of the panel. (B) Binding of NPM3
with histone H2A, H2B, H3, and H4. Four types of histone each
were incubated with anti-Flag M2 agarose beads on which in
vitro synthesized Flag/NPM3 had been immobilized. The bound
histones were separated by 4-12% gradient SDS-PAGE gels
and visualized by CBB R-250. ‘Mock’ represents each histone
incubated with anti-Flag M2 agarose beads that did not bind
NPM3. ‘Histone' indicates each calf thymus histone as loading
markers. The asterisk at the right side of the gel points to
immunoglobulin G (IgG) light chain bands that originated from
anti-Flag 1gG. The white and black arrowheads at the right side
indicate the locations of histones H3 and H4, respectively. The
positions of molecular mass markers in kDa are indicated at
the left side of the panel. The graphs in A and B represent the
results of one of the two independent experiments, which each
showed similar results to the other.

inhibitor cocktail (Roche, Basel, Switzerland) for 12 h
at 4°C and diluted with PBS to a final protein concen-
tration of 1 mg/mL. The extracts, 500 uL. each, were
incubated with the peptide-linked streptavidin beads
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Fig.5. Enhanced proliferation of nucleoplasmin 3 (NPM3)-
overexpressing embryonic stem (ES) cells. D3-ES cells were
transfected with each of pEGFP-1, pEGFP-N3, and pEGFP-N3/
NPM3. (A) Western blot analysis of enhanced green fluorescent
protein (EGFP)/NPM3 in transfected ES cells. Cell lysates were

for 12 h at 4°C. After washing with Tris-buffered saline
(TBS), the beads were eluted by glycine-buffer (pH 3.0).
The eluates were concentrated using a Biomax MW
5000 column (Millipore, Billerica, MA, USA), separated
by 4-12% gradient NuPAGE (Invitrogen), and were
visualized by Coomassie Brilliant Blue (CBB) R-250.
CBB R-250 stained bands were cut off and trypsinized
by in-gel digestion, and then the proteins were iden-
tified by mass spectrometry according to Yamagata
et al. (2002).

RT-PCR analysis

Total RNA was extracted from ES cells by an RNeasy
mini kit with DNase [-treatment (Qiagen, Valencia, CA,
USA) and used to synthesize cDNAs using random
hexamers using a Thermoscript kit (Invitrogen). The
cDNAs were subjected to semiquantitative reverse
transcription—-polymerase chain reaction (RT-PCR)
analysis using AmpliTag Gold (Applied Biosystems,
Foster City, CA, USA) with the gene-specific primers
listed in Table 1. PCR products underwent electro-
phoresis on 1.5% agarose gels and were visualized
by ethidium bromide. The band corresponding to the
products of NPM3 gene was quantified using Image
J (National Institutes of Health, Bethesda, MD, USA).

Construction of expression vectors and their
transfection into ES cells

Fusion cDNA consisting of Flag-tag and the full-length
of mouse NPM3 (Flag/INPM3) was amplified by PCR
using KOD-Plus-Taq polymerase (TOYOBO, Osaka,

prepared from the transfected cells and subjected to Western
blot analysis with anti-GFP antisera and with anti-OCT4
antibodies for checking the equal loading. The upper closed
and lower open arrowhead at the right side point to the positions
corresponding to the molecular masses of EGFP/NPM3 and
EGFP proteins, respectively. The positions of molecular mass
markers in kDa are indicated at the left side of the panel.
(B) Localization of EGFP/NPM3 in ES cells. The transfected ES
cells were subjected to immunocytochemistry using anti-GFP
antibodies (a, ¢, e) and to Hoechst 33342 nuclear staining
(b, d, f). EGFP/NPM3 proteins were localized in nucleoli
(arrowheads in e), whereas EGFP protein was diffused in
cytoplasm. The inset in e a magnified photo of a region including
the cells indicated by arrowheads. Bar, 20 um (C) Proliferation of
the transfected cells. ES cells, 2 x 10* cells each, were placed
in 96-well plates and transfected with pEGFP-1, pEGFP-N3,
and pEGFP-N3/NPM3. The ES cells were allowed to proliferate
for 3 days post-transfection and processed for 3-(4, 5-
dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT)
assay. Student's ttest was used for statistical analysis for
PEGFP-N3 vs. pEGFP-N3/NPM3. *P < 0.01. The experiments of
A through C were independently carried out three times, and
each showed similar results to the others. The graphs in A and
B represent the results of the three experiments
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Table 1. List of primers used in reverse transcription-polymerase chain reaction

Gene Primers Expected product size (bp)

M2 S: 5"-TGCTGCAACCACCCTTAICTC-3' 360
AS: 5-AGTGGCCAGATTGATCCCAAG-3”

HDAC S: 5-GGCTGGCAAAGGCAAGTACTA-3' 302
AS: 5-TTTCGTAAGTCCAGCAGCGAG-3’

RbAp48 S: 5-AGGAGAAGTGAACAGGGCCC-3" 352
AS: 5-AGACTCGTGGAGCAGATGCC-3

Mbd3 S 5-GATGAATAAGAGTCGCCAGCG-3” 351
AS: 5-AGGGTGCTGGTGTGTAGAGCA-3’

pBba S: 5-CACCCTTGAACCTGACCTAACG-3’ 358
AS: 5-GCTTTTCAAGAGCGCCTCAGT-3

Brg1 S: 5-CATCGCGCTCATCACATACCT-3 393
AS: 5-TCCGGTAGCTTGTTCTGCAG T-3

Baf155 S 5-AAGGTGATCCAAGTCGCTCAG 361
AS: 5-ATTGCCATGGGTCGACTCTCT-3

ARID1A S: 5-CAGATCAGAGGGCCAACCAT-3’ 433
AS: 5-CCGGACTTGAGGGACATCAT-3

Baf53a S 5-CAAGGCATTGTGAAATCCCC-3’ 362
AS: 5-CTTCAGGAATTTTCAGCCGC-3”

NPM1 S 5-TGGTCTTACGGTTGAAGTGTGG-3' 380
AS: 5-CTCTTGACCCTTTGATCTCGGT-3

DEK oncogene S 5-CGTGAACAGCGAACTCGTGA-3 368
AS: 5-TCTTGGTGGTACTGCTGTCTGC-3"

SET translation S 5-CATTCTGACGCAGGTGCTGAT-3 381
AS: 5-AGACCTCAAAACAGGGCGACT-3

LSDA 8. 5-GGTTCAGGTGTTTCTGGCTTG-3 403
AS: 5-GCAGCTGAATGACAACCTCCA-3”

Wdr5 S, 5-CTGCCTG TAATAGTACCCAGCGT-3" 359
AS: &-GTTCTTCCTCTCCAACACTCAGC-3’

RuvB like 1 S: 5-TGTGACCTTGCATGACCTGG-3" 302
AS: 5-TGACACAGTTGCCTCGGTTG-3’

Pendulin S: 5-GCTCCAAGCTACTCAAGCTGCT-3 351
AS: 5-AACAGTGGGTCAATCGCACC-3’

MSH6 S: 5-GGGCTAAGATGGAAGGTTACCC-3 351
AS: 5-AAGCCTCATGCACCTCTGTCTC-3"

ERH S: 5-GATGAATCCCAACAGCCCTTC-3" 359
AS: 5-ACGGTGGCTTCAGAGTGACAA-3

G7a S: 5-ACCTATGACCTCCCTACCCCA-3’ 303
AS: 5-TGGGTTCCATAGGGTGGTCTC-3’

NPM3 S: 5-AACATGCTGTGCCTTACCGAG-3" 302
AS: 5-GGAAGGATGCCACACAGCTTA-3

OCT4 S: 5-CTGAGGGCCAGGCAGGAGCACGAG-3” 485
AS: 5-CTGTAGGGAGGGCTTCGGGCACTT-3’

Gapdh 3. 5-GCACAGTCAAGGCCGAGAAT-3’ 355
AS: 5-GGTCATGAGCCCTTCCACAA-3’

Mash1 S 5-GGCTCAACTTCAGCGGCTTC-3' 350

AS: 5-GTTGGTAAAGTCCAGCAGCTC-3’

Vector construction

Primer

Seqguence

NPM3-Flag-sense
NPM3-Flag-antisense
NPM3-Flag-antisense2
EGFP/NPM3-sense
EGFP/NPM3-antisense

5-CGCGGATCCGCGCGGGGCGCTCACGGCCGT-
5-GTCCTTGTAATCGCCGCCAGGCCTGCCCCTGTGCTT-3"
5-CTAGTCTAGACTACTTGTCATCGTCGTCCTTGTAATCGCCGCC-3
5-CGGAATTCCGGGGCGCTCACGGCCGTTTC-3

5-CGGGATCCAGGCCTGCCCCTGTGCTTCTT-3

AS, antisense primers; S, sense primers.
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Japan) and primer sets for Flag-tagged NPM3 (Flag/
NPM3} described in Table 1. The PCR products were
subcloned into the Xbal/BamH | sites in pDH105
vector (Hsu et al. 1998), which yielded pDH105-Flag/
NPM3. Fusion cDNA consisting of enhanced green
fluorescent protein (EGFP) and the full length of
mouse NPM3 (EGFP/NPM3) was similarly amplified
using EGFP/NPM3 primers described in Table 1. The
products were subcloned into the EcoR I/BamH | sites
in CMV (cytomegarovirus) minimum promoter-driven
pEGFP-N3 vectors (Clontech, Palo Alto, CA, USA).

Embryonic stem cells (2x 10° cells) in six-well
plate were transfected for 24 h with promoter-less
pEGFP-1 (Clontech), pEGFP-N3, or pEGFP-N3/NPM3
using Lipofectamine 2000 (Invitrogen). The ES cells
were further cultured for 72 h and were harvested for
analysis. Proliferation activity of the transfected cells
was measured by 3-(4, 5-dimethylthiazolyl-2)-2, 5-
diphenyltetrazolium bromide (MTT) assay using a
Cell Counting Kit-8 (DOJINDO, Kumamoto, Japan) as
changes of the optical density (OD) at the absorption
wavelength of 450 nm against 650 nm.

Histone tail- and histone-binding assay for NPM3

The binding activity of NPM3 to histone tails was
examined as follows. Mouse Fiag/NPM3 was synthe-
sized in vitro using a TNT SP6 Coupled Wheat Germ
Extract System (Promega, Madison, Wi, USA) and
pDH105-Flag/NPM3. Biotinylated tail domain peptides
of histone H2A (1-21 aa), H2B (1-22 aa), H3 (1-21 aa),
and H4 (1-21 aa) were purchased from Upstate and
20 ug each were incubated with 50 pul streptavidin-
agarose beads included in a Pro-bound biotinylated
pull-down kit (Pierce) for 12 h at 4°C to obtain histone
tail peplide-linked streptavidin beads. The streptavidin-
agarose beads were incubated with biotin blocking
buffer included in a Pierce's kit in control (mock control)
experiments. Flag/NPM3 was diluted with TBS
containing a complete EDTA-free protease inhibitor
cocktail (Roche), 500 pL of which was incubated with
the histone tail peptide-linked streptavidin beads for
12 h at 4°C. After being washed with TBS, the beads
were treated with 2 x lithium dodecyl sulfate (LDS)
sample buffer (Invitrogen) to elute the bound proteins.
The eluates were subjected to Western blot analysis.

The binding activity of NPM3 to histones was
examined as follows. Calf thymus histone H2A, H28,
H3, and H4 were purchased from Roche. Mouse
Flag/NPM3 was diluted with TBS containing the
Complete EDTA-free protease inhibitor cocklail (Roche),
500 uL of which was concurrently incubated with
10 ug of each of the histones and anti-Flag M2
agarose beads (Sigma) for 12 h at 4°C (‘anti-Flag M2'

represents the antibodies that generally recognize
Flag-tag linked to proteins). The beads were washed
with TBS three times and boiled with 50 ul. 2 x LDS
sample buffer (Invitrogen). The supernatants containing
the bead-bound proteins were separated by 4-12%
gradient NUPAGE (Invitrogen), and were stained with
CBB R-250.

Western blot analysis for binding of NPM3 to histone
tail, histone, and ES cell-lysate

Anti-mouse NPM3 rabbit antiserum was produced
with synthetic C-terminal 12-amino acid residue-long
peptides of NPM3. We veritied the immunao-reactivity
and immuno-specificity of the anti-NPM3 antiserum
by Western blot analysis using in vitro synthesized
NPM3 and other non-related proteins as antigens {data
not shown). Western blot analysis for NPM3 binding
was carried out using this antiserum on samples
obtained from histone tail- and histone-binding
experiments, and NPM3 gene-transfected ES cell
lysates. Samples of the histone tail- and histone-
binding experiments described above were separated
by 4-12% gradient NuPAGE. NPM3 gene-transfected
ES cells (2 x 10° cells) were directly lyzed in 1 x LDS
sample buffer and were separated by 10% NuPAGE.
These gels were transferred onto iBlot nitrocellulose
membranes (Invitrogen). After blocking with 5% non-
fat skim milk in TBS containing Tween 20 (TBST) for
1h, the membranes were incubated with antirabbit
NPM3 antiserum {1:1000 diluted), antirabbit GFP
antisera (1:5000; Molecular Probes, Eugene, OR,
USA), antirabbit OCT4 antibodies (1:1000; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) for 1 h at 37°C
or overnight at 4°C. After being washed with TBST
three times, the membranes were incubated with
horseradish peroxidase-conjugated antirabbit igG
(1:1000; GE Healthcare, Buckinghamshire, UK) or
horseradish peroxidase-conjugated antimouse [gG
(1:1000; Vecter Laboratory, Burlingame, CA, USA) for
1 h at 37°C. Signals were detected with ECL Western
blotting detection reagents (GE Healthcare).

Immunocytochemistry

The transfected cells were fixed with 4% paraformal-
dehyde in PBS for 15 min at room temperature, and
were permeabilized with 0.25% Triton X-100 in PBS
for 10 min at room temperature. Plates were blocked
in 5% BSA in PBS for 1h at room temperature, and
were then incubated with 1:750 diluted antimouse
GFP antibodies (Chemicon, Temecula, CA, USA)
overnight at 4°C. After being washed with PBST, the
cells were incubated with 1:1000 diluted antimouse
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IgG Alexa 488 (Molecular Probes) for 1 h at 37°C,
washed with PBST, and were treated with Hoechest
33342 (Molecular Probes) for 10 min at room temper-
ature for nuclear staining.

Resulis
Identification of histone tail-associated proteins

Nuclear extracts were prepared from ES cells and
subjected to the pull-down assay using synthesized
histone H3 and H4 tail peptides as baits. The proteins
bound to baits were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (Fig. 1). Although the overall banding patterns
were similar between the two baits, more proteins
were bound to the H4 tail. Thus, in the following
study, we focused on the H4 tail-associated proteins.
Thirty-six bands were clearly discernible on the H4
tail gel and separable from each other, and were thus
selected for identification by mass spectrometry. Five
bands failed to produce meaningful mass spectra for
sequencing. Altogether, we were able to identify 45
proteins from these bands. Twelve bands (numbers
3, 4,7, 14, 15,16, 19, 23, 25, 26, 28, and 31) com-
prised greater than two proteins (Table 2). These
proteins were grouped into four categories, chromatin
remodeling proteins, histone chaperones, histone
modification-related proteins, and others (Table 2).
Approximately a quarter of the proteins identified (10
proteins) were components of either of the two chromatin
remodeling proteins, BAF (Brahma Associated Factor)
complex (Wang et al. 1996a, b) that is known to act
as a transcriptional activator (Carlson & Laurent
1994) or NuRD (nucleosomal remodeling and histone
deacetylase) complex that acts as a transcriptional
repressor (Zhang et al. 1999). There were five and
two histone chaperones and histone modification-
related proteins, respectively. The remaining 28 proteins
were categorized as ‘others’.

mMARNA expressions of histone tail-associated proteins
in undifferentiated and differentiated ES cells

In order to determine the biological significance of
the histone tail-associated proteins, we compared
mRNA expression levels of these proteins between
undifferentiated (RA-untreated controls) and differen-
tiated ES cells (RA-treated cells). For this purpose
we selected 20 proteins from the above 45 proteins
listed in Table 1: the nine chromatin remodeling
proteins, the four histone chaperones, the two histone
modification-related proteins, and the five from the
other 28 proteins. ‘Similar to BAF57’ protein (number

© 2008 The Authors

16) in the chromatin remodeling proteins was not
examined because of its uncertainty as a BAF
member. Nucleolin (C23) (numbers 8-10) in the histone
chaperones was omitted because of its ubiquitous
expression in a variety of replicating cells (Tuteja &
Tuteja 1998). The 24 proteins classified as ‘others’
were not examined because of their multifunctional
or ‘house-keeping’ nature. The expression level of
OCT4 and Mash1 were also determined as markers of
undifferentiated and differentiated cells, respectively.
Figure 2 shows mRNA expression levels of these 20
genes estimated by semiquantitative RT-PCR. The
control ES cells expressed OCT4 at a higher level than
the RA-treated cells as expected. The RA-treated ES
cells, but not the untreated cells, expressed mRNA
of Mash1, indicating that RA-treatment caused the
cells to differentiate into neuronal progenitor cells as
reported previously (Lee efal. 1994). Most of the
genes were expressed at similar levels in both states
of ES cells, or at higher levels in the RA-treated cells.
However, NPM3 gene (protein 32 in Table 2) was
exceptional: the expression level of the NPM3 gene
was significantly (approximately 2.4-fold) higher in
the undifferentiated ES cells than the differentiated
cells relative to expression of a housekeeping gene
(GAPDH) whose expression was similar in both
control and RA-treated cells. The experiments to
compare mRNA expression levels between the two
types of ES cells were carried out twice and the
same results were reproducibly obtained. Similar
results were also obtained from the experiment with
CMT-1-ES cells. Therefore, we concluded that NPM3
is a histone H4 tail-binding protein in ES cells and
is associated with their undifferentiated state.

Expression of NPM3 mRNA and protein in ES cells
during RA-induced differentiation

The above results (Fig. 2) suggested that expression
of NPM3 is associated with the ‘stemness’ of ES cells
and led us to further characterize the expression and
biological role of this gene during RA-induced
differentiation. ES cells were cultured for up to 120 h in
the presence of 0.5 um RA and the expression level
of NPM3 was determined by semiquantitative RT-
PCR together with the expression level of OCT4 and
Mash1 gene as in Figure 2 (Fig. 3A). The expression
profile of the NPM3 gene was similar to the OCT4
gene, which decreased during RA treatment, but
different from that of the Mash1 gene, which was
upregulated by RA at 72 h post-treatment, the expres-
sion level of which increased continuously thereafter.
The NPM3 gene was expressed at a significant level
up to 48 h post-treatment, started to decrease at 72 h,
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and continued to decrease thereafter. The expression
level of NPM3 protein together with that of OCT4
protein in both control and RA-treated cells was
estimated by Western blotting on whole cell lysates
(Fig. 3B). As expected, ES cells in the undifferentiated
state, but not in the differentiated state, showed robust
expression of NPM3 and OCT4 protein.

Histone binding activity of NPM3

To characterize binding specificity of NPM3 protein
toward the tail domain of core histones, we carried
out two types of in vitro binding experiments using
nuclear extracts of ES cells as a source of the native
NPM3 (Fig. 4A, upper panel) and in vitro synthesized
Flag/NPM3 (Fig. 4A, lower panel). The baits were the
tail peptides of histone H3 and H4, and those of
histone H2A, H2B, H3, and H4 in the former and the
latter binding experiments, respectively. Native NPM3
in the nuclear extracts showed a much higher affinity
to the H4 tail peptide than the H3 tail peptide, which
supported the previous result (Fig. 1). The in vitro
synthesized NPM3 also had a high affinity to the
H4 tail.

To examine the influence of other domains of
histone molecules on the binding of NPM3 to the tail
domain, we estimated its binding to whole histone
molecules. The histone molecules tested for binding
were H2A, H2B, H3, and H4. Flag/NPM3 was incubated
with anti-Flag M2 agarose beads and each of the
histones. The bead-bound histones were separated
by SDS-PAGE (Fig. 4B). No signals of bound histone
were observed for histone H2A or H2B. Interestingly,
not only histone H4, but also H3 bound to the
immobilized NPM3, although the tail domain of H3
alone did not show or showed very little binding
activity for the protein (Fig. 4A).

Overexpression of NPM3 gene in ES cells

In order to discover the biological significance of the
binding of NPM3 to histone H4 and likely to H3, we
investigated the effect of NPM3 overexpression on
ES cells. ES cells were transfected with pEGFP-N3/
NPM3, together with pEGFP-1 and pEGFP-N3, both
as control genes, and were allowed to proliferate for
3 days. Observation via a fluorescence microscopy
indicated that the transfection efficiency was about
70%. The expression of the fusion protein, EGFP/
NPM3, was verified by Western blot analysis with
anti-GFP antisera (Fig. 5A). Overexpression seemed
not to affect the pluripotent nature of ES cells,
because NPM3-overexpressing ES cells expressed
OCT4 (Fig. 5A) and Nanog (data not shown), both

pluripotent marker proteins, at levels similar to those
observed in control cells. Immunocytochemistry for
EGFP/NPM3 showed that NPM3 was distributed in
both nucleoli and nuclei (Figs 5B.e and its inset) as
reported previously (Huang et al. 2005). NPM3 was
more concentrated in nucleoli than in nuclei.

NPM1 belongs to the same family as NPM3 and is
involved in the regulation of proliferation of mouse
ES cells and hematopoielic stem cells (Li et al. 2006:
Wang et al. 2006). Therefore, we compared the pro-
liferation rate among the three types of transfected
cells by MTT assay (Fig. 5C). The rate of proliferation
of NPM3-overexpressing ES cells was significantly
increased by about 1.5-fold over both of the control
transfectants (P < 0.01). This increase was confirmed
by direct cell counting at a level of P<0.05 (data
not shown).

Discussion

Nuclear properties and chromatin structures of ES
cells have received intensive scrutiny (Meshorer &
Misteli 2006; Meshorer et al. 2006). Microarray (Kelly
& Rizzino 2000; Ramalho-Santos etal. 2002) and
proteomic analyses are comprehensive and powerful
approaches to characterize and further understand
self-renewal and pluripotency of ES cells at the gene
and protein levels (Guo et al. 2001; Kurisaki et al. 2005;
Nagano ef al. 2005; Wang & Gao 2005; Baharvand
etal. 2006; Stanton & Bakre 2007). Our pull-down
assay was made on the nuclear proteins of ES cells
using synthetic peptides of histone tail domain as
baits, because the histone tail domain is considered
to play critical roles in the biological functions of his-
tones, not least because histones incorporate target
sites for active biochemical modifications that pro-
foundly affect their function. It should be noted that
the used baits were synthetic unmodified (‘bare’)
histone tail peptides. The synthetic tails are likely not
to receive such modifications, because cofactors
necessary for enzymatic modifications of histone such
as acetyl-CoA might be lost during preparation. Despite
this limitation, we were able to isolate the histone
binding proteins that included more than 10 previously
reported proteins as histone binding proteins.
Histone H3 and H4 tail peptides showed similar
binding profiles toward nuclear proteins. However,
the histone H3 tail bait demonstrated a lower binding
affinity to most of the proteins relative to the histone
H4 tail bait, although the reason for this difference
was not elucidated and will require further study.
Forty-five proteins were identified as candidates
that associate with the histone H4 tail and these
were grouped into four broad categories: chromatin
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remodeling proteins, histone chaperones, histane
modification-related proteins, and others. it is noteworthy
that members of the two chromatin remodeling
complexes, BAF (Wang efal. 1996a, b) and NuRD
complex (Zhang et al. 1999) were among the most
abundant proteins identified. RbAp48 and p66a of
them were reported to directly associate with histone
H4 (Verreault et al. 1998; Brackertz et al. 2006). The
present study suggests that these chromatin remodel-
ing proteins are significant for differentiation rather
than maintenance of pluripotency of ES cells because
they were upregulated in the RA-treated ES cells.
Five proteins were identified as histone chaperones
including NPM3, which is a member of the NPM
family (Macarthur & Shackleford 1997, Shackleford
et al. 2001, Frehlick et al. 2007). Histone chaperone
directly regulates the chromatin structures (Adkins &
Tyler 2004; Tamada et al. 2006; Frehlick et al. 2007).
For example, HIRA, a chaperone of histone H3.3,
regulates the binding of histone H3.3 with chromatin
in mouse ES cells (Meshorer ef al. 2006). Histone H3
and H3.3 are thought to be in a dynamic state as to
the binding to chromatin in HIRA-knockout ES cells:
they are in either an unbound or a more loosely
bound state compared with the wild-type cells. This
dynamic state of the chromatin structure might be
responsible for the observed accelerated differenti-
ation to neurons of the knockout cells. The histone
chaperones identified in the present study might be
responsible for maintaining the chromatin structures
unique to ES cells. It should be noted that NPM3 has
not been characterized as a histone H4 tail-binding
protein and only this protein was highly expressed
in undifferentiated ES cells among the identified
proteins in the present study.

Together with NPM1 and NPM2, NPM3 belongs to
the NPM family that has important roles in cellular
processes such as chromatin remodeling, genome
stability, ribosome biogenesis, DNA duplication and
transcriptional regulation (Philpott et al. 1991; Savkur
& Olson 1998; Okuda 2002; Grisendi etal 2005;
Huang et al. 2005; Tamada et al. 2006; Liu et al
2007a, b). NPM1 rapidly increases its expression in
response to mitogenic stimuli and is highly expressed
in tumor and growing cells (Chan et al. 1989; Nozawa
et al 1996; Grisendi et al. 2008). NPM1 preferentially
binds to histone H3 and mediates the nucleosome
assembly (Okuwaki et al. 2001, Swaminathan et al.
2005). NPM2 also binds to histone H2A and H2B, and
mediates chromatin assembly of sperms (Dilworth
atal 1987 Philpott et al. 1991, Tamada et al. 2006).
The least amount of data are available for NPM3,
which is the most recently identified as a NPM3 family
member.

© 2008 The Authors

Nucleoplasmin 3 was originally identified among
the genes activated by mouse tumor virus proviral
insertions (Kuriki et al. 2000). In human tissues, NPM3
was ubiquitously expressed, preferentially in the
pancreas and the testis (Shackleford & Macarthur
2001). It was reported that an antisense cligonucleotide
of NPM3 blocks the decondensation of sperm
chromatin in fertilized mouse eggs (Mclay & Clarke
2003). Our results demonstrate that NPM3 is capable
of binding to the histone H4 tail domain. mRNA and
proteins of NPM3 were expressed in the undifferen-
tiated ES cells at higher levels than in the differentiated
ES cells. We consider that NPM3 may be a key
molecule responsible for maintaining chromatin
structures unique to ES cells. NPM3 showed a lower
affinity to the H3 tail domain compared with the H4
tail domain under the conditions used in our binding
experiments. However, there was no such significant
difference in the affinity to NPM3 when tested using
the whole histone H3 and H4 molecules. Therefore,
it is likely that NPM3 binds to domains of histone H3
other than the tail, or other domains are required for
the NPM3 binding to the tail domain.

Nucleoplasmin 3 has been implicated in ribosome
biogenesis, which is involved in cell proliferation
(Huang et al. 2005). Thus, it is plausible that NPM3
stimulates proliferation of ES cells through regulating
chromatin structure of the rRNA gene. This possibility
appears to be consistent with the nucleolar distribution
of NPM3 as suggested by Huang et al. (2005). There
is still another possibility about the mechanism of
stimulation of ES cells by NPM3. NPM1 stimulates
the proliferation of mouse ES cells (Wang et al.
2006). In addition, it has been reported that NPM3
directly interacts with NPM1 (Huang et al. 2005). Our
preliminary experiments also showed that NPM3
forms a complex with NPM1 in mouse ES cell lysates
(data not shown). Therefore, it is most likely that
NPM3 regulates the ES cell proliferation through
interaction with NPM1 and possibly with other cell
cycle regulators.

As a preliminary study, we made NPM3 gene
knock-down experiments with mouse ES cells under
conditions that had been commonly used in the gene
knock-down study with ES cells. However, these
trials were unsuccessful. Instead, we successfully
knocked-down NPM3 genes in P19 cells, a mouse
embryonal carcinoma cell line. These downregulated
cells showed no alterations of phenotypes as to pro-
liferation and expressions of Nanog and OCT4 genes.
Thus, it is strongly suggested that other protein(s)
will compensate NPM3 as its role in proliferation of
ES cells if NPM3 gene knock-down ES cells would
be successfully generated.
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Summary

Cell-based therapies using isolated hepatocytes have been pro-
posed to be an attractive application in the treatment of hae-
mophilia B due to the normal production of coagulation factor
IX (FIX) in these particular cells. Current cell culture technol-
ogies have largely failed to provide adequate isolated hepato-
cytes, so the present studies were designed to examine a new
approach to efficiently proliferate hepatocytes that can retain
normal biological function, including the ability to synthesize co-
agulation factors like FIX. Canine or human primary hepatocytes
were transplanted into urokinase-type plasminogen activator-
severe combined immunodeficiency (uUPA/SCID) transgenic
mice. Both donor hepatocytes from canines and humans were
found to progressively proliferate in the recipient mouse livers

Keywords
Haemophilia A/B,haemophilia therapy, coagulation factors, hepa-
tology

as evidenced by a sharp increase in the circulating blood levels of
species-specific albumin, which was correlated with the produc-
tion and release of canine and human FIX antigen levels into the
plasma. Histological examination confirmed that the trans-
planted canine and human hepatocytes were able to proliferate
and occupy >80% of the host livers. In addition, the transplanted
hepatocytes demonstrated strong cytoplasmic staining for
human FIX,and the secreted coagulation factor IX was found to
be haemostatically competent using specific procoagulant as-
says. In all, the results from the present study indicated that de-
velopments based on this technology could provide sufficient
FIX-producing hepatocytes for cell-based therapy for hae-
mophilia B.

Thromb Haemost 2008; 99: 883-891

Introduction

Haemophilia B is a rare X-chromosome-linked recessive bleed-
ing disorder, caused by a failure in the production of functional
coagulation factor [X (FIX), and this disease affects ~1 in 30,000
males (1, 2). The main clinical manifestation of this disease is
similar to haemophilia A (factor VIII deficiency), and under sc-
vere conditions the affected patient can be found to have unpre-
dictable, recurrent, spontancous bleeding in various areas, in-
cluding soft tissues, major joints and occasionally in internal or-
gans. In these circumstances, the onset and progression of

chronic hacmoarthropathy leads to a marked disruption in the
physical and social aspects of the affected patients. Standard
treatment for haemophilia B is either on-demand or prophylactic
therapy with plasma-derived or recombinant human FIX con-
centrates. This type of treatment requires frequent intravenous
infusion, which can be a potential biohazard from blood-borne
viral infections to the patient if the infusate is derived from a het-
erogeneous population of human blood. Inaddition, the high cost
of commercial concentrates and the life-long requirement for re-
placement therapy can have a significant impact on economic re-
sources. In an attempt to resolve these difficulties, longer acting
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and safer therapeutic strategies have been investigated. For
example, gene therapy using viral vectors has been extensively
studied in the past decade (3), and although therapeutic and long-
term efficacy has been demonstrated in animal models (4-12),
clinical trials have not conclusively shown long-term therapeutic
benefit (13, 14). It seems likely, therefore, that alternate thera-
peutic options will need to be developed.

Recent clinical success with liver transplantation in hae-
mophilia has encouraged further investigation into cell-based
therapies (15-17). In haemophilia B patients, elevations in bio-
logically active FIX levels from <1.0% to >1.0%, can alter the
phenotype from severe to moderate resulting in a marked im-
provement in the symptomology and quality of life (1). Coagu-
lation FIX is synthesized in hepatocytes (18), and so cell-based
therapies using isolated hepatocytes could provide therapeutic
potential. Hepatocytes also produce other coagulation factors,
such as factors VII and VIIT (19-24), and it may be that this type
of treatment could have broader applications to not only hae-
mophlia B, but other coagulation deficiencies. Recently, we have
adopted several approaches to bioengineer functional liver tissue
in vivo (25-30). We have demonstrated that isolated hepatocytes
transplanted under the kidney capsule in haemophilia A mice
produced therapeutic plasma FVIIT activity and corrected the
phenotypic defect (28). Dhawan et al. (31) also recently de-
scribed the therapeutic benefits of hepatocyte transplantation in
congenital factor VII deficiency, and the relative technical sim-
plicity of cell-based therapy may offer a significant and tech-
nological advantage.

One of the major hurdles in establishing this type of therapy is
the limited availability of biologically functional hepatocytes. At
present, the number of donor livers remains severely restricted
and even if they are available, these livers are frequently of mar-
ginal quality (32). Current procedures for the culture of primary
hepatocytes do not appear to support extensive cell proliferation
(33), so methods to circumvent this problem have recently been
studied, but their role to treat haemophilia were not examined.
[solated hepatocytes were genetically modified via transfection
with an immortalizing gene, such as simian virus 40 large T
antigen, to promote long-term survival (34), but FIX gene ex-
pression and production was not investigated. Although the gen-
etic manipulation of hepatocytes can be achieved following iso-
lation in vitro, this type of approach to promote hepatocyte prolif-
eration is not a trivial matter in vivo. Towards this end, methods to
provide proliferative stimuli has been studied in vivo, such as a re-
duction in existing liver mass, or alternatively in a condition
where there is likely to be a selective advantage for transplanted
cells to proliferate (26, 28). Due to these limitations, we investi-
gated a different method to isolate and proliferate hepatocytes
that can retain the hepatic machinery to sustain the synthesis of
coagulation factors, such as FIX. In the present study, we studied
whether transplantation of canine or human primary hepatocytes
into urokinase-type plasminogen activator-severe combined im-
munodeficiency (uPA/SCID) transgenic mice could enhance the
production of coagulation factor IX. The uPA/SCID mouse has
been previously shown to have hepatic parenchymal cell damage,
which results in the continuous release of regenerative stimuli
(35). so we believed that the hepatic environment may be more
conducive to the engraftment of in virro isolated hepatocytes. The

functionality of the transplanted hepatocytes was assessed in
terms of FIX mRNA and protein production and biological activ-
ity as a means to treat haemophilia B.

Materials and methods

Animals

Normal beagles were purchased from Oriental BioService, Inc.
(Kyoto, Japan). C57BL/6 mice were purchased from Jackson
Laboratory (Bar Harbor, ME, USA). uPA/SCID mice were gen-
erated at Hiroshima Prefectural Institute of Industrial Science
and Technology (Higashihiroshima, Hiroshima, Japan) as de-
scribed previously (35). Genotyping for the presence of the uPA
transgene in the SCID mice was confirmed by polymerase chain
reaction (PCR) assay of isolated genomic DNA as described pre-
viously (35, 36). Experimental protocols were developed in ac-
cordance with the guidelines of the local animal committees lo-
cated at both Hiroshima Prefectural Institute of Industrial
Science and Technology and Nara Medical University.

Hepatocyte isolation

Caninc hepatocytes were 1solated from livers (~100 g piece) har-
vested from two normal beagles (Dog 1: 7-year-old male and
Dog 2: I-year-old female) by a two-step perfusion method using
0.05% collagenase (Collagenase SI, Nitta Gelatin, Osaka,
Japan) as described previously (25, 27). Cells were then filtered
and hepatocytes were separated from non-parenchymal cells by
sequential low speed centrifugation at 50 x g followed by Percoll
(Percoll™, Amersham Biosciences, Uppsala, Sweden) isoden-
sity centrifugation. The viabilities of the isolated canine hepato-
cytes were 96.5% and 98.0% as determined by the trypan blue
exclusion test. Hepatocytes were kept at 4°C until transplan-
tation. Human hepatocytes, isolated from a one-year-old white
male and a six-year-old Afro-American female, were purchased
from In Vitro Technologies (Baltimore, MD, USA). The cryopre-
served hepatocytes were thawed and suspended in transplant
medium (35, 37). The viabilities of thawed human hepatocytes
were determined to be 64.4% and 49.2%, respectively.

Transplantation of hepatocytes for the creation of
canine- or human-chimeric mice

One day prior to transplantation and one week after transplan-
tation, the uPA/SCID mice, 20 to 30 days old, received intraperi-
toneal injections of 0.1 mg of anti-asialo GMI rabbit serum
(Wako Pure Chemical Industries Ltd., Osaka, Japan) to inhibit
recipient natural killer cell activity against the transplanted hepa-
tocytes. Viable canine- (1.0 x 10°) or human- (0.75 x 10°) hepa-
tocytes were transplanted using an infusion technique into the in-
ferior splenic pole in which the transplanted cells flow from the
spleen into the liver via the portal system. After transplantation,
the uPA/SCID mice were treated with nafamostat mesilate to in-
hibit complement factors activated by canine or human hepato-
cytes as previously described (35).

Measurement of plasma levels of albumin, FIX antigen
and FIX activity

Periodically, retroorbital bleeding was performed in recipient
mice, and the blood was collected in a tube containing 0.1 vol
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3.8% sodium citrate. Plasma samples were stored at —80°C until
analyzed. To assess the proliferating status of transplanted ca-
nine hepatocytes, we determined the plasma levels of canine al-
bumin in the recipient plasma by ELISA using primary goat anti-
dog albumin and secondary HRP-conjugated goat anti-dog albu-
min antibodies (Bethyl Laboratories Inc., Montgomery, TX,
USA), respectively. For the assessment of proliferation in trans-
planted human hepatocytes, we similarly measured the blood
levels of human albumin by ELISA (Human Albumin ELISA
Quantitation kit, Bethyl Laboratories Inc.). The proportion of
proliferating donor hepatocytes in the recipient liver (repopu-
lation rate) was determined based on blood albumin levels (35,
38). Human and canine FIX antigen (FIX:Ag) were measured in
recipient plasma by ELISA (Asserachrom IX:Ag, Diagnostica
Stago, Asniéres, France). Human FIX;Ag levels were measured
according to the instructions provided by the manufacturer, and
canine FIX:Ag levels were quantified by elongating the enzy-
matic color reaction step. No cross-reactivity with pooled mouse

plasma was obscrved in this ELISA. FIX activity (FIX:C) was
measured by one-stage clotting assay based on the activated par-
tial thromboplastin time using human FIX-deficient plasma
(bioMerieux Inc., Durham, NC, USA). Pooled canine plasma
collected from 75 normal dogs, and normal human plasma (Ver-
ify 1, bioMericux Inc.) were used as reference standards.

Immunohistochemistry for albumin and FIX

Formalin-fixed, paraffin-embedded liver sections from mice
transplanted with canine hepatocytes were sectioned and incu-
bated with a primary goat antibody against canine albumin (Be-
thyl Laboratories Inc.} at a dilution of 1:1,000. The bound anti-
body was detected by the avidin-biotin complex immunoperox-
idase technique using an ABC Elite kit (Vector Laboratories,
Burlingame, CA, USA) followed by developing with DAB (3,
3'-diaminobenzine tetrahydrochloride). Expression of human
FIX in recipient mice was determined by immunofluorescent
staining of frozen liver sections embedded in O.C. T compound
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Figure |: Proliferation of transplanted canine hepatocytes in
uPA/SCID mouse livers assessed by recipient plasma analyses,
A, B) Plasma canine factor IX (FIX) antigen (cFiX:Ag) levels in uPA/SCID
mice after transplantation of hepatocytes isolated from a seven-year-old
dog (A} and a one-year-old dog (B) (n=8. 10 in A and B, respectively} (%
of pooled normal canine plasma). C) Relationship between cocal plasma

FIX coagulation activity (FIX:C; reflecting both murine and canine FIX
activities) (% of normal human plasma) and plasma cFIX:Ag levels of
uPA/SCID mice transplanted with canine hepatocytes. D) Relationship
between plasma canine albumin concentrations and plasma cFIX:Ag lev-
els of uPA/SCID mice transplanted with canine hepatocytes.
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Figure 2: Mouse liver chimerism with proliferated canine hepa-
tocytes. A-E) Immunohistochemical staining of canine albumin in liver
sections of uPA/SCID mice transplanted with canine hepatocytes. Repre-
sentative photomicrographs from a recipient mouse with low plasma
cFIX:Ag (2.0% of normal canine plasma) (A) and a mouse with high plas-
ma cFIX:Ag (33.2% of normal canine plasma) (B). C) Higher magnifi-
cation view of the area outlined in (B). Canine albumin staining of posi-
tive control (normal dog liver) (D) and negative control (non-trans-
planted uPA/SCID mouse liver) (E) indicate the antibody used is specific
for canine albumin. F, G) Hematoxylin and Eosin staining on the serial
sections of mouse liver from (B). Ca, transplanted canine hepatocytes;
Mu, recipient murine liver tissue. Original magnifications, x40 (A, B, F),
%100 (D,E), and %200 (C, G).

(Sakura Finetek, Torrance, CA, USA). The sections were incu-
bated overnight at 4°C with the goat anti-human FIX antibody
(Affinity Biologicals, Hamilton, ON, Canada) followed by
Alexa Fluor 555 rabbit anti-goat IgG (Molecular Probes, Carls-
bad, CA, USA) for 60 minutes. Stained sections were sub-
sequently imaged using an Olympus BX51 microscope (Tokyo,
Japan) and photographed using an Olympus DP70 digital came-
ra with DP controller and DP manager computer software.

Quantitative real-time PCR

Total RNA was extracted from the liver of all recipient mice, and
normal human and canine liver samples using the RNeasy Mini
Kit (Qiagen, Hilden, Germany). Normal human liver tissue por-
tions were obtained from surgical specimens at liver surgery for
metastatic liver tumours after acquiring written informed consent
for the experimental use of harvested liver samples. Extracted
RNA (1 pg) was reverse transcribed using oligo d(T),, primers
and Omniscript RT Kit (Qiagen). First-strand ¢cDNA samples
were subsequently subjected to PCR amplification using the
PRISM 7700 Sequence Detector (Applied Biosystems Japan
Ltd., Tokyo, Japan). Canine glyceraldehydes-3-phosphate dehy-
drogenase (GAPDH) and canine FIX sequences were detected
using the following primers. The PCR primers for canine
GAPDH sequence were forward, 5’CCCCACCCCCAATGTAT-
CA3’, reverse, S’GTCGTCATATTTGGCAGCTTTCT3’, and
probe, S TGTGGATCTGACCTGCCGCCTGS'.

The primers for canine FIX sequence were forward, 5’GTTGTT-
GGTGGAAAAGATGCC3’, reverse, S5S'TGCATCAACTTT-
CCCATTCAAA3’", probe, 'CCAGGTCAATTCCCTTGG-
CAGGTCC3’. TagMan probes and primers for human sequences
were Hs99999905 _m!1 (GAPDH) and Hs00609168_m1 (FIX)

(TagMan Gene Expression Assay, Applied Biosystems). The
relative RNA copy numbers of canine FIX and human FIX in
each transplanted mouse were calculated in terms of canine FIX
/ canine GAPDH or human FIX / human GAPDH expression
ratio, respectively. RNA expression of murine FIX and murine
GAPDH, combined with ¢cDNA synthesis and real-time PCR
using TaqMan probes, Min99999915_g1 (murine GAPDH) and
MmO01308427_m1 (murine FIX) (Applied Biosystems), were
similarly assessed in hepatectomy experiments (see below).

Hepatectomy experiment

For the purpose of investigating the FIX mRNA expression dur-
ing liver regeneration, liver proliferation stimuli was induced by
performing a 70% partial hepatectomy on C57BL6 wild-type
mice (n=6) as described previously (39). The resected liver lobes
were used as our control for a liver sample under quiescence
while the remnant liver lobes removed two days after hepatec-
tomy were used as our proliferating samples. Mouse FIX mRNA
and mouse GAPDH mRNA expression was assessed on both
quiescent and proliferating liver samples as described above.

Statistical analysis

Significant differences were tested by the Wilcoxon t-test be-
tween paired groups and by the Mann-Whitney U-test between
unpaired groups. Differences between three or more groups were
tested by the Kruskal Wallis H-test. If the probability (p) value
was less than 0.05, the Mann-Whitney U-test with Bonferroni
correction was used to compare each individual group with the
appropriate control. All statistical analyses were performed
using Excel (Microsoft) with ystat2006 software (Igakutosyo-
syuppan, Tokyo, Japan). P<0.05 was considered significant.

Results

Proliferation of FIX-producing canine hepatocytes in
uPA/SCID mouse livers
Canine hepatocytes isolated from a seven-year-old and a one-
year-old beagle were transplanted into uPA/SCID mice (n=8 and
10, respectively). Canine FIX:Ag was detected in the plasma of
five out of eight mice three weeks after transplantation with the
isolated hepatocytes from the seven-year-old beagle. In four out
of the five mice, the FIX:Ag levels reached between 20—40% of
normal canine plasma levels for FIX:Ag (Fig. 1A). One trans-
planted mouse was detected to have nearly 100% of normal ca-
nine plasma FIX:Ag levels. In general, the uPA/SCID mice that
received hepatocytes from the one-year-old beagle demonstrated
a greater rise in the circulating canine FIX:Ag, and 70% of the
mice (7 out of 10) showed levels greater than 50% of normal lev-
els three weeks after transplantation (median: 81.8%; Fig. 1B).
Plasma FIX:C was measured using a one-stage clotting
assay. The FIX:C of normal canine pooled plasma and untreated
uPA/SCID mouse plasma (n=4) was approximately 200% and
50% of normal human plasma, respectively. The FIX:C in the re-
cipient uPA/SCID mice with high canine FIX:Ag levels was
greater than in untreated mice or recipient uPA/SCID mice with
low FIX:Ag levels (R?=0.8143) (Fig. 1C). These observations
confirmed that the secreted FIX protein had functional coagu-
lation activity.
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Figure 3: Donor species-specific FIX mRNA expressions in
uPA/SCID mouse livers transplanted with either canine or
human hepatocytes. A} Canine factor IX (FIX) RNA copy numbers
relative to canine GAPDH (reflecting RNA copy numbers per canine he-
patocyte), based on plasma cFIX:Ag levels. (Low, <40%; Medium,
41-80%, High, >81% of normal canine plasma. n=4, 4, and 5, respect-
ively). N.C.; negative control: non-transplanted uPA/SCID mouse livers
(n=4), PC,; positive control: normal beagle dog livers {n=3). B) Human

We also measured canine albumin levels in the plasma of sev-
eral uPA/SCID mice that received hepatocytes from the seven-
year-old beagle, and demonstrated a highly significant cor-
relation between the canine albumin and canine FIX:Ag levels
(R*=0.9963) (Fig, 1D). Assuming that the plasma concentrations
of albumin and FIX:Ag in normal dogs are 5 g/dl and 5,000 ng/
ml, respectively, the weight ratio of albumin to FIX:Ag in normal
canine plasma was calculated to be 10,000:1. These data sug-
gested that the synthesis of canine FIX and albumin in the trans-
planted animals was similar to that of normal canine liver (i.c.
15% FIX:Ag of normal canine plasma corresponds to 750 ng/ml,
and the ratio of 0.6 g/dl to 750 ng/ml approximates to 10,000:1).
Immunohistochemical staining for canine albumin in sections
obtained at day 55 after transplantation demonstrated a large area
of the liver was positive in the recipients with high plasma canine
FIX:Ag (33.2%) (Fig. 2B-C), whereas only a small area of liver
was positive in mice with low plasma FIX:Ag levels (2.0%) (Fig.
2A). Histological examination of serial liver sections revealed
that the canine albumin-positive area was composed of morpho-
logically normal hepatocytes (Fig. 2D-E) indicating that the nor-
mal canine hepatocytes had progressively propagated in the uPA/
SCID livers.

The uPA/SCID mice that received canine hepatocytes were di-
vided into three groups according to their plasma canine FIX:Ag
levels (low <40%, medium 41-80%, and high >81%). mRNA lev-
els of canine FIX were normalized using canine GAPDH mRNA
measurements (FIX / GAPDH). As shown in Figure 3A, canine
FIX / canine GAPDH expression was similar in the three groups
with no statistically significant difference. This suggests that ca-
nine hepatocytes proliferated within the uPA/SCID livers without
reducing the steady-state levels of canine FIX gene expression and/
or degradation. We confirmed that RNA samples from untreated
uPA/SCID livers were not amplified by the primer set used for ca-
nine FIX and GAPDH detection (Fig. 3A).

FIX RNA copy numbers relative to human GAPDH (reflecting RNA
copy numbers per human hepatocyte), based on the repopulation rate
{R.R.) estimated from human albumin concentrations as described in
Materials and methods. (Low, <40%; Medium, 41-65%; High, >66%. n=4,
4, and 4 respectively). N.C., negative control: non-transplanted uPA/
SCiD mouse livers (n=4); PC., positive control: normal human liver cis-
sues {n=3).

Proliferation of FIX-producing human hepatocytes in
uPA/SCID mouse livers

Human hepatocytes were transplanted into the liver of uPA/
SCID mice (n=12). The proliferation and propagation status of
the transplanted hepatocytes were assessed by periodic measure-
ment of human albumin levels in the recipient blood, and the re-
population rate of human hepatocytes in the uPA/SCID livers
was assessed as described previously (35, 38). Human FIX:Ag
was detected in the plasma of 75% of the mice (9 out of 12) be-
tween 67 and 84 days after transplantation, and the circulating
plasma levels ranged between 6-58% found in normal humans.
The results from our study demonstrated that the FIX:Ag levels
were highly correlated with the human albumin levels
(R™=0.8714) (Fig. 4A). To examine the biological function of the
secreted human FIX, we compared the repopulation rate with
FIX:Cassays (Fig. 4B). Although both murine and human FIX:C
could be measured using the clotting assay, we were able to esti-
mate the approximate levels of the de novo expressed human
FIX:C present in our samples. Plasma levels of FIX:C in un-
treated uPA/SCID mice were less than 50% of the levels norm-
ally found in human plasma, and we expected to increase the
FIX:C levels up to 100% following the humanization of the nmu-
rine livers. Similar to the canine transplants, the results showed
that mice with a high repopulation rate had higher FIX:C than
those with low repopulation rates (R?=0.7245). These data sug-
gested that secreted human FIX protein was biologically active.
To clarify the proliferation status of transplanted human hepato-
cytes in uPA/SCID mouse liver, we also transplanted human he-
patocytes isolated from another human subject (a 2-year-old
Caucasian male) into a new set of uPA/SCID mice (n=9). Using
these mice, we measured plasma human FIX:Ag levels, total
plasma FIX:C levels, and human plasma albumin concentrations
from samples obtained periodically from the recipient ntice dw-
ing an eight-week period after transplantation. As shown in Fig-
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Figure 4: Proliferation of transplanted human hepatocytes in
uPA/SCID mouse livers assessed by recipient blood analyses.

A) Relationship between blood human albumin and plasma human factor
IX (FIX) antigen (hFEX:Ag) concentrations of uPA/SCID mice trans-
planted with human hepatocytes (n=12). 8) Relationship between total
plasma FIX coagulation activity (FIX:C; reflecting both murine and
human FIX activities} (% of normal human plasma) in uPA/SCID mice
transplanted with human hepatocytes based on the repopulation rate

ure 4C-E, each of our measured parameters were found to be in-
creased after transplantation in most of the mice, which was in-
dicative of a robust proliferative status of the transplanted human
hepatocytes.

Liver sections obtained from mice with high plasma human
FIX:Ag levels were found to have strong positive staining in the
hepatocytes for human FIX as determined by immunohisto-
chemistry (Fig. 5B). In marked contrast, only a small portion of
the liver stained positive in sections of recipient mice that were
detected to have low (i.e. <1%) circulating levels of plasma
FIX:Ag level (Fig. 5A). These results were consistent with the
findings that the de novo production of haemostatically active
human FIX in the circulation was dependent on the viability and
persistence of the transplanted hepatocytes in the recipient uPA/
SCID livers.

The uPA/SCID mice that received human hepatocytes were
divided into three groups according to the repopulation rate (low
<40%, medium 41-65%, and high >66%). Human FIX mRNA
levels were normalized using glyceraldehyde-3-phosphate dehy-

estimated from human albumin concentrations as described in Materials
and methads. The recipient biood samples used for these assays were ob-
tained 67-84 days after transplantation. C-E) Time course of plasma
hFIX:Ag levels (C), total plasma FIX:C levels (D), and blood human albu-
min {evels (E) of the recipient mice after human hepatocyte transplan-
tation (n=9) (different set of experimental data from that shown inA
and 8).

drogenase (GAPDH) mRNA measurements (FIX:GAPDH). As
shown in Figure 3B, the ratio of human FIX:GAPDH mRNA ex-
pression in the recipient livers was not significantly different
among the three groups. We further confirmed that extracted
total RNA from untreated uPA/SCID livers were not amplified
by the primer set used for human FIX and human GAPDH detec-
tion (Fig. 3B), demonstrating the specificity of the primers to
human and not murine FIX expression. Similar findings were
determined in the canine hepatocyte transplantation experiments
in which we confirmed that human hepatocytes proliferated in
uPA/SCID mouse livers and retained their ability for transcribing
the human FIX gene.

It has been reported that differentiated liver function (e.g.
mRNA expression of albumin) may be suppressed when hepato-
cytes are subjected to various proliferative stimuli (40, 41). ttis
not known, however, if hepatocyte proliferation could directly
influence FIX mRNA expression. To address this question, we
compared FIX mRNA expression in quiescent and proliferating
mousc livers. Liver proliferation was induced by performing a
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70% hepatectomy in C57/BL6 wild-type mice, and the remnant
liver lobes were subsequently harvested two days after the hepa-
tectomy, which is the time point where hepatocyte proliferation
is at its peak. The quiescent (non-proliferative) liver samples
used in these experiments were the resected liver lobes obtained
from the same mice in which the partial hepatectomy was per-
formed. The relative FTIX mRNA expression (FIX:GAPDH) was
~35% lower in the proliferating liver compared to the quiescent
liver (p=0.029; Fig. 6). These results would suggest that the pro-
liferative status of the transplanted hepatocytes may affect the
production of FIX, and the reason for the lower FIX mRNA ex-
pression found in the recipient mice compared to the control
livers as shown in Figure 3 may be due to active proliferation by
the transplanted hepatocytes. If the FIX mRNA expression levels
found in the normal canine and human livers were recalculated to
account for a 35% reduction in response to proliferative stimuli,
the significant differences between the four groups shown in Fig-
ure 3 became non-significant (data not shown). This suggests
that proliferating hepatocytes in uPA/SCID mice have the capa-
bility of expressing normal levels of canine and human FIX fol-
lowing transplantation.

Discussion

We have established an in vivo system to propagate human and
canine hepatocytes in uPA/SCID mouse livers, and these trans-
planted hepatocytes are capable of retaining their cellular ma-
chinery to produce coagulation FIX. The capabilities of these
propagating transplanted hepatocytes to synthesize FIX were
confirmed by the expression of FIX mRNA, FIX-protein pro-
duction and secretion, and its coagulation activity. The main rea-
son we decided to study canine hepatocyte in addition to human
hepatocytes for transplantation, is the availability of a pre-clini-
cal large animal model for haemophilia B studies (42), which
will be able to be used for proof-of-concept experiments.

Hepatocytes are the only cells that are known to synthesize
FIX (18), and successful liver transplantation has resulted in res-
toration of normal coagulative properties in patients with hae-
mophilia B (17). Although there are obvious benefits in sur-
gically transplanting whole livers in haemophilic patients with
critical life-threatening liver diseases such as chronic active
hepatitis, this approach is likely not appropriate for most patients
due to other obvious negative risks associated with this type of
procedure. For this reason, the hepatocyte transplantation ap-
proach described in the current study, which is less invasive and
requires fewer donor livers, may provide a viable alternative
strategy to organ transplantation. Recent trials have highlighted
successful application of hepatocyte transplantation in two pa-
tients with coagulation factor VII deficiency (31,43). Following
hepatocyte transplantation, both patients were found to have
achieved significant and prolonged therapeutic benefit with a
marked decrease in the infusion of exogenous recombinant fac-
tor VIIa due to episodic bleeding (44, 45).

We demonstrated that canine and human hepatocytes pro-
gressively proliferated and propagated in the recipient livers of
uPA/SCID mice. Real-time PCR analysis at various stages of he-
patocyte propagation showed that FIX mRNA expression per
transplanted cell (per donor-specific GAPDH mRNA level) was

Figure 5: Mouse liver chimerism with proliferated human hepa-
tocytes. Immunofluorecent staining of human FIX in liver sections of
uPA/SCID mice after human hepatocyte transplantation. Liver sections
of mice with <1% plasma hFIX:Ag level (A) and mice with 34% hFIX:Ag
plasma level (B). Red-stained area indicates proliferated human hepato-
cytes producing hFEX. Positive control (normal human liver tissue) (C)
and negative control (non-transplanted uPA/SCID mouse liver) (D) indi-
cate the staining specificity for human FIX. Original magnification, % 100.

stably maintained for the duration of the experiment. Plasma
FIX:Ag levels were highly correlated with the propagation status
of'the transplanted hepatocytes as determined by the blood levels
of canine and human albumin. Furthermore, the procoagulant
function of the secreted canine and human FIX was confirmed
by clotting assays. FIX:C increased from baseline levels (less
than 50% of normal human plasma) to normal human or canine
FIX:C levels (about 100% and 200%, respectively) as repopu-
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Figure 6: Comparison of factor IX (FIX) mRNA expression lev-
els in quiescent and proliferating livers. Day 0 liver samples (qui-
escent status) were obtained from C57/BL6 mice at the time of 70% par-
tial hepatectomy (n=6). The remnant liver lobes of the mice were har-
vested at day 2 were used for the assessment for proliferating status
(n=6). Relative FIX mRNA expression was expressed as murine FIX /
murine GAPDH.
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lation by transplanted hepatocytes progressed. The data from our
experiments indicated that post-transcriptional modification of
FIX, including cleavage and removal of the pre-pro leader se-
quence of 46 amino-acids, y-carboxylation of the first 12 glu-
tamic acid residues, and partial -hydroxylation of Asp 64 (46),
must have occurred within the transplanted hepatocytes to main-
tain biologically active haemostatic function.

Hepatocytes from a one-year-old dog demonstrated high pro-
liferation activity compared with cells from an older (7-year-old)
dog as evidenced by the more rapid increase and its higher sus-
tained levels of plasma canine FIX:Ag. These results are consist-
ent with earlier findings by our group in which we reported that
human hepatocytes from a younger donor occupied a larger pro-
portion in the recipient uPA/SCID mouse liver compared with
transplanted hepatocytes from an older donor (47). One possible
reason for the enhanced growth potential of hepatocytes in these
circumstances may be due to an elevated expression of cell cycle
proteins in hepatocytes from younger compared to older donors
(48). With the present study as well as previous work in the litera-
ture, we believe that the age of the donor makes a difference on
the proliferation and repopulation of the transplanted hepato-
cytes in uPA/SCID mouse livers.

Human hepatocytes propagated in uPA/SCID mice could be
isolated and purified using cell-sorting technology (38). Re-
cently, our group has developed a procedure to isolate human he-
patocytes that were propagated in uPA/SCID mouse livers, and
these isolated hepatocytes were confirmed to be biologically
functional compared to original primary hepatocytes, demon-
strating the expression of cytochrome P450 (CYP) (38). We have
also been experimentally successful in engineering functional
liver tissue using isolated hepatocytes transplanted under the
kidney capsule or in the subcutaneous space by demonstrating
coagulation factor VIIT expression (25-30). More recently,
Azuma et al. (49) reported an alternate method to propagate
human hepatocytes in living mice that furthers the utility of he-
patocyte transplantation. Based on these developments, propa-
gated human hepatocytes with FTX expressions should become a
valuable cell source in establishing novel cell-based therapies for
direct transplantation or development of tissue engineering strat-
egies in the treatment of haemophilia B.

For the eventual translation of cell-based therapies using the
propagated human hepatocytes for haemophilia B to be success-
ful in the clinics, several potential obstacles will need to be con-
sidered and overcome. First, contamination of murine cells dur-
ing the isolation of the transplanted human hepatocytes must be
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minimized. Second, increasing the engraftment rate of the trans-
planted hepatocytes into the recipient liver. Lastly, the survival
and viability of the transplanted allergenic hepatocytes must be
prolonged. With regards to the first issue, the contaminating mu-
rine hepatocytes during the isolation of human cells from the
mouse liver could be overcome by utilizing recipient transgenic
mice that have been incorporated with a inducible suicide gene.
In the presence of the inducing agent, the murine cells would be
preferentially eliminated and increase the purity of the human
hepatocyte mixture leading to enhanced clinical safety. To over-
come the low engraftment rate found in the current and previous
studies, the recipient livers will require some type of precon-
ditioning regimen to maximize the efficiency and engraftment.
Slehria et al. (50) reported an effective and non-invasive pre-
treatment protocol in which the administration of phentolamine,
an adrenergic receptor blocker, resulted in the dilation of the he-
patic sinusoidal vasculature leading to enhanced hepatocyte
engraftment rate. For the last issue regarding the limited graft
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immune system, it will be important to design an immunosup-
pressive regimen specific for hepatocyte transplantation and
monitoring systems for the early rejection need be established.
These issues will need to be studied and overcome to substanti-
ate the utility of this approach for the treatment of haemophilia
and other congenital liver disorders.

In all, the present study has demonstrated the utility of hepa-
tocyte transplantation for the therapeutic production of coagu-
lation factor TX. As we continue to overcome the obstacles as-
sociated with this approach, this transplantation methodology
will evolve into a novel approach to treat not only liver diseases
associated with haemophilia but other forms of congenital liver
diseases.
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