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Figure 8. Structures of neutral, monosialyl, and disialyl PA-oligosaccharides in iPSCs, iPSC-CM, and heart cells. Glucose units (GU)
were calculated from the peak elution times for the ODS column in Figure 5, 6 and 7, and the amide column (data not shown). Average mass (Mass)
calculated from the miz values of [M+Na]* or [M+HI" ion for neutral, [M-H]™ ion for monosialyl, and [M-H]™ & [M+Na-2H] ™ ions for disialyl PA-

oligosaccharides.
doi:10.1371/journal.pone.0111064.g008

iPSC-CMs (959A2-1 CM: 77.4%, 959C1-1 CM: 60.0% and 956F-
1 CM: 65.1%), and lowest in the Heart (46.9%). The quantity of
monofucosylated, difucosylated, and other types of N-glycans were
greater in the iPSC-CMs and Heart (Figure 8, 9).

Sialyl N-glycans increased with cardiomyogenic
differentiation

The quantity of monosialyl N-glycans (MS) calculated from the
total volume of M1-M23 increased in iPSC-CMs (959A2-1 CM:
6.4%, 959C1-1 CM: 15.7% and 956F-1 CM: 10.5%) and Heart
(19%) and were low in iPSCs (959A2-1: 0.5%, 959C1-1: 0.7% and
956F-1: 1.1%). The disialyl N-glycans (DS; D1-D12) yielded a
similar pattern. The quantity of asialyl N-glycans (AS; N1-N17)
decreased in iPSC-CMs (959A2-1 CM: 89.2%, 959C1-1 CM:
79.4% and 956F-1 CM: 81.7%) and Heart (55.3%) in comparison
to the iPSCs (959A2-1: 96.9%, 959C1-1: 98.1% and 956F-1:
95.8%) (Figure 9, 10).

Rarely expressed N-glycans

The sialic acids identified in this study were either N-acetyl
neuraminic acid (NeuAc) or N-glycolyl neuraminic acid (NeuGc).
The quantity of monosialyl and disialyl N-glycans containing only
NeuAc (A, A/A) was lowest in iPSCs (959A2-1: 2.5%, 959C1-1:
1.7% and 956F-1: 3.7%) and similar in iPSC-CMs (959A2-1 CM:
10.6%, 959C1-1 CM: 21% and 956F-1 CM: 18%) and the Heart
(8%). The quantity of monosialyl and disialyl N-glycans containing
only NeuGe (G, G/G) was markedly higher in the Heart (32.8%)
than in iPSCs (959A2-1: 0.6%, 959C1-1: 0.1% and 956F-1: 0.5%)
or iPSC-CMs (959A2-1 CM: 0%, 959C1-1 CM: 0% and 956F-1
CM: 0%) (Figure 10a).

Expression of glycosyl transferase, ST3Gal-III, ST3Gal-1V,
ST6Gal-I, and CMAH in the iPSCs, iPSC-CMs, and Heart was
assessed by RT-PCR to explore the glycan structures responsible
for the differences between groups. The Heart expressed high
levels of CMAH (0.91=0.13/GAPDH); levels in the iPSCs and
iPSC-CMs were markedly lower (iPSCs: 959A2-1 0.01120.0065/
GAPDH, 959C1-1 0.013%+0.0070/GAPDH, 956F-1 0.0045=+
0.0042/GAPDH, P<0.05; iPSC-CM: 959A2-1 CM 0.21*0.16/
GAPDH, 959C1-1 CM 0.19%+0.04, 956F-1 CM 0.45%0.31, P<
0.05). Expression of ST3Gal-Ill was significantly higher in the
Heart (0.98+0.13/GAPDH) than in iPSCs (959A2-1: 0.21+0.05/
GAPDH, 959C1-1: 0.18%0.07/GAPDH, 956F-1: 0.27+0.05/
GAPDH) and iPSC-CMs (959A2-1 CM: 0.40+0.10/GAPDH,
959C1-1 CM: 0.35+0.09/GAPDH, 956F-1 CM: 0.66+0.18);
expression of ST3Gal-IV did not differ between groups. ST6Gal-I
expression was significantly higher in iPSC-CMs (959A2-1 CM:
1.87£0.41/GAPDH, 959C1-1 CM: 1.95+0.22/GAPDH, 956F-1
CM: 3.08x1.27/GAPDH) than in iPSCs (959A2-1: 0.51+0.18/
GAPDH, 959C1-1: 0.40%+0.09/GAPDH, 956F-1: 0.62%0.29/
GAPDH) and the Heart (1.04+0.13/GAPDH) (Figure 10b).

Discussion

Sixty-eight different N-glycans were isolated from iPSCs, iPSC-
CMs, and the Heart. The structures of 60 N-glycans were
identified, based on their HPLC elution peaks (Figure 8, Table S1-
S5). Each preparation contained a combination of neutral,
monosialyl, and disialyl N-glycans.
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The molar ratios of high-mannose, monofucosylated, and
difucosylated N-glycans were substantially different between
groups (Figure 9), although no clear differences in the abundance
of these glycans were found. The decrease in high-mannose N-
glycans and increase of fucosylated N-glycans in iPSC-CMs versus
iPSCs is consistent with a previous report on a comparison of ESC
derived cardiomyocytes to undifferentiated ESCs [18]. Generally,
all N-glycans are synthesized from the high-mannose type by a
large array of sequentially and competitively acting biosynthetic
enzymes located throughout the endoplasmic reticulum and Golgi
apparatus [26], indicating that the high-mannose type of N-
glycans could be categorized as a marker of immaturity. In this
study, the high-mannose N-glycans were highest in the immature
iPSC and lowest in the Heart, or mature tissue; thus, the quantity
of high-mannose-type N-glycans might be an indicator of maturity
in iPSC-derivatives and the iPSC-CMs in our protocol may still be
immature in comparison to cardiac tissue.

Clear differences in glycan abundance were observed, such as
hybrid and complex types represented by N9-1, N9-3, N15, N16,
M1, M2-1, M2-2, M7, M8, M10, M12, M13, M14-1, M14-2,
M17, M18, M20-2, D6 and D9 in iPSC-CMs, M2-3, M3, M4,
M9, M11-1, M11-2, M20-1, M21, DI, D2, D3, D5-1, D5-2, D10-
2 and D11 in Heart and N14 and M15 in iPSCs; these may also be
indicators of maturation stage. In addition, expression of
monosialyl and disialyl N-glycans in iPSC-CM:s fell between the
levels observed in the iPSCs and Heart, as were the molar ratios,
indicating that the iPSC-CMs may still be immature stage. While
many N-glycolyl neuraminic acid (NeuGc) structures were
detected in the Heart, iPSCs and iPSC-CMs did not contain
NeuGc in their sialyl structures, except for D8. Moreover, the
molar ratio of NeuAc was low in iPSCs and iPSC-CMs. This
finding is one of the clearest differences between iPSCs or iPSC-
CMs and Heart cells.

The proposed spectra-based composition of the D8 glycans in
iPSCs was [(Hexose)5(HexNAc)5(NeuGc)2(PA)1], indicating that
it contains NeuGc. However, D8 might be quite a rare exception
because transcript levels of CMAH, which catalyzes the conver-
sion of NeuAc to NeuGe, was quite low in iPSCs in comparison to
the Heart. This data suggests that during the process of
reprograming, iPSCs suppress or eliminate CMAH activity. We
conclude that iPSCs contain less sialic acid (especially NeuGc) and
high-mannose structures are abundant in the N-glycans. In
contrast, heart cells produce numerous sialyl-N-glycans, especially
NeuGe. Transcript levels of CMAH tended to increase in iPSC-
CMs relative to iPSCs, suggesting cardiomyogenic differentiation
may induce expression of CMAH. If the iPSC-CMs could be
matured more closely to the Heart by some additional methods of
culture, the quantity of high mannose type of N-glycans might
decrease more closely to the Heart, and might produce N-glycans
containing NeuGe, followed by the expression of CMAH.

A terminal NeuGc, the Hanganutziu-Deicher (H-D) epitope
[27], is widely distributed in the animal kingdom with the
exception of humans and chickens. Expression of NeuGe is
controlled by CMAH activity. Irie et al. [28] and Chou et al. [29]
cloned the ¢cDNA for human CMAH and reported that the N-
terminal truncation of human CMAH is caused by deletion of
Exon 6, a 92-base pair segment in the genomic DNA. Expression
of this truncation in the heart eliminates NeuGc in sialyl
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Figure 9. Relative quantities of neutral, monosialyl, and disialyl PA-oligosaccharides in iPSCs, iPSC-CM, and heart cells. Relative
quantities of each glycan, calculated from the peak area in Figure 5, 6 and 7 vs. total N-glycan content in each cell, were expressed in the doughnut
charts. Relative quantities of the asialoglycans, the monosialoglycans and the disialoglycans were showed outside of the charts, and relative
quantities of the high mannose type glycans were showed inside of the charts. Asialoglycan (AS): the total volume of N1-N17; Monosialoglycan (MS):
the total volume of M1-M23; Disialoglycan (DS): the total volume of D1-D12, High mannose-type glycan (HM): the total volume of N1-N6-1, N6-2, N7.

doi:10.1371/journal.pone.0111064.g009

structures. If human iPSCs or iPSC-CMs do not express CMAH
in the same way as murine iPSCs or iPSC-CMs, there may be no
difference between human iPSCs, iPSC-CMs, and the human
Heart. Further study on human iPSC-CM will be needed to
completely understand the features of the sialyl acid of N-glycans.

It was reported that human 1PSCs produced o2,6sialyl glycans
but did not contain o2,3sialyl structures, in contrast to human
fibroblast, the origin of iPSCs, which produced o2,3sialyl but not
o2,6sialyl structures [30,31]. The murine iPSCs in this study
contained o2,3sialyl structures in NeuAc, M5, M23, D4-1, D10-1
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and D12, and the iPSC-CMs produced ©2,3 and o2,6sialyl
structures in NeuAc. These differences may be due to variations
between species, because mouse Heart cells also contained 02,3
and o2 6sialyl structures in NeuGe. Further studies are needed to
characterize the glycome shift in the production and differentia-
tion of iPSCis.

Type I Lactose structures were not detected, although over 98%
of glycans in each cell were accounted for in this study. The N-
glycans of N9-3, M8, M12, M17, and M23, which were identified
after a-galactosidase digestion, contained Galal-6Gal, not only in

October 2014 | Volume 9 | Issue 10 | e111064



£A,A/A BG,G/G ~A/G

Relative quantity

N-Glycans on Induced Pluripotent Stem Cell-Derived Cardiomyocytes

959A2-1 959C1-1 956F-1

o

Relative expression / GAPDH

959A2-1CM  959C1-1CM  956F-1 CM

959A2-1

959C1-1 956F-1

959A2-1 CM  959C1-1 CM

Heart

£ST3Gal-III =ST3Gal-IV “ST6Gal-I *CMAH

956F-1 CM Heart

Figure 10. Rarely expressed NeuGc-containing glycans in iPSCs and iPSC-CMs. (a) Relative quantities of NeuAc- and NeuGc-containing
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CM, 959C1-1 CM and 956F-1 CM).
doi:10.1371/journal.pone.0111064.g010

the neutral glycans but also in the monosialyl N-glycans of the
iPSC-CM preparation. The same structure was not found in
iPSCs, but only one structure, M23, was present in Heart cells.
Therefore, in iPSC-CMs, Galal-6Gal enzyme activity appears to
be up-regulated in comparison to wild-type myocardium, although
enzyme activity was not assessed by RT-PCR because of the
limited availability of genetic sequence data.

The D8 was identified in all of three iPSC lines and not in the
iPSC-CMs and Heart. This structure, unfortunately not identified
in this study, may be useful as markers of undifferentiated iPSCs in
the same way as well-known pluripotency biomarkers such as
stage-specific embryonic antigens (SSEA)-3, SSEA-4 (glycosphin-
golipids) [32].

Previous MALDI-TOF/MS and MS/MS studies concluded
that many kinds of N-glycans are found in organs and cells. The
number of detected N-glycans is attributed to the sensitivity of the
MS and HPLC methods employed. That is, MS data are sensitive
and can be rapidly obtained, but a glycan structure is identified
based only on the calculated molecular weight. Therefore,
discriminating between isomeric structures is difficult. On the
other hand, it thus appears that the accuracy of the data presented
here using HPLC mapping in conjunction with a MALDI-TOF
technique provides much more detailed information. Our data

PLOS ONE | www.plosone.org

were used to identify the representative features of each N-glycan
i these three cell types.

There may be a concern that the heart tissue used in this study
contains connective tissues, vessels or nerves other than cardio-
myocytes. Therefore, some of the N-glycans detected from the
Heart sample might be derived from the tissues other than
cardiomyocytes. However, heart is majority composed by cardio-
myocytes, and furthermore, even if a small amount of N-glycans
derived from connective tissues were contaminated in the Heart
sample, the main evidences in this study, such as the proportion of
the high-mannose type N-glycans, the ratio of the active
sialyltransferase genes, the existence of NeuGc, and the uncom-
monness of Galal-6 Gal, are essentially not affected.

In summary, murine iPSCs were rich in high-mannose type N-
glycans but very poor in sialyl type N-glycans. Murine heart tissue
contained a relatively low volume of high-mannose glycans, but
was very rich in neuraminic acid, especially NeuGe type sialyl
structures. Under these conditions, the volume of each type of
glycan was similar for iPSC-CMs and iPSCs. That is, they were
rich in high-mannose and relatively poor in sialyl type N-glycans
by volume. In addition, most of the sialyl structures of the iPSC-
CMs were different from those of the Heart, and the iPSC-CMs
expressed no NeuGce. Moreover, the iPSC-CMs produced several
unique glycans with the Galal-6Gal structure. These results
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provide important data that can be useful in future clinical IPSC
stuclies,

It is quite important to investigate the meaning of N-glycans
transitions during the cardiomyogenic differentiation presented in
this study, for deeply understanding the relationship between the
N-glyean expression and cardiomyogenic differentiation. Knock-
out or knock-down of the genes related 1o cardiomyogenic
differentiation or glycosylation may he useful for such purpose.
However, the N-glycan signature in the cell surface is determined
by a variety of the genes, Knock-out or knock-down of a single
gene related to cardiomyogenic differentiation would alter an
array of gene expressions, such as sarcomere profeins, transerip-
tional factors, or cell surface proteins, all of which would affect the
signature of N-glycans in the cell surface. Therefore, the data
nterpretation for relationship between expression of a single gene
and  N-glycan signature would be difficult. Some  different
experimental approach may he needed to investigate the meaning
of change in N-glycan expression during cardiomyogenic differ-
entiation,

Supporting Information

Table S1 Structures and relative quantities of neutral
(Table S1, 52) PA-oligosaccharides derived from iPSC,
iPSC-CM, and heart cells. a. Glucose wunits (GU) were
calculated from the peak elution times of the peaks obtained from
the ODS column in Figure 5, 6, 7 and the Amide column (data
not shown}. b. Average mass calculated from the mlz values of [M+
Na]* or [M+H]" ion for neutral, [M-H] ™ ion for mono-sialyl, and
[M-H] ™ & [M+Na-2H]| " ions for di-sialyl PA-cligosaccharides. c.
PA-oligosaccharide structures. d. mol% was calculated from the
peak area versus total N-glycan content in each cell
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Introduction: Liver fibrosis is characterized by excessive accumulation of extracellular matrix. In a mouse
model of liver fibrosis, systemic injection of bone marrow mesenchymal stem cells (BM-MSCs) was con-
sidered to rescue the diseased phenotype. The aim of this study was to assess the effectiveness of human
adipose tissue-derived multi-lineage progenitor cells (hADMPCs) in improving liver fibrosis.

Keywords: Methods and results; hADMPCs were isolated from subcutaneous adipose tissues of healthy volunteers
hADM,"CS " and expanded. Six week-old male nude mice were treated with carbon tetra-chloride (CCl,) by intraperi-
g;‘:s‘:z hepatitis toneal injection twice a week for 6 weeks, followed by a tail vein injection of hADMPCs or placebo con-
MMPs trol. After 6 more weeks of CCl, injection (12 weeks in all), nude mice with hADMPCs transplants
Mouse exhibited a significant reduction in liver fibrosis, as evidenced by Sirius Red staining, compared with nude

mice treated with CCl, for 12 weeks without hADMPCs transplants. Moreover, serum glutamic pyruvate
transaminase and total bilirubin levels in hADMPCs-treated nude mice were lower levels than those in
placebo controls. Production of fibrinolytic enzyme MMPs from hADMPCs were examined by ELISA
and compared to that from BM-MSCs. MMP-2 levels in the culture media were not significantly different,
whereas those of MMP-3 and -9 of hADMPCs were higher than those by BM-MSCs.

Conclusion: These results showed the mode of action and proof of concept of systemic injection of hAD-

MPCs, which is a promising therapeutic intervention for the treatment of patients with liver fibrosis.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Various conditions such as viral hepatitis, chronic alcohol abuse,
metabolic diseases, autoimmune diseases and bile duct epithelial
injury can cause liver fibrosis [1,2]. Liver fibrosis is reversible,
whereas cirrhosis, the end-stage result of fibrosis, is in general irre-
versible [3]. Liver fibrosis is characterized by excessive accumula-
tion of extracellular matrix, with the formation of scar tissue
encapsulating the area of injury [4]. The prognosis of patients with
liver fibrosis is poor, but liver transplantation seems to improve the
prognosis [5,6]. However, limited numbers of donor livers are
available for the millions of patients who need them worldwide
[7]. Thus, there is a need for novel therapeutic approaches.

Recently, cell therapy has been proposed as an attractive tool
for treatment of patients with severe liver disease [8-13]. Stem/

* Corresponding author at: Platform of Therapeutics for Rare Diseases, National
Institute of Biomedical Innovation, 5-5-2-602 Minatojima-minamimachi, Chuo-ku,
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progenitor cells, which possess certain characteristics including
self-renewal, proliferation, longevity, and differentiation, are
valuable in cell therapy [14]. Several groups have demonstrated
the effectiveness of bone marrow-derived mesenchymal stem cells
(BM-MSCs) in animal models of liver fibrosis and cirrhosis [ 15-18].
However, others have reported the lack of any changes in the
extent of liver fibrosis or liver function tests following the use of
BM-MSCs in a rat model of severe chronic liver injury [19]. Thus,
the therapeutic efficacy of BM-MSCs transplantation remains
controversial at present [19].

Adipose tissue-derived progenitor/stem cells are an attractive
cell source for cell therapy of liver fibrosis, based on several
properties of these cells; (1) ample production of fibrinolytic
enzymes and cytokines [20], (2) ease of obtaining stem cells
compared to other tissue-specific stem cells including BM-MSCs,
[21]. The use of human adipose tissue-derived multi-lineage
progenitor cells (hADMPCs) supports the view that cytokine
production could mediate the therapeutic actions of hADMPCs
in liver fibrosis.
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In the present study, we investigated the efficacy of treatment
using hADMPCs in nude mice with CCls-induced chronic liver dys-
function and the mechanism of their action in improvement of
liver fibrosis.

2. Materials and methods
2.1. Adipose tissue

Adipose tissue samples were resected from 7 human subjects
during plastic surgery (all females, age, 20~60 years) as excess dis-
cards. About 10-50 g subcutaneous adipose tissue was collected
from the sample of each subject. All subjects provided informed
consent. The protocol was approved by the Review Board for
Human Research of Kobe University, Graduate School of Medicine,
Osaka University, Graduate School of Medicine and National
Institute of Biomedical Innovation, Japan.

2.2. Isolation and expansion of hADMPCs

hADMPCs were prepared as described previously [8-10].
Briefly, the resected excess adipose tissue was minced and then
digested at 37 °C for 1h in Hank’s balanced salt solution (HBSS,
GIBCO Invitrogen, Grand Island, NY) with Liberase (Roche Diagnos-
tics, Germany) as indicated by the manufacturer. Digests were
filtered through a cell strainer (BD Bioscience, San Jose, CA) and
centrifuged at 800xg for 10 min. Red blood cells were excluded
using density gradient centrifugation with Lymphoprep
(d =1.077; Nycomed, Oslo, Norway), and the remaining cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM, GIBCO
Invitrogen) with 10% defined fetal bovine serum (FBS, Biological
Industries, Israel) for 24 h at 37 °C. Following incubation, the
adherent cells were washed extensively and then treated with
0.2 g/l ethylenediaminetetraacetate (EDTA) solution (Nacalai Tes-
que, Kyoto, Japan). The resulting suspended cells were replated
on retronectin (RN)-coated dishes (Takara, Kyoto, Japan) in SteMe-
dis (Nipro, Osaka, Japan), 1x insulin-transferring selenium (Nipro,
Osaka), 1nM dexamethasone (MSD, Tokyo, Japan), 100 puM
ascorbic acid 2-phosphate (Sawai Pharmaceuticals Co., Osaka),
10 ng/ml epidermal growth factor (EGF, PeproTec, Rocky Hill, NJ),
and 5% FBS (FBS, Biological Industries, Israel). The culture medium
was changed twice a week and then the cells were applied for the
experiments after 5-6 passages.

2.3. Flow cytometric analysis of hRADMPCs

hADMPCs were characterized by flow cytometry. Cells were
detached and stained with anti-human CD31, CD34, CD44, CD45,
CD56, CD73, CD90, CD105 or CD166 antibodies (BD Lyoplate™
Screening Panels, BD Bioscience, San Jose, CA). Isotype-identical
antibodies served as controls. After washing with Dulbecco’s phos-
phate-buffered saline (PBS, Nacalai Tesque), cells were incubated
with PE-labeled goat anti-mouse Ig antibody (BD PharMingen)
for 30 min at 4 °C. After three washes, the cells were resuspended
in PBS and analyzed by flow cytometry using a guava easyCyte flow
cytometry systerns (Merck Millipore, Darmstadt, Germany).

2.4. Adipogenic, osteogenic and chondrogenic differentiation
procedure

Tri-lineage differentiation was examined as described previ-
ously [22]. Briefly, for adipogenic differentiation, the cells were
cultured in Differentiation Medium (Zen-Bio, Inc.). After three
days, half of the medium was replaced with Adipocyte Medium
(Zen-Bio, Inc.) every two days. Five days after differentiation,

characterization of adipocytes was confirmed by microscopic
observation of intracellular lipid droplets after Oil Red O staining.
Osteogenic differentiation was induced by culturing the cells in
DMEM containing 10 nM dexamethasone, 50 mg/dl ascorbic acid
2-phosphate, 10 mM B-glycerophosphate (Sigma), and 10% FBS.
Differentiation was examined by Alizarin red staining. For chon-
drogenic differentiation, 2 x 10° cells of the hRADMPCs were centri-
fuged at 400xg for 10 min. The resulting pellets were cultured in
chondrogenic medium (o-MEM supplemented with 10 ng/ml
TGF-B, 10nM dexamethasone, 100 M ascorbate, and 10 pl/ml
100x ITS Solution) for 14 days. For Alcian Blue staining, nuclear
counter-staining with Weigert’'s hematoxylin was followed by
0.5% Alcian Blue 8GX for proteoglycan-rich cartilage matrix.

2.5. Animal model of liver fibrosis and cell administration

Chronic liver fibrosis was induced in nude mice using the pro-
cedure described previously [23,24] with some modification.
Briefly, 6-week-old male nude mice (body weight of 20-30 g pur-
chased from CLEA, Tokyo) were treated with a mixture of CCl,
(Wako Pure Chemicals, Osaka) (0.3 ml/kg) and olive oil (Wako Pure
Chemicals) (1:1 vol/vol) by intra-peritoneal injection twice a week
for 6 weeks, and this was followed by a tail vein injection of
hADMPCs (1.0 x 106 cells/kg body weight, n = 4) or placebo control
(n=5), and followed by 6 more weeks of CCl,; treatment.

2.6. Liver function tests and histological analysis

Blood specimens were collected by cardiac puncture at the end
of the experiment. Measurement of serum albumin, alanine amino-
transferase (ALT), aspartate aminotransferase (AST), and total-
bilirubin levels by routine laboratory methods was outsourced to
Oriental Yeast Co. (Shiga, Japan).

Hematoxylin and eosin (H&E) staining and Sirius Red (SR) stain-
ing were performed to determine the extent of liver inflammation
and fibrosis. The stained slides were viewed on a BioZero laser
scanning microscope (Keyence, Osaka). The area of liver fibrosis
was quantified with SR staining. Briefly, the fibrotic area (red stain-
ing) was assessed at 40x magnification using computer-assisted
image analysis with All-in-One analysis software (Keyence, Osaka).
Sixteen fields were randomly selected for each group.

2.7. Measurement of MMP-2, -3 and -9 production by hADMPCs

One million cells of hADMPCs and BM-MSCs (DS Pharma Bio-
medical, Osaka) were seeded onto 6 well plates and then cultured
for 24 h. The supernatants were harvested, centrifuged, and frozen
at —80 °C until analysis. MMP-2, MMP-3 and MMP-9 were mea-
sured by enzyme-linked immunosorbent assay (ELISA) kits from
R&D Systems (Minneapolis, MN) using the instructions supplied
by the manufacturer.

2.8. Statistical analysis
Serum parameters and fibrotic area are presented as mean + SD.
Differences between groups were assessed for statistical signifi-

cance by the Student’s t-test, with p < 0.05 considered statistically
significant.

3. Results
3.1. Characterization of hRADMPCs

Flow cytometry was used to assess markers expressed by
hADMPCs (Fig. 1A). The cells were negative for markers of
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hematopoietic lineage (CD45) and hematopoietic stem cells, CD34
and CD133. They were also negative for CD31, an endothelial
cell-associated marker, and c-Kit {(CD117), a cell surface antigen.
However, they stained positively for several surface markers char-
acteristic of mesenchymal stem cells, but not embryonic stem (ES)
cells, such as D29, CD44 (hyaluronan receptor), CD73 and CD105
(endoglin).

Next, we examined the adipogenic, osteogenic and chondro-
genic differentiation potentials of hADMPCs. Adipogenic differenti-
ation was confirmed by accumulation of intracellular lipid droplets
stained with Oil Red O (Fig. 1B). Differentiation and induction of
hADMPCs was associated with increase in the amount of Oil Red
O-stained lipid droplets, indicating that hRADMPCs can differentiate
into adipocytes. Osteogenic induction was examined by Alizarin
red S staining (Fig. 1B). Induction of hADMPCs for osteogenesis
was associated with Alizarin red S staining and appearance of
mineralized nodules. The chondrogenic potential of hADMPCs is
shown in Fig. 1B. Induction of chondrogenesis by pellet culture
resulted in staining of extracellular matrices of hADMPCs-derived
pellet-cultured chondrocytes for Alcian Blue, indicating the
chondrogenic differentiation potential of hADMPCs. These results
confirmed the tri-lineage differentiation potential of hADMPCs
and the mesenchymal stem cell properties of hADMPCs.

3.2. Effects of hADMPC on CCly-induced chronic liver dysfunction in
nude mice

We adopted the CCls-induced chronic mouse fibrosis model in
this study rather than the CCls-induced acute model because
CCly-induced acute liver fibrosis resolves spontaneously [25]. For
this purpose, 9 male nude mice were injected intraperitoneally
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with CCly twice weekly for 6 weeks, and then divided into two
groups, 4 animals received hADMPCs transplantation via the tail
vein and the other 5 vehicle control received Ringer's solution with
1/30 volume of heparin. All animals were followed for 6 weeks
after the last injection (a).

H&E staining of liver sections showed reduced hepatocyte vac-
uolar degeneration in hADMPC-transplanted CCly-injured mice
compared with the control (Fig, 2B). The peri-lobular regions were
the main areas affected by CCl, hepatotoxicity while the centrilob-
ular regions seemed to be the least affected. These findings suggest
intact albumin secretion, which was confirmed by Sirius Red (SR)
staining of control liver sections. SR staining of sections from hAD-
MPC-transplanted mice showed mild liver fibrosis, while that of
sections from control group mice showed moderate fibrosis
(Fig. 2B). Quantitative image analysis of the fibrotic area in SR-
stained sections confirmed the efficacy of hADMPC-transplantation
on liver fibrosis. The mean fibrotic area was significant lower in
hADMPC-transplanted CCly-injured mice (1.8 +1.1% of fibrotic
areas) than control mice (10.9 +3.9% of fibrotic areas) (p < 0.05),
indicating that hADMPC-transplantation ameliorated liver fibrosis
and increased the area containing hepatocytes (c).

3.3. Functional recovery of liver damage following transplantation of
hADMPCs

We next evaluated the effects of cell transplantation on the
extent of liver injury and liver function. Serum transaminase levels
(AST and ALT) were significantly higher in mice with liver damage
(control), but the increase was attenuated by hADMPCs transplan-
tation (Fig. 3A and B). These results confirmed the effectiveness of
hADMPCs in the treatment of liver damage associated with fibrosis.
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Fig. 1. Characterization of hADMPCs. (A) Flow cytometric characterization of hADMPCs. (B) An isotype-matched negative control indicated as red curve. (C) Adipogenic,
osteogenic and chondrogenic differentiation potentials of hADMPCs. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 2. Assessment of liver fibrosis in hADMPC-transplanted nude mice and controls. (A) Diagram of the treatment protocol. (B) Extracellular deposition of collagen fibers
stained with Sirius Red. (C) Quantification of collagen by image analysis. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

Interestingly, serum albumin level remained high after hADMPCs,
similar to the control (Fig. 3C). These results could be explained
by damage of the centrilobular region, the main site of albumin
production. Considered together, the results suggest the beneficial
effects of hADMPCs in attenuating liver damage and recovery of
liver function.

3.4. hRADMPCs-induced functional recovery is mediated by MMP
release

Finally, we analyzed the mechanism of the hepatoprotective
effect of hADMPCs. For this purpose, we measured the amount of
the fibrinolytic enzymes, MMP-2, MMP-3 and MMP-9, secreted
by hADMPCs by ELISA (Fig. 4). After 3-day culture, the amounts
of enzymes production by hADMPCs and BM-MSCs were mea-
sured. There was no significant difference in MMP-2 production
by hADMPCs and BM-MSCs (59.7 £2.3 vs 58.3 £ 0.0 ng/ml from
1.0 x 10% cells cultured for 3 days). On the other hand, MMP-3
and MMP-9 production levels were significantly higher in
hADMPCs than BM-MSCs (6.84 + 2.3 vs 0.03 0.0 ng/ml, p <0.05,
0.462 +0.015 vs 0.003 + 0.008 ng/ml, p < 0.05, from 1.0 x 10* cells
cultured for 3 days, respectively).

4. Discussion
The major finding of the present study was improvement of

liver fibrosis in CCls-induced mice after systemic administration
of hADMPCs, and that this effect was mediated, at least in part,

through the production of fibrinolytic MMP-2, -3, and -9, from
hADMPCs, suggesting that these cells could be particularly effec-
tive in resolving liver fibrosis.

Liver transplantation is an established treatment for severe liver
cirrhosis, although the number of patients who could benefit from
such treatment is small due to the limited number of donors [5].
Cell therapy has been proposed as an alternative and attractive tool
for treating patients with severe liver disease [8-13]. Among the
cell therapy tested so far, hepatocyte replacement therapy had
been examined. Isolated hepatocytes from human liver [13], regen-
erated hepatocyte-like or —progenitor cells from embryonic, induce
pluripotent [26,27], or hepatic progenitor cells [11], and in situ
reprogrammable cells (9, 10) have been tested for their efficacy
in animal models. The strategy has also been successful in clinical
trials involving patients with certain inherited diseases [28].
Although large numbers of hepatocytes or hepatocyte-like cells
are needed for meaningful cure and there should be no room for
the cells in fibrotic hepatic parenchyma to engraft, such replace-
ment therapies, however, do not seem to be clinically fruitful for
liver fibrosis. We hypothesized that fibrolytic enzymes produced
by hADMPCs could be useful for treatment of liver fibrosis, and
therefore shifted the treatment strategy to improvement of liver
fibrosis with cell-based fibrinolytic enzymes delivery. In this strat-
egy, hADMPCs derived-MMPs should produce lysis of excess extra-
cellular matrices and make room for the patient’s own proliferative
hepatocytes.

To establish the cell-based fibrinolytic enzyme delivery therapy
as first line next to liver transplantation, some challenging issues
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should be dealt with; (1) the cells should be obtained easily and
ethically in large quantities, (2) the cells should improve liver
fibrosis and liver panel, and (3) the cells act as vehicle for the deliv-
ery of MMPs.

The first issue is whether the cells could be obtained easily and
ethically in large quantities. hRADMPCs is favorable for the therapy
because adipose tissue, from which ADMPCs are obtained, is easily
and safely accessible and large quantities of the tissues can be
obtained without serious ethical issues, since liposuction surgery
yields from 100 ml to >3 L of lipoaspirate tissue [8-10]. Therefore,
hADMPCs can potentially be applied not only for autologous but
also allogenic cell-based enzyme delivery in the future. Based on

the above advantages, hADMPCs represent a potentially promising
source of cells for the therapy.

Second, we need to show that hADMPCs-administration results
in improvement of liver fibrosis and liver panel, as proof-of-con-
cept of therapy. As shown in Fig. 2, hADMPC significantly improved
liver fibrosis in CCls-treated nude mice (a model of chronic liver
cirrhosis). The treatment also resulted in improvement of serum
transaminase levels. In this model, massive fibrosis was mainly
noted in the peri-hepatic lobular region but not in the centrilobular
regions surrounding the central veins. Albumin is known to be
mainly produced by hepatocytes in the centrilobular region. This
is the most likely reason for the lack of difference in serum albumin
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levels between hADMPC-transplanted animals and controls. These
results indicate that hADMPCs transplantation showed the proof-
of-concept to liver dysfunction associated with fibrosis.

Finally, an important issue in this kind of therapy is whether the
cells secrete sufficient amount of MMPs. One study reported that
matrix metalloproteinase gene delivery could decrease collagen
fibers and reduce liver fibrosis [29]. The mode of action was con-
sidered to be the strong expression MMPs on the transplanted
cells, indicating that MMPs-producing cells other than BM-MSCs
[30] are suitable for use for the cell-based enzyme delivery. The
present study showed that hADMPCs expressed MMP-2, -3 and -
9 (Fig. 2). There was no significant difference in MMP-2 production
between hADMPC and BM-MSCs. However, the production of
MMP-3 and MMP-9 from hADMPCs was superior to that from
BM-MSCs. MMP-3 and MMP-9 are known to lyse collagen types
Il and I, which are major compartment of liver fibrotic lesion
[29]. These data highlight the potential effectiveness of hADMPCs
in the treatment of liver fibrosis and the superiority of hADMPCs
compared to other therapies.

In conclusion, the present study demonstrated that systemic
administration of hADMPCs significantly attenuated liver fibrosis
and improved liver function, and that the therapeutic effect of
hADMPCs was in part due the secretion of fibrinolytic enzymes,
MMPs. These proofs of concept and mode of action prompted us
to choose hADMPCs for cell therapy of liver fibrosis. hADMPCs
therapy, as cell-based enzyme delivery therapy, has the potential
to be an effective source of inducers that support liver
regeneration.
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Introduction

Hematopoiesis is a complex and dynamic process, which
generates mature blood cells throughout the life of organisms. In
the adult bone marrow, long-term hematopoietic stem cells (L'T-
HSCs) maintain a balanced pool of stem cells, which also
differentiates into more mature short-term hematopoietic stem
cells (ST-HSCs), multipotent progenitors with a lower self-renewal
capacity. It is believed that the blood lineage choice of HSCs is
governed by a stepwise cell fate decision [1,2]. However, recent
studies have raised questions about the hierarchical hematopoietic
system [3,4]. Many studies based on genome-wide gene expression
profiling [5-9] have demonstrated that specific extrinsic and
intrinsic regulators play key roles in hematopoiesis [10-12].
Recently, high-throughput sequencing techniques have been
applied widely [13-15], which have provided new insights into i
vivo transcription factor (TF) binding and epigenetic modifica-
tions [16-18]. Systems biology approaches are also enhancing our
understanding of the regulatory dynamics of hematopoiesis [19].

Despite the biological importance of the formation of all blood
cells via a transition from LT-HSC to ST-HSC, little is known
about the mechanism that underlies this early differentiation. A
major explanation for this deficiency is a lack of comprehensive
genome-wide identification studies and characterizations of the
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regulatory elements that govern gene expression in HSCs. The
profiling of potential key regulators [8,17,20] and the large-scale
integration of datasets [21,22] have improved our understanding
greatly. However, these studies are limited to a small number of
factors that function in heterogeneous HSCs, which were isolated
using different combinations of monoclonal antibodies. Therefore,
unconsidered key regulators may exist at this early stage of
hematopoiesis. Indeed, novel key factors [23,24] and new multip-
otent progenitors [3,4,25] have been identified recently.

To address these deficiencies, we developed a computational
method on the basis of novel transcriptome data from adult mouse
bone marrow HSCs; CD34~KSL (c-kit"Scal™Lin™) LT-HSCs
and CD34*YKSL ST-HSCs, a widely used strategy to isolate
HSCs at high purity [26,27]. Our method uses a regression-based
approach [28-30] to model the linear relationships between gene
expression and the characteristics of regulatory elements compiled
from a database. In the present study, we extended this regression
modeling-based approach using large-scale log-linear modeling
(LLM) [31], which considered the combinatorial nature of TFs.
Thus, our method can systematically infer the regulation modes
exerted by TFs that are probably necessary for gene expression, as
well as suggesting synergistic TF modules. Using our transcrip-
tome profiles and this novel method, we characterized transcrip-
tional regulatory modes related to HSCs, which suggested the
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Figure 1. Extensive transcriptome discovery based on the RNA-seq assay. (A) Our RNA-seq assay discovered over 8200 mRNAs that were
not detected in microarray-based studies. (B) RNA quantities relative to those of the housekeeping gene beta-2 microglobulin (B2m) were correlated
in gRT-PCR and RNA-seq assays, but variations were also observed in genes that were expressed at low levels. (C) Analysis of gene expression changes
detected a transcriptionally active state in ST-HSCs with a larger number of genes than those considered previously. (D) We categorized genes into 4
classes; Class A and Class B, in which FC >2 and FPKM > 3, Class C (6332 genes), in which FC <2 and FPKM >3, and Class D (6006 genes), in which
FPKM <3. Class A and Class B represented DEGs, Class C represented steady-state transcription genes, and Class D represented genes with noisy
expression and/or functional low-expression genes. (E) Enriched GO biological process (GO-BP) terms detected by DAVID (EASE score, <0.01,
complete lists in Tables S10 and S11).

doi:10.1371/journal.pone.0093853.g001

functional importance of TTFs expressed at steady-state or low RNA-seq assay uniquely identified 8275 and 9220 genes from LT-
levels. Remarkably, we identified 24 differentially expressed TFs and ST-HSCs, respectively (Figure 1A). This indicates that our
that targeted 21 putative TF-binding sites (I'FBSs) in LT-HSCs. study successfully identified a more detailed transcriptome

These T'Fs might be essential for maintaining the HSC capacity landscape than previous studies.

during the early stage of hematopoiesis. The application of different monoclonal antibodies to purify
HSC populations may have diverse effects on the resulting

Results expression profiles [2], which are related to issues regarding the
functional purification of HSCs [10,26] and the heterogeneous

Extensive transcriptome discovery expression in single cells [4,10,34]. In fact, a comparison between

RNA-seq analysis of HSCs. To establish transcriptional our findings and the results of an RNA-seq analysis of HSCs
profiles, we extracted total RNA from mouse LT-HSCs  jsolated using distinct markers [15] demonstrated that there were
(CD347KSL) and ST-HSCs (CD34*KSL), and performed great differences, particularly among genes that were expressed at
SOLiD RNA-seq assays in triplicate. We generated 4470 million low levels (Figure S1B). In addition, we performed qRT-PCR

50 bp short reads, among which 44%-63% were mapped using 90 genes that were randomly selected from our samples, and
uniquely to the mouse genome (mmY) via our recursive mapping confirmed that RNA quantities relative to the housekeeping gene
strategy [32]. These uniquely mapped reads (uni-reads) were used B2m were in overall agreement (Figure 1B). However, genes that

for further analysis (Table S1). We used the TopHat/Cufflinks  were expressed at low levels were substantially different. These
pipeline [33] to quantify the RNA abundance of RefSeq genes as  results suggest the difficulty in detecting and quantifying rare
fragments per kilobase of exon per million mapped reads (FPKM). transcripts in HSCs.

This analysis confirmed the high reproducibility among replicates Identification of differentially expressed genes
(Figure S1A). We also assessed the overlap between our profile and (DEGs). We identified genes with high expression levels
public expression profiles [8,9]. This comparison showed that our (FPKM, >3) and calculated the fold change (FC) in gene
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Table 1. Top ten differentially expressed transcription factors.

Transcriptional Regulation in HSCs

Class Gene FC* Microarray’

Hoxb5 5.1317

Cdknic

3.8479 M,Fo

Carl 2.9839 M

Foxa3 27509

Hnf4a 3.1733

Hmgb2 2.0842 M

1rf8

Uhrf1 1.4536

Notch1

1.3403

interferon regulato

notch 1

Description

homeobox B5

cyclin-dependent kinase inhibitor 1C (P57)

carbonic anhydrase 1

forkhead box A3

hepatic nuclear factor 4, alpha

high mobility group box 2

factor 8

ubiquitin-like, containing PHD and RING finger domains, 1

*log, fold change.
*M: Mansson et al. [8], Fo: Forsberg et al. [6], Fi: Ficara et al. [9].
doi:10.1371/journal.pone.0093853.t001

expression. This analysis detected the transcriptionally active state
of ST-HSCs (Figure 1C), which supported the results of previous
studies [6,7,15]. Our RNA-seq assay detected a higher number of
DEGs than those reported previously, which may have been
related to our more comprehensive transcriptome discovery
method. We categorized the genes into 4 classes using a change
of 2-fold as the threshold [15] (Figure 1D): Class A, 363 genes
upregulated in LT-HSC; Class B, 743 genes downregulated in LT-
HSC; Class C, 6332 genes with FC <2 and FPKM > 3; and Class
D, 6006 genes with low expression (FPKM, <3). Thus, Class A
and Class B represented DEGs, Class C represented steady-state
transcription genes, and Class D represented genes with noisy
expression and/or functional low expression genes.

We searched for any gene ontology (GO) terms enriched in
DEGs using the DAVID Bioinformatics Resources [35]. Figure 1E
shows the representative GO terms (Tables S10 and S11 for
complete lists). This analysis showed that DEGs were involved in
the immune response, cell-cell communication, and signal
transduction. This was not surprising because extrinsic and
intrinsic signals and molecules contribute to the biology of HSCs
in the bone marrow microenvironment [1,10,11,36]. In addition to
these common biological processes, Class A genes were involved
particularly in cell death, cell differentiation, and homeostasis,
whereas Class B genes were involved in DNA repair, cell cycle
progression, and cell organization. These results were consistent
with those of previous studies that showed that apoptosis and cell-
cycle regulators play critical roles in maintaining a balanced pool
of HSCs and in the expansion of progenitor populations [5,37,38].

Differentially expressed cell-surface molecules and
TFs. DEGs included 77 cell-surface molecules with the “cell
surface” (GO:0009986) GO term (Table S2), some of which are
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known to be associated with hematopoiesis: in Class A, Vayf, Lhcgr,
Cxel12, and Tgfbr3; in Class B, CD244, CD33, and Clec12a. CD34,
which was used to isolate HSCs in this study, exhibited an
upregulation of over 12-fold in ST-HSCs compared with L'T-
HSCs. To obtain high HSC purities, these cell-surface molecules
will be useful as alternative or additional markers.

DEGs also included 57 TFs that were annotated in TRANS-
FAC [39], i.e., 31 in Class A and 26 in Class B (Tables 1 and S3).
These differentially expressed TFs included known hematopoietic
regulators (e.g., Gata2, Tall, and Sathl) and previously unconsid-
ered TTs, such as the hepatocyte nuclear factor Foxa3, the BTB-
domain zinc finger Zptb20, the DNA-binding domain Arid5a, and
the epigenetic regulator Ukrfl. It was noteworthy that a large
number of TFs belonged to Class C (303 TFs) and Class D (341
TFs) (Tables S4 and S5). In particular, TTs with synergistic
functions in HSCs [17] and that belonged to TF families, such as
Fox, Lmo, and Sox (which are required by HSCs), were present in
Class C and/or Class D. These results may suggest that, in
addition to differentially expressed TFs, TFs with coding genes
that are expressed at stable or low levels are functionally important
molecules.

Computational modeling of DEG promoters

Workflow overview of promoter modeling. To determine
the upstream regulatory elements that are essential for DEG
transcription, we used a linear regression model that was used
widely for this purpose in previous studies [28,30]. The underlying
assumption of this model is that the expression levels of genes are
controlled by the sum of the independent activities of regulators,
such as DNA-binding factors or epigenetic marks. These activities
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and used these for inferring TF-TF interaction probability and calculating TGASs. We searched the best combination of TFBSs represented by TGASs
to predict FPKMs of a gene class in LT- or ST-HSCs by performing 5-fold CVs iteratively.

doi:10.1371/journal.pone.0093853.9002

can be approximated using high-throughput i vivo experi-
ments [40,41] or knowledge-based computational approach-
es [25,30]. As a preliminary test, we applied the linear regression
model described in our previous study [29] using ChIP-seq data for
10 major TFs [17]. In this approach, we used genome-wide TF-
binding instances that occurred within +5kb regions from
transcription start sites (I'SSs), and predicted the FPKMs of
DEGs by using a simple linear regression model with rigorous
statistical tests. However, we were unable to detect any significant
effects, and the correlation between the observed and predicted
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FPKMs was <0.3. This failure may, in part, reflect the possibility
that these TFs exert regulatory functions as distal enhancers,
rather than through proximal promoters [17,42].

To identify regulators from proximal promoter regions com-
prehensively, we used TRANSFAC {39], which is a database that
curates > 1.5 million ChIP-seq sites, and designed a workflow
coupled with intensive computations (Figure 2). IFirst, we prepared
the promoter sequences of DEGs and searched for putative TFBSs
and mouse TFs that are known to bind to the TFBSs in
TRANSFAC using the MATCH tool [43]. This procedure
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identified 140 and 141 TFBSs for Class A and Class B promoters,
respectively. Among these, 70 TFBSs in Class A and 69 TFBSs in
Class B were targeted by at least one TF with a highly expressed
coding gene (FPKM, >3). In total, 265 and 267 TFs were
involved in Class A and Class B, respectively.

Next, we calculated the TFBS-gene association score (TGAS)
using 5 distinct scoring schemes, which were employed as
explanatory variables in a linear regression model. These scores
considered matrix similarity, positional bias of TFBSs, the
expression levels of TTs, and the probability of TF-TF interactions
(Materials and Methods). Given a TGAS, we searched exhaus-
tively for the best combination of TFBSs, including pairwise
interactions between TFBSs. We performed a 5-fold cross-
validation (CV) to avoid the risk of over-fitting. This procedure
was repeated 100 times with different random seeds. An ensemble
of 100 regression coefficients (RCs) for a TFBS provides statistical
information of the estimated regulatory activity of the TFBS. We
conducted statistical tests using these ensembles. We applied this
workflow to 4 regression models to predict the expression levels of
each of the Class A and Class B genes in LT- or ST-HSCs.

We attempted to characterize promoter architectures by testing
the different TGASs mentioned above, rather than by comparing
our approach with other modeling methods. This was because of
the difficulty of implementing existing methods using our inputs
and analyzing their results. We also aimed to determine regulatory
activities by analyzing 4 models. We characterized the context-
dependent function of regulators that activated and repressed the
transcription of distinct genes depending on the cellular con-
text [44,45]. Thus, our approach provided a detailed picture of the
regulatory modes involved in context-dependent gene expression.

Inference of higher-order TF interactions. The co-occu-
pancy of a promoter by multiple TFs contributes synergistically to
transcriptional regulation. We considered this when calculating
TGAS by performing probabilistic LLM [31] coupled with
iterative random sampling. The input matrix used for LLM, i.e.,
n promoters in rows X m TFs in columns, comprised binary values
that represent the existence of TFBSs for m TFs in n promoters.
Using this matrix, LLM was employed to infer the conditional
(in)dependency of TF occurrences, i.e., TF-TF interactions in
higher-order conditional distributions. It should be noted that
LLM cannot determine whether an interaction is competitive or
cooperative.

The huge number of TFs means that LLM is not adequate to
compute them all; therefore, we performed random sampling with
10 arbitrary selected TTs, which means that an inferred TF-TTF
interaction was observed constantly in the 28 state combinations of
8 TFs. This sampling procedure was terminated if an outcome had
no effect during 10° runs. We calculated the interaction
probability Pr for all possible TT pairs using this iterative sampling
procedure (Materials and Methods). After repeating the sampling
procedure 1,367,639 times for Class A and 1,406,837 times for
Class B, we retrieved 50 and 77 interactions (Pr=1.0) from Class
A and Class B, respectively (Tables S12 and S13).

Performance of regression models. Overall, Pearson’s
correlation coefficient Rs in learning and testing of 5-fold CVs
showed a slight over-fitting in the range of <0.2 (Figure S5),
which was acceptable in our sense. One of the reasons for this
over-fitting was the unbalanced numbers between testing genes
and TFBSs; e.g., 72 Class A genes (a subset of 5-fold CV) were
tested by a model with over 100 predictors that were trained by
the remaining Class A genes. This implies that the constructing of
a model to generalize the gene regulation for an HSC population
is a highly difficult challenge that is associated with the degrees of
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functional purity and heterogeneity and the limit of regulatory
features used in the modeling.

Table 2 summarizes the results obtained from the linear
regression models. The results showed that TGAS V coupled with
LLM had the highest mean R between the observed and predicted
gene expression. Interestingly, TGAS IV, which removed TFBSs
where all TFs had FPKM <3, yielded poor—quality models,
suggesting that these TFBSs were also necessary for modeling gene
regulation. In addition, compared with the main effect terms
(denoted as “single” in Table 2), a large number of pairwise terms,
Le., Ax B, where A and B are 2 distinct TFBSs that were not
included as main effect terms, contributed to the modeling.
Indeed, the initial models that comprised only the main effect
terms selected on the basis of Akaike’s information criterion (AIC)
showed an R <0.6.

The improvement observed using TGAS V compared with the
use of TGAS III was not remarkable. To assess this improvement,
we performed a two-sample test using RC ensembles of TFBSs
that were common in the 2 models. This analysis indicated that
these models yielded considerably different TFBS activities (Figure
S2A). In most cases, TF interaction scores (Equation 9) were
ineffectively small. However, specific TFBSs, such as AP-1, Ets,
and Ebox, had high scores (Figure S2B) because of the relatively
larger number of TFs that interacted to occupy these TFBSs
(Pr>Q0). This apparently affected the different estimations.

Overall, pairwise interactions between TFBSs reflected regula-
tory modules that appeared to be essential components of the
transcriptional machinery. The incorporation of cooperative and
competitive interactions among TTFs into quantitative models is
also essential for determining the transcriptional network based on
a fine-tuned explanation of gene expression.

Propensity of inferred TFBS activities

Identification of significant TFBSs and changes of
regulatory activities. To assess the statistical significance of
TFBS activities, we performed single-sample #tests using RC
ensembles on the basis of TGAS V (Figure S3). This analysis
identified 142 TFBSs that rejected the null hypothesis that the
mean value of RCs was equal to zero (p <0.05). This included
several known hematopoietic regulators, such as Arnt, C/EBP,
CREB, Ebox, Egr-1, GATA-X, and IRF (Figure 3A). In
particular, GATA-X targeted by Gatal, Gata2, or Gata3 (Class A)
was significant only in the model of Class A in ST-HSCs.
Consistent with a recent analysis of Hlf function [25], we inferred
positive RCs for HLF in all 4 models, which suggests that it
functions as an activator. Hif was upregulated by 1.9-fold in LT-
HSCs (Class C). We also validated PPARG activity using a
competitive repopulating assay (see below).

Overall, 83 of the 142 TFBSs were detected by all 4 models,
among which 14 TFBSs were unique in Class A or Class B (Table
S6). Furthermore, 73% (61/83) of the common TFBSs appeared
to have same effects on the activities in LT- and ST-HSCs, e.g., a
positive RC in LT-HSC was also positive in ST-HSC. Interest-
ingly, this effect was the opposite in Class A and Class B, for which
typical examples are marked by rectangles in Figure 3A. There
were also exceptional cases, including IRF-2, HOXA7, and
DMRT3. The results obtained using TGAS III had similar
properties.

Gain and loss of activities during HSC progression. To
analyze the change of TFBS activities between L'T- and ST-HSCs,
we tested 2 RC ensembles of a TFBS using a two-sample #test
under the null hypothesis that the mean values were equal. This
analysis found that the null hypothesis was rejected for 71 TFBSs
(Class A) and 58 TFBSs (Class B) (p<0.001) (Figure 3B). The
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Table 2. Result obtained using the linear regression models.

Linear regression TFBS contents

A LT-HSC | 83.91 (5.7238)° 0.8016 (0.0205) 18.98 (2.1070) 64.93 (5.7745)

th 103.73 (4.5296) 0.8722 (0.0134) 29.14 (2.5220) 74.59 (5.0062)

% 108.12 (4.9138) 0.8850 (0.0124) 31.82 (2.6921) 76.30 (5.1449)

V-2 51.90 (2.9648) 0.7164 (0.0155) 11.96 (1.1128) 39.94 (3.0588)

ST-HSC | 83.02 (5.3907) 0.8087 (0.0204) 20.66 (1.9709) 62.36 (5.9389)

i 106.77 (4.0394) 0.8730 (0.0114) 36.29 (2.7579) 70.48 (4.5902)

v 108.49 (4.5618) 0.8777 (0.0132) 37.62 (2.7378) 70.87 (5.2548)

V-2 53.32 (3.1012) 0.6867 (0.0191) 21.53 (2.2470) 31.79 (3.5222)

B LT-HSC | 77.82 (5.6451) 0.6177 (0.0183) 21.98 (2.1400) 55.84 (6.2749)

it 105.78 (3.8251) 0.7311 (0.0125) 27.96 (2.4614) 77.82 (4.1434)

% 108.45 {(4.2270) 0.7466 (0.0111) 27.20 (2.4819) 81.25 (4.3183)

V-2 53.74 (2.7879) 0.5548 (0.0145) 15.54 (1.5324) 38.20 (3.1969)

ST-HSC I 77.65 (4.7924) 0.6077 (0.0175) 21.42 (2.0745) 56.23 (5.3514)

1] 105.87 (4.1633) 0.7262 (0.0140) 24.73 (2.4448) 81.14 (4.8477)

24.77 (2.6338)

E.g. at the top line, the final regression model predicted Class A FPKMs in LT-HSCs using TGAS |, resulting in the correlation coefficient R = 0.8016. This model included
83.91 TFBSs consisting of 18.98 single TFBSs and 64.93 pairwise TFBSs.

*TFBS-Gene association scores; () MATCH score only, (ll} including distribution of TFBSs, (lll) including expression changes in TFs, (IV) same as (ll) but only including
TFBSs targeted by highly expressed TFs, and (V) including the TF-TF interactions in the log-linear model. (V) was modified to remove TFs: coded by undetectable
transcripts (V-1), those that belonged to Class D (V-2), or by removing the 21 TFBSs in Figure 4B (V-3).

*Pearson’s correlation coefficient; once the final regression model was found, R reflecting the model quality is calculated to measure the degree of correlation between
the observed and predicted FPKMs,

*Data are presented as the means (and standard deviation in parentheses).

doi:10.1371/journal.pone.0093853.1002

multiple-testing correction reduced these numbers to 49 and 42 in differentiation competence in ST-HSCs require a vigorous
Class A and Class B, respectively (p <0.001) (Tables S8 and S9). transcriptional program.

Interestingly, although these TFBSs had different mean values, the As an intuitive insight into the gain and loss of activities
effects of the activities were mostly unchanged; a positive (negative) during HSC progression, we found that downregulation of Class A

activity in LT-HSC was still positive (negative) in ST-HSC, i.e., in ST-HSC relative to LT-HSC was accompanied by a gain of
75% (53/71) in Class A and 84% (49/58) in Class B. In most cases, negative RCs in ST-HSC (e.g., CKROX, GABP, C/EBPdelta,
the strengths of these activities increased markedly in ST-HSC, and myogenin/NF-1) and by a loss of positive RCs in LT-HSC
1e., 85% (45/53) in Class A and 76% (37/49) in Class B. These (e.g., IRF-2, HENI1, POUG6F1, and RBP-jkappa). Similarly,
results suggest that the maintenance of self-renewal and the upregulation of Class B in ST-HSC relative to LT-HSC was
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Figure 3. Propensity of significant TFBS activities. (A) Heat map showing regression coefficients (RCs) of 142 potentially important TFBSs
(p <0.0%). Rectangles indicate typical cases of opposing RCs in Class A and Class B. (B) We found that 71 and 58 TFBSs from Class A and Class B
promoters, respectively, had significantly different RCs in LT- and ST-HSCs (p <0.001).

doi:10.1371/journal.pone.0093853.g003

followed by a gain of positive RCs in ST-HSC (e.g., SF1, Oct-4,
GATA-6, and RORalpha) and by a loss of negative RCs in LT-
HSC (e.g., PBX1, IPF1, MYB, KAISO, and Pax-4). However,
many of the TFBSs in each class exhibited activity changes that
differed greatly from our intuitive expectations, which suggests
that the high level of complexity in the transcriptional circuit is
related to context-dependent gene expression.

Functional importance of TFs coded by rare transcripts
Regulatory effects of TFs from gene classes that were
expressed at low and undetectable levels. We constructed
TF-gene networks on the basis of the links between the 142 TFBSs
and their downstream target genes. The networks had vast
numbers of edges: 40,896 edges among 204 TFs that targeted 114
TTBSs of Class A in LT-HSC; 45,882 edges among 237 TFs that
targeted 114 TFBSs of Class A in ST-HSC; 97,946 edges among

PLOS ONE | www.plosone.org

253 TFs that targeted 134 TFBSs of Class B in LT-HSC; and
96,975 edges among 243 T'Fs that targeted 125 TFBSs of Class B
in ST-HSC.

The majority of TFs mvolved in these networks belonged to
Class D and transcripts that were not detected in our RNA-seq
assay (Figure 4A). Only a small portion of these genes were
detected by microarray analyses [8,9], ie., the numbers in
parentheses in Figure 4A. Our qRT-PCR assay detected only 1
or 2 of these genes, suggesting that they originated from rare
transcripts, i.e., TI-coding genes expressed at low or undetectable
levels in HSCs. To assess the importance of these TFs, we
modified TGAS V to remove the regulatory effects from the TFs;
by setting F=0 (Equation 8) for unexpressed TF-coding genes
(TGAS V-1) and for TF-coding genes in Class D (TGAS V-2). As
a result, Rs were lower than TGAS V when the model removed
these effects (Table 2), which suggests their important contribution
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Figure 4. Inference of transcriptional regulatory networks. (A) Systematic representation of TF-gene networks and the change of TFBS
activities between LT-HSCs and ST-HSCs. Genes that produce TFs that putatively bind to important TFBSs (Figure 3A) existed in each class. Some of
them were not detected in the RNA-seq assay, and were categorized as "Undetected”. The numbers on the gray-colored arrows denote the number
of TFs in the corresponding class that bind to Class A or B gene promoters, suggesting that the majority of TFs belonged to nondifferentially
expressed gene classes. The numbers in parentheses indicate TFs that were detected in microarray-based studies, suggesting the extensive discovery
of our assay. As shown in the middle panel, we inferred that the positive or negative activities of TFBSs are mostly unchanged between cells, but are
inverted between Class A and Class B. (B) Subnetworks of (A) in LT-HSCs. The majority of TF-coding genes were not differentially expressed, whereas
24 TFs binding to 21 TFBSs were present among DEGs (Class A and Class B) and interacted strongly with nondifferentially expressed TFs (Figure S4

shows the subnetworks in ST-HSCs).
doi:10.1371/journal.pone.0093853.g004

to the modeling. Indeed, many known factors [17,46] were present
in these categories.

Competitive repopulation assay with activated
Pparg. The suggestion that TF-coding genes expressed at low
levels are important contributors to transcriptional regulation
prompted us to investigate the function of Pparg, which remains
controversial in HSC biology [47]. Pparg was categorized into Class
D (0.3747 FPKM in LT-HSC and 0.2616 FPKM in ST-HSC),
and its binding sitt PPARG had negative RCs in all 4 models
(Figure 3A). To confirm this PPARG activity, we treated LT-
HSCs with GW1929, a high agonist of Pparg [48,49].

As shown in Figure 5A, we performed a transplantation assay
using L'T-HSCs that were cultured for 5 days with or without
GW1929. GW1929-treated HSCs exhibited decreased chimerism
at 20 weeks after the transplantation compared with the controls
(Figure 5B). The contribution of T-cell, B-cell, and myeloid
lineages to the total donor-derived cells was not highly different
(Figure 5C). These results suggest the possibility that the excessive
activity of PPARG influences negatively the long-term repopulat-
ing activity of HSCs, which supports the capacity of our approach
to infer the activities of regulatory elements in HSCs.

Identification of potential key regulators
Differentially expressed TFs and their target sites. The
regulatory networks (Figure 4A) involved differentially expressed

TTs, ie., 18 TTs regulated Class A in LT-HSC (13 from Class A
and 5 from Class B) and 24 TFs regulated Class B in LT-HSC (16
from Class A and 8 from Class B). These TTs targeted 21 TFBSs
that are well-studied hematopoietic regulators, including the Fos/
Jun complex [50], Ebox-binding bHLH TTs [51], the GABP
complex [52], and retinoic acid receptors [53]. In particular, AP-1
and Egr-1 appeared in all of the models and were targeted by
immediate early response genes that are important for apoptosis
and differentiation [50] and that are downregulated in ST-
HSCs [54]. Interestingly, our model showed that some of these
T'Fs are highly modulated by other T'Fs that were not differentially
expressed (Figures 4B and S4). This may explain the observation
that the models with TGAS V-1 and TGAS V-2 reduced the
predictive performance.

Putative function of the differentially expressed
TFs. Many recent studies have reported that epigenetic effects

are important factors in hematopoiesis [16,18,55]. What would
happen if the 21 TFBSs targeted by differentially expressed TFs
were turned off by DNA methylation, for example? This question
was suggested by the recent finding that CpG-methylated regions
colocalize with TFBSs in HSCs [56]. To answer this question, we
removed each set of TFBSs that appeared in Figures 4B and S4,
and performed regression modeling in this condition. The results
showed slightly lower Rs (I'GAS V-3 in Table 2), however, the
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Figure 5. Long-term competitive reconstitution assay. (A) Scheme of the competitive repopulation assay using GW1929, a high agonist of
Pparg. (B) Analysis of the proportion of donor-derived CD34~ KSL HSCs obtained from untreated (Control) and treated (GW1929) recipient mice at
20 weeks posttransplant. Each dot represents a single mouse. (C) Relative contributions of CD4" or CD8" (T-cell lineage), B220/CD45R™* (B-cell
lineage) and Mac-1" or Gr-1* (myeloid lineage) cells in donor-derived Ly-5.1" cells of recipient mice at 20 weeks posttransplant. Black, T-cell lineage;
gray, B-cell lineage; white, myeloid lineage. Data are presented as the mean +SD.

doi:10.1371/journal.pone.0093853.g005
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