Table 1

Clinical characteristics of the 12 patients with AML and the 5 patients with normal BM findings
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CFC assays. In each experiment,
cells were plated onto MethoCult GF

M3434 medium (STEMCELL Tech-

Patient Age  Sex BM Disease Type Cytogenetics Blast nologies). Colony numbers in each
no. findings status (%) dish were scored on day 7.

1 42 M AML Untreated M2 Normal 87 Measurement of TNF-a levels in
2 62 M AML Relapse M1 47, XY, del(9)(q13g22),+10 96 BM extracellular fluid and conditioned
3 69 M AML Untreated M4 Normal 90 media. BM extracellular fluid was
4 58 M AML Untreated M3 46, XY, t(15;17) 63 obtained by flushing bilateral
g gg “[_{I ﬁl\Mllt Bn?eateg ANI{/I;\‘IIRC 46, XYNXW“ 6) 2378 femurs and tibia of individual mice

ntreate - . .

7 72 F  AML  Untrested  AML-MRC Complex 21 with 400 ul PBS. The supernacant
8 2 M AWML Untreated M4 46, XY, 1(11:17) 25 was collected after centrifugation.
9 66 M AML Untreated M1 46, XY, 1(8;21) 85.4 To obrain conditioned media,
10 73 F AML Untreated  AML-MRC Complex 445 0.3-1.0 x 10¢ murine leukemia cells
11 65 M AML Untreated AML-MRC 486, XY, t(1;3) 53.3 or normal GMPs were cultured in
12 73 M AML Untreated M2 46, XY, add(7) 515 RPMI medium containing 10% FBS
13 67 F Normal Normal and 10 ng/ml IL-3. After a 48-hour
14 64 F Normal Normal incubation, the culture superna-
15 47 F Normal Normal tants were collected. The concentra-
16 54 M Normal Normal tion of TNF-a was measured using
17 29 M Normal Normal

a murine TNF-a ELISA kit (Gen-

Real-time quantitative PCR. Real-time quantitative PCR was carried out
on the LightCycler480 system (Roche) using SYBR green reagents accord-
ing to the manufacturer’s instructions. The results were normalized to
Gapdh levels. Relative expression levels were calculated using the 2-AACt
method (51). The following primers were used for real-time PCR exper-
iments: Gapdh forward, TGGCCTCCAAGGAGTAAGAA, and reverse,
GGTCTGGGATGGAAATTGTG; Ne¢f2 forward, CCAGAAGACCTG-
GAATTTGTG, and reverse, AAATGCCAACTTTCCCTTTACA; Tnf for-
ward, TCTTCTCATTCCTGCTTGTGG, and reverse, GGTCTGGGC-
CATAGAACTGA,; Il15ra forward, TAAGCGGAAAGCTGGAACAT, and
reverse, TGAGGTCACCTTTGGTGTCA; Litaf forward, CTCCAGGACCT-
TACCAAGCA, and reverse, AGGTGGATTCATTCCCTTCC; Hoxa9 for-
ward, GGTGCCTGCTGCAGTGTAT, and reverse, GTTCCAGCCAG-
GAGCGCATAT; PsmaS forward, CGAGTACGACAGGGGTGTG, and
reverse, TGGATGCCAATGGCTGTAG; Psmd4 forward, GTACATGCG-
GAACGGAGACT, and reverse, TGTGGTCAGCACCTCACAGT; Psme3
forward, TTTCAGAGAGCGGATCACAA, and reverse, GGTCATGGA-
TATTTAGAATTGGTTC.

siRNA interference. Specific shRNAs targeting murine Tkba mRNA were
designed and cloned into pSIREN-RetroQ-ZaGreen vectors. Control
shRNA is a nonfunctional construct provided by Clontech. The target
sequences, from 5’ to 3', were: CCGAGACTTTCGAGGAAAT (shIkBa
number 1), and AGCTGACCCTGGAAAATCT (shlxBa number. 2).

Immunoblotting. Membranes were probed with the following antibod-
ies: anti-IkBo. (Cell Signaling Technology), anti-phospho-IxBa (Ser32)
(Cell Signaling Technology), anti-p65 (Santa Cruz Biotechnology Inc.),
anti-phospho-p65 (Ser536) (Cell Signaling Technology), anti-B-actin
(Cell Signaling Technology), and anti-histone H3 (Cell Signaling Tech-
nology). Protein levels were quantified with Image] software (NIH). To
obrain nuclear and cytoplasmic extracts, an Active Motif Nuclear Extract
Kit was used according to the manufacrurer’s instructions. Cycloheximide
treatment assay was performed as described previously, with modification
(52). Cells were pretreated with MG132 (20 uM) for 1 hour to inirially
inhibit the proteasomal degradation of IxBa. Cells were washed twice
with medium, then cultured with or without 10 ng/ml of cycloheximide
for an additional hour and harvested.
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Probe Diaclone) according to the

manufacturer’s instructions. Simi-

larly, 0.5 x 10%to 2.0 x 10* human
AML or normal CD34*CD38- cells were cultured for 48 hours in RPMI
medium containing 10% FBS and 100 ng/ml SCF, IL-3, and thrombo-
poietin. The concentration of TNF-a in the harvested supernatants was
measured with a human TNF-a Quantikine ELISA kit (R&D Systems).

208 proteasome activity. A 20S proteasome activity assay kit (Cayman
Chemical) was used to analyze proteasome activity. A total of § x 104
freshly isolated normal GMPs, LICs, and non-LICs in each model were
assayed according to the manufacturer’s protocol. As a control, the pro-
teasome activity of each cell was also assayed after the specific protea-
some inhibitor epigallocatechin gallate was added. Fluorescence was
measured with a Wallac ARVO V (PerkinElmer), and the proteasome
activity of each cell type was calculated by subtracting the respective
control value.

Bortezomib treatment studies. For in vivo treatment experiments, LICs
of each leukemia model were injected into sublethally irradiated mice:
1 x 102 cells in the MLL-ENL or BCR-ABL/NUP98-HOXA9 models, and
1 x 10* cells in the MOZ-TIF2 model. Bortezomib was administrated i.p. at
doses of 1.0 mg/kg twice weekly for 3 weeks. Treatment was started 1 week
after transplantation in the MLL-ENL or BCR-ABL/NUP98-HOXA9 mod-
els, and 2 weeks after transplantation in the MOZ-TIF2 model. For exper-
iments analyzing changes in LIC populations, bortezomib was admin-
istrated i.p. at doses of 1.0 mg/kg into fully developed leukemic mice.
GFP* BM cells were collected 24 hours after injection, and surface marker
profiles were analyzed.

Analysis of microarray data. We analyzed publicly available gene expres-
sion microarray data on murine and human samples from the Gene
Expression Omnibus (GEO) database (GEO GSE24797, GSE20377, and
GSE24006). A set of CEL files were downloaded from GEO and normal-
ized using the JustRMA function from the Affy package 1.22.1 in Bio-
conductor. To compare expression profiles of the NF-kB target genes,
normalized dara were tested for GSEA using previously described NF-xB
target gene sets (29), and a nominal P value was calculated. For screening
of genes with elevared expression levels in LICs compared with those in
normal HSPCs, the expression values of individual genes were compared
between groups. Genes significantly elevated in LICs from all three leu-
kemia models as determined by an unpaired Student’s ¢ test (P < 0.05)
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Figure 7

NF-kB/TNF-a positive feedback loop is activated in human AML LICs. (A) Quantification of p65 nuclear translocation assessed by the mean
nucleus/cytoplasm intensity ratio by immunofluorescence staining. The CD34+*CD38- fractions isolated from AML or normal BM were analyzed.
More than 50 cells were scored in each specimen, and the average intensity ratio with SD is shown. (B) TNF-a concentration of culture media
conditioned by human AML LICs and normal HSCs measured by ELISA. ND, not detected. (C) Correlation between p65 nuclear translocation
intensity ratio and TNF-a secretory ability of human AML LICs. (D) Immunofluorescence assessment of p65 nuclear translocation in LICs puri-
fied from 4 patients after serum-free culture with neutralizing antibody against TNF-o. or isotype control. Scale bars: 10 um. (E) Quantification of
p65 nuclear translocation of LICs with or without neutralizing antibody against TNF-a. assessed by the mean nucleus/cytoplasm intensity ratio.
(F) Proposed model showing the role of NF-xB signaling in LICs. Positive feedback loop involving NF-xB/TNF-a. promotes the maintenance and
proliferation of LICs. The signaling is supported by active proteasome machinery, which declines with LIC differentiation.
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were selected, among which genes also elevated in human AML LICs (Stu-
dent’s ¢ test set at P < 0.01) were ultimately selected.

Statistics. Statistical significance of differences between groups was assessed
with a 2-tailed unpaired Student’s ¢ test. Differences were considered statisti-
cally significant ata Pvalue of less than 0.05. LIC frequency was calculated by
Poisson statistics. In leukemia cell transplantation experiments, the overall
survival of mice in BM transplantation assays is depicted by a Kaplan-Meier
curve. Survival between groups was compared using the log-rank test. To
measure the correlation between NF-xB intensity and TNF-a. secretion in
human AML samples, the Spearman’s rank correlation coefficient was used.

Study approval. A rotal of 12 BM cells derived from patients with AML
were obtained from the Department of Hematology and Oncology of
the University of Tokyo Hospital. Five BM cells from patients diagnosed
with lymphoid neoplasia without BM invasion were used as normal con-
trols. The study was approved by the ethics committee of the University of
Tokyo, and written informed consent was obtained from all patients whose
samples were collected. All animal experiments were approved by the Uni-
versity of Tokyo Ethics Committee for Animal Experiments.
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Growth-associated hyperphosphatemia in young recipients
accelerates aortic allograft calcification in a rat model

Haruo Yamauchi, MD, PhD,* Noboru Motomura, MD, PhD,* Ung-il Chung, MD, PhD,’
Masataka Sata, MD, PhD,® Daiya Takai, MD, PhD ¢ Aya Saito, MD, PhD,* Minoru Ono, MD, PhD,” and
Shinichi Takamoto, MD, PhD**

Objectives: Cardiovascular allografts in the young have limited durability because of early graft calcification.
The objective of this study was to examine the hypothesis that growth-associated hyperphosphatemia in youth
accelerates aortic allograft calcification by osteogenic transformation of graft medial smooth muscle cells
(SMCs).

Methods: The descending aortas of donor rats were subcutaneously transplanted into recipients. Syngeneic
(Lewis-to-Lewis) transplantations between 3-week-old “young” (Y) rats and between 10-week-old “adult”
(A) rats were combined with standard (ST, 0.9% phosphate) and low-phosphate (LP, 0.2%) diets, resulting
in Y-ST, Y-LP, and A-ST groups. Allotransplantations (Brown-Norway-to—Lewis) involving these ages and
diets were also made. The grafts and sera were retrieved from recipients after 14 days. Cultured rat aortic
SMCs were used to analyze the effects of tumor necrosis factor-alpha (TNF-«) and phosphate on SMC
calcification.

Results: In vivo, serum phosphate levels were higher in Y-ST (11.5 mg/dL) than those in Y-LP (8.9 mg/dL) and
A-ST (8.5 mg/dL). Graft medial calcification appeared severe only in Y-ST. Allotransplants did not affect these
outcomes. Graft medial cells showed phenotypic changes (contractile to synthetic) and osteogenic transforma-
tion (a-smooth muscle actin to Runx2 and osteocalcin), together with up-regulated proinflammatory TNF-« and
sodium~phosphate cotransporter, Pit-1, despite ages and diets. In vitro, TNF-« induced phenotypic changes and
osteogenic transformation of SMCs with Pit-1 up-regulation, but SMC calcification occurred only with high
phosphate (4.5 mmol/L).

Conclusions: Growth-associated hyperphosphatemia with inflammatory responses may be essential for ac-
celerating allograft calcification in youth and could be a therapeutic target. (J Thorac Cardiovasc Surg

2013;145:522-30)

Allografts have been useful in cardiovascular surgery for
several decades, offering advantages of tissue compatibility,
hemodynamics, and avoidance of long-term anticoagulant
therapies.! However, accelerated graft degeneration and
calcification in young patients, especially neonates and in-
fants, limit their durability.z'5 Immunoreactions may have
roles in allograft degeneration,” but the etiology of acceler-
ated allograft calcification in young patients is still
unidentified.
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Vascular calcification has recently been recognized
to arise from active osteogenesis.® Uremic vasculopathy
is characteristic of accelerated medial calcification
(Monckeberg sclerosis), particularly when accompanied
with hyperphosphatemia and inflammation.” In vitro, in-
organic phosphate (Pi) induced vascular smooth muscle
cell (SMC) calcification by transforming SMC pheno-
types from the myogenic lineage, such as a-smooth mus-
cle actin (a-SMA), to the osteogenic lineage, such as
Runx2/Cbfal (a transcriptional factor for osteoblastic
differentiation) and osteocalcin (noncollagenous bone
protein), via type 3 sodium-—phosphate cotransporters,
Pit-1.5'° Tumor necrosis factor-alpha (TNF-«), a proin-
flammatory cytokine mainly secreted by macrophages,
orchestrates inflammatory responses in uremic arteriopa-
thy’1 and also provokes in vitro vascular SMC calcifica-
tion by osteogenic transformation.'*'?

Unlike uremia, in which hyperphosphatemia is induced
mainly by impaired Pi excretion, growth-associated
hyperphosphatemia is characteristic of positive bone
turnover in the young inasmuch as growth hormone pro-
motes Pi reabsorption and inhibits the intact parathyroid
hormone (iPTH) effect of Pi excretion in the kidney
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Abbreviations and Acronyms

a-SMA = a-smooth muscle actin

A-allo-ST = adult allogeneic-transplant with
standard diet

A-ST = adult syngeneic-transplant with

standard diet

BN = Brown-Norway

cAMP/PKA = cyclic adenosine monophosphate/
protein kinase A

CD = cluster of differentiation

HP = high inorganic phosphate
iPTH = intact parathyroid hormone
Lp = low inorganic phosphate (diet)
PCR = polymerase chain reaction

Pi = inorganic phosphate

POD = postoperative day

RAOSMC = rat aortic smooth muscle cell
SMC = smooth muscle cell

ST = standard (diet)

TNF-« = tumor necrosis factor-alpha

Y-allo-ST = young allogeneic-transplant with
standard diet

Y-ST = young syngeneic-transplant with

standard diet

tubules.'® This leads to a higher prevalence of vascular
calcification in young uremic patients.” In a rat model,
the involvement of growth-associated hyperphosphatemia
in warfarin-induced arterial calcification was suspected,
although its detailed mechanisms were not elucidated.'”
We therefore hypothesize that growth-associated hyper-
phosphatemia accelerates allograft calcification in young
recipients by the osteogenic transformation of graft
SMCs in collaboration with the TNF-a-mediated
inflammatory response against the grafts. To examine
this hypothesis, we used a rat aortic subcutaneous trans-
plant model and a rat aortic SMC (RAOSMC) culture
system.

MATERIALS AND METHODS
Animals and Diets

Three-week-old “young” male Lewis rats (RT1IA'B") and Brown-
Norway (BN) rats (RT1A"B") weighing 50 to 60 g, 10-week-old “adult”
male Lewis (270-290 g) and BN (200-220 g) rats were purchased from
Charles River Laboratories Japan (Yokohama, Japan) 1 week before exper-
imentation. A standard (ST) rat diet (0.9% of Pi, 1.1% of calcium) and
a low Pi (LP) diet (0.2% Pi, 1.1% calcium) were obtained from Oriental
Yeast (Tokyo, Japan).m

Rat Aortic Subcutaneous Transplant Model

Rats were anesthetized with intraperitoneal pentobarbital (Nembutal;
Hospira, Inc, Lake Forest, I11; 35 mg/100 g body weight). Under sterile con-
ditions, the descending aortas of the donor rats were harvested and kept in

heparinized saline (4°C) as fresh grafts until they were implanted in the
subcutaneous pockets of the recipients’ abdomens, as described else-
where.!” The time from harvest to implantation did not exceed an hour.
Each recipient rat received subcutaneous ampicillin (10 mg/100 g body
weight) once in its back.

Aortic transplantation was performed between the young rats (the
young group) and, separately, between the adult rats (the adult group).
Syngeneic (Lewis-to-Lewis) and allogeneic (BN-to-Lewis) transplanta-
tions were performed in each age group. Young recipients were fed an
ST or an LP diet, whereas adult recipients and all donors received an
ST diet throughout the experimental period, resulting in syngeneic- and
allogeneic-transplant young (Y-ST and Y-allo-ST) and adult (A-ST and
A-allo-ST) groups, all receiving an ST diet, and young groups receiving
an LP diet (Y-LP and Y-allo-LP). The young and adult groups before
transplantation were defined respectively as the Preop-Y and Preop-A
groups. At postoperative day (POD) 7 and POD 14 for the Y-ST group
and at POD 14 for the other groups, the recipients were anesthetized as
described above, and the grafts were retrieved (n = 6 per group). Then,
all recipients were humanely killed by cardiac puncture and the sera
were immediately separated by centrifugation. The retrieved grafts and
sera were promptly analyzed as follows. Anesthetic and surgical protocols
were approved by the Ethics Committee on Animal Research of the Uni-
versity of Tokyo.

Serum Test

The serum calcium, Pi, and iPTH of each rat were measured by the
o-cresolphthalein complexone method'® (Calcium C-test; Wako, Osaka,
Japan), by the phosphate molybdenum blue method'® (Phosphor C-test;
Wako), and with a rat total iPTH enzyme-linked immunosorbent assay
kit (Scantibodies Laboratory, Santee, Calif), respectively. Radioimmuno-
assays of serum vitamin D [1,25-dihydroxycholecalciferol; 1,25(0H),D]
were performed by SRL, Inc (Tokyo, Japan).

Immunohistochemistry, von Kossa Staining, and
Electron Microscopy of Grafts

A 4-um thick frozen section of each graft was examined immunohisto-
chemistry,”® using primary antibodies against a-SMA (clone 1A4; Sigma-
Aldrich, St Louis, Mo), cluster of differentiation 68 (CD68) (AbD Serotec,
Oxford, United Kingdom), Runx2 (Sigma-Aldrich), and osteocalcin (Santa
Cruz Biotechnology, Santa Cruz, Calif). The positive controls were rat
spleen (CD68) and fetal spine (Runx2 and osteocalcin), and the negative
control was isotype-matched normal immunoglobulin. Graft calcification
was detected by von Kossa staining. Microstructures were observed by
transmission electron microscopy (H-7000; Hitachi, Tokyo, Japan) per-
formed as described elsewhere.”!

Quantification of Calcium and Pi in Grafts

The calcium content of grafts was quantified by atomic absorption spec-
troscopy>? by SRL. The tissue Pi content was measured by the Phosphor
C-test'? (Wako). The amounts of calcium and of Pi in each graft were ex-
pressed as milligrams per dry weight in grams.

Real-Time Polymerase Chain Reaction (PCR) of
Grafts

Total RNA was extracted from each graft tissue and real-time PCR was
performed® using the following target gene primer sequences: S-actin,
(forward) 5'-ATTGAACACGGCATTGTCACC-3' (reverse) 5'-GCAT
GAGGGAGCGCGTAAC-3'; a-SMA, (forward) 5'-GAGAAGCTGCTC
CAGCTATGT-3' (reverse) 5'-GATGATGCCGTGTTCTATCG-3'; TNF-a,
(forward) 5-TCCAGAACTCCAGGCGGTGT-3' (reverse) 5-GGCAAA
TCGGCTGACGGTGT-3'; Pit-1, (forward) 5-GTCTGGTTCTTCGTA
TGTCCC-3' (reverse) 5-GAACTGAACAAGGTTCCCATTA-3'; Runx2,
(forward) 5'-ATTCCTCATCCCAGTATGAGAGTAGGT-3'  (reverse)
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5'-GCCCAGTGCCCCGTGT-3'; and osteocalcin, (forward) 5'-GAGG
GCAGTAAGGTGGTGAATA-3' (reverse) 5'-AACGGTGGTGCCATA
GATG-3'. For osteocalcin determination, betaine monohydrate (Sigma-
Aldrich) was added to the PCR solution because of its rich guanine—
cytosine content.”® A duplicate run for each sample was tested and
the average was used. The messenger RNA expression of each graft
was calculated and expressed as a ratio of that of the internal control,
B-actin.

Immunocytochemistry

A cell culture system was prepared as described elsewhere 5'°
RAOSMCs (Cell Applications, San Diego, Calif) cultured in glass-
bottom dishes (Matsunami, Osaka, Japan) were subdivided into a TNF)
group with 50 ng/mL of TNF-« (Sigma-Aldrich) and a TNF(-) group with-
out it. Mouse osteoblasts (JCRB1178; Health Sciences Foundation, Tokyo,
Japan) were cultured without TNF-a. After 7 days, cells were double-
stained with a-SMA combined with Runx2, osteocalcin, or normal immu-
noglobulin, using primary antibodies against a-SMA (clone 1A4,
Cy3-conjugated, Sigma-Aldrich), Runx2, and osteocalcin (as described
in “Immunohistochemistry’”). Each dish with cultured cells was blocked
with horse serum and incubated overnight at 4°C with the primary anti-
bodies. Then, the secondary antibodies for Runx2 and osteocalcin labeled
with Alexa488 were applied and each dish was observed under a confocal
laser scanning microscope (FV300; Olympus, Tokyo, Japan).

Von Kossa Staining and Electron Microscopy of
RAOSMCs

RAOSMCs subdivided into TNF(+) and TNF(©) groups as well as mouse
osteoblasts were.combined with high Pi (HP, 4.5 mmol/l) and low Pi (LP,
1.5 mmol/L) media by adding Pi (NaH,PO4/Na,HPO,4; 0.1 mmol/L, pH
7.0, Wako). After 14 days, cells were fixed and subjected to von Kossa
staining.® The same groups of RAOSMCs, after 7 days of culture, were
fixed, gathered, and centrifuged to form a white pellet, which was treated
for transmission electron microscopy.?*

Calcium Content in RAOSMCs

Piat1.5,2.5,3.5, and 4.5 mmol/L was administered on RAOSMCs sub-
divided into TNF() and TNF(©) groups. After 14 days, the calcium content
of RAOSMCs was determined by the Calcium C-test'® (Wako) and stan-
dardized by their protein content.®

Real-time PCR of RAOSMCs

RAOSMCs were divided into 6 groups, to which TNF-« was adminis-
tered in respective concentrations of 0, 0.1, 1, 10, 50, and 100 ng/mL for
7 days. Then, RNA was extracted with an RNA mini kit (Qiagen, Duessel-
dorf, Germany), and real-time PCR was performed?” for §-actin, a-SMA,
Runx2, osteocalcin, and Pit-1.

Statistical Analysis

Measurements were presented as mean =+ standard error of the mean.
Statistical significance was evaluated by analysis of variance, followed
by comparisons between control and experimental conditions by the Dun-
nett test or the Tukey-Kramer honestly significant difference test among
multiple groups, using JMP version 9 (SAS Institate, Inc, Cary, NC).

RESULTS
Effects of Young Age, Alloantigen, and Dietary
Phosphate Restriction on Graft Calcification

In the young syngeneic- and allogeneic-transplant groups
on a standard diet (Y-ST and Y-allo-ST groups), von Kossa

staining revealed severe medial calcification, but none in
the preoperative young (Preop-Y) and adult (Preop-A)
groups, and little or none in the young posttransplant groups
on a low phosphate diet (Y-LP and Y-allo-LP) or the adult
groups (A-ST and A-allo-ST), irrespective of the presence
of alloantigen (Figure 1, A). The calcium content of the
grafts was significantly higher in the Y-ST and Y-allo-ST
groups than in the others (Figure 1, B). Similar results
were observed in graft Pi content in the syngeneic-
transplant groups (Figure 1, C). These findings suggest
that young age encourages graft calcification regardless of
the degree of immunoreaction.

Body Weight and Serum Parameters Relevant to
Tissue Calcification

The rats’ body weights in the Y-LP and Y-allo-LP groups
showed growth retardation. The Y-ST group had, as serum
factors relevant to calcium metabolism, higher Pi and lower
iPTH levels than the A-ST group, whereas calcium and
1,25(0OH),D were not significantly different. In the Y-LP
group, Pi and iPTH were significantly lower and calcium
and 1,25(OH),D higher than in the Y-ST group. Similar dif-
ferences owing to age factors and dietary Pi inhibition were
observed in the allogeneic group, although calcium and
1,25(0H),D tended to be higher than in the syngeneic group
(Table 1). These results suggest that only the serum Pi level
reflects the severity of graft calcification.

Microstructures of the Graft Medial Cells

To investigate why young age encourages graft calcifica-
tion, we further examined syngeneic grafts of both age
groups. On electron microscopy, the graft medial cells in
both age groups appeared flat preoperatively, with cyto-
plasms rich in actin filaments, typical characteristics of
the contractile phenotype of SMCs (Figure 2, A and B).
The intracellular actin filaments appeared diminished in
size and number, but were still present at POD 7
(Figure 2, C), although further diminished in both age
groups at POD 14 (Figure 2, D and E). Postoperatively,
however, matrix vesicles, characteristic of the synthetic
phenotype of SMCs, appeared in the cytoplasm, and matri-
ces were partially secreted into the extracellular spaces in
both groups. Dense calcium deposition was observed in
the Y-ST group (Figure 2, C and E), whereas the margins
of matrices were only slightly calcified in the A-ST group
(Figure 2, D). In the Y-LP group, as in the Y-ST group, ma-
trix vesicles were present, but without calcified matrices
(Figure 2, F).

Gene Expressions of the Graft Media
Immunohistochemical staining showed that the graft me-
dia preoperatively expressed abundant a-SMA, but no
CD68, Runx2, or osteocalcin in either age group. Postoper-
atively, @-SMA was much less expressed in the grafts,
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FIGURE 1. Analyses of aortic graft calcification. A, Von Kossa staining of the grafts showing calcification in black. Preop-Y and Preop-A, Preoperative
young and adult groups; Y-ST and Y-allo-ST, young syngeneic- and allogeneic-transplant groups at postoperative day (POD) 14 on a standard (ST) diet, re-
spectively; Y-LP and Y-allo-LP, young syngeneic- and allogeneic-transplant groups, respectively, on a low phosphate (LP) diet; A-STand A-allo-ST, synge-
neic- and allogeneic-transplant adult groups on an ST diet, respectively. BN, Brown-Norway; I, intima; M, media; A, adventitia. Magnification X200.
Bar = 100 um. B and C, Calcium and inorganic phosphate (Pi) contents of grafts (n = 6 per group). *P <.05 by Tukey-Kramer honestly significant dif-
ference test; NS, not significant.

whereas CD68-positive macrophages appeared in and  the A-ST groups, except that Runx2 was significantly
around the graft media. Runx2 and osteocalcin were also  higher in the A-ST than in the Y-ST group (Figure 3, B-F).
stained along the elastic graft media laminae (Figure 3,

A). In real-time PCR, mRNA expression of a-SMA was  Coeffects of TNF-« and Phosphate on Rat Aortic
down-regulated, whereas those of TNF-«, Pit-1, Runx2,  S§MCs

and osteocalcin were up-regulated in the postoperative The role of SMCs in graft calcification was examined
Y-ST, Y-LP, and A-ST groups. However, there were no  ysing the RAOSMC culture. First, we investigated the ef-
significant differences among the Y-ST, the Y-LP, and  fects of TNF-a on RAOSMCs. Immunocytochemistry

TABLE 1. Body weight and serum parameters of rat aortic transplant models

Body weight (g) Calcium (mg/dL) Pi (mg/dL) 1,25(0H),D (pg/mL) iPTH (pg/mL)
Preop-Y 55.0 &+ 1.7% 8.7 + 0.4* 102+ 0.6 2742 £ 18.2 201.1 £25.8
Y-ST 117.7+£25 109+ 0.2 11.5+£06 346.5 + 10.6 2643 + 15.5
Y-LP 89.0 + 2.5% 13.6 + 0.8* 8.9 £ 0.4% 846.2 & 83.8* 69.4 £ 10.6*
Y-allo-ST 1257+ 1.6 1274+ 0.1 10.5+ 04 4653 £ 172 Not examined
Y-allo-LP 99.7 £ 2.9% 16.2 £ 0.4% 8.9+ 0.7* 971.0 £+ 20.1%* Not examined
Preop-A 281.3 4+ 3.3%} 10.0 £ 0.3 8.1 +0.3% 237.0 £ 30.7 385.4 + 36.0f
A-ST 304.7 + 1.6* 11.0+02 8.5 4 0.3% 251.0 4+ 24.7 721.6 + 84.2%
A-allo-ST 322.7 4 2.9%,1 15.5 + 1.2%} 8.5 + 0.3* 389.7 & 20.1% Not examined

The data represent mean == standard error (n = 6 per group). Pi, Inorganic phosphate; 1,25(0H),D, 1,25-dihydroxycholecalciferol; iPTH, intact parathyroid hormone;
Preop-Y, young group before transplantation; ¥-S7, young syngeneic-transplant with standard diet; Y-LP, young syngeneic-transplant with low inorganic phosphate diet;
Y-allo-ST, young allogeneic-transplant with standard diet; Y-allo-LP, young allogeneic-transplant with low inorganic phosphate diet; Preop-A, adult group before transplan-
tation; A-ST, adult syngeneic-transplant with standard diet; A-allo-ST, adult allogeneic-transplant with standard diet. *P <.05 vs Y-ST in both age groups. 1P <.05 vs A-STin
the adult group by the Dunnett method.
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FIGURE 2. Microstructures of the grafts (electron microscopy). The photographs of the grafts were obtained preoperatively (A and B) and at POD 7 from
the Y-ST group (C) and at POD 14 from the A-ST, Y-ST, and Y-LP groups (D to F). Arrows indicate actin filaments. Asterisks indicate calcium deposition.
POD, Postoperative day; ¥-ST, young syngeneic-transplant with standard diet; A-ST, adult syngeneic-transplant with standard diet; Y-LF, young syngeneic-
transplant with low inorganic phosphate diet; N, nucleus; Af; actin filaments; M, mitochondria; M Vs, matrix vesicles; Mx, matrix. Magnification X20,000.

Bar = 1 um. For abbreviations see Figure 1.

showed that RAOSMC protein expression had shifted
from myogenic («-SMA) to osteogenic (Runx2 and osteo-
calcin) on TNF-a treatment (50 ng/mL) (Figure 4, A). Us-
ing real-time PCR, the mRNA expression of a-SMA in
RAOSMCs was significantly down-regulated, whereas
those of Runx2, osteocalcin, and Pit-1 were up-regulated
by TNF-«, both dose-dependently (Figure 4, B and C).
Second, we evaluated the coeffects of TNF-« and Pi on
RAOSMCs. RAOSMCs were severely calcified on costi-
mulation with TNF-a (50 ng/mL) and high Pi (4.5
mmol/L), but not with either alone (Figure 4, D). In
RAOSMC:s, calcium content increased significantly in pro-
portion to the Pi concentration only in the TNF-a-treated
media (50 ng/mL) (Figure 4, E). Electron microscopy
revealed diminished numbers of actin filaments in
RAOSMCs with TNF-o, but newly developed rough

endoplasmic reticula and matrix vesicles, despite the Pi
concentration in the TNF-a-treated media. Calcium depo-
sition in the matrix vesicles appeared only in RAOSMCs
treated with high Pi media (Figure 4, F).

DISCUSSION

In this study, our transplant models demonstrated that
aortic allograft calcification, accelerated in young, but not
adult, rats, was suppressed by lowering serum Pi to the adult
level, suggesting that growth-associated hyperphosphate-
mia promotes allograft calcification. Not only serum Pi
but also calcium, 1,25(0OH),D, and iPTH have been re-
ported to promote vascular calcification.” In the present
study, however, the levels of calcium and 1,25(OH),D
were similar in the 2 age groups, and both rose on Pi sup-
pression. Thus, these factors cannot be the primary causes
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FIGURE 3. Gene expressions in the grafts. A, Von Kossa staining and immunohistochemical stainings of smooth muscle cell-alpha («-SMA), cluster of
differentiation (CD) 68, Runx2, and osteocalcin in the same specimens of syngeneic-transplant group grafts. Protein expression appears red on immuno-
staining. Positive control: Rat spleen for CD68; rat fetal spine for Runx2 and osteocalcin. Small window: Staining of normal immunoglobulin. Magnification
X200. Bar = 100 um. B-F, Real-time polymerase chain reaction (PCR) analyses of a-SMA, TNF-¢, Pit-1, Runx2, and osteocalcin in the grafts. Each gene
expression is shown as a ratio of that of the Preop-Y group (n = 6 per group). *P <.05 by Tukey-Kramer honestly significant difference test. For abbre-
viations see Figures 1 and 2. CD, Cluster of differentiation; TNF-¢, tumor necrosis factor-alpha; Pit-1, sodium-phosphate cotransporter; Preop-Y, young
group before transplantation; Y-S7, young syngeneic-transplant with standard diet; Y-LF, young syngeneic-transplant with low inorganic phosphate diet;
A-ST, adult syngeneic-transplant with standard diet; Preop-A, adult group before transplantation.
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FIGURE 4. Effects of TNF-« and Pi on SMCs. A, Immunocytochemistry of a-SMA, Runx2, and osteocalcin proteins in the cultured rat aortic SMCs
(RAOSMCs) and mouse osteoblast-like cells (mOBs; positive control). a-SMA antibody was conjugated with Cy3 (red). Runx2 and osteocalcin antibodies
as well as normal immunoglobulin (Ig, negative control) were labeled with Alexad88 (green). Nuclei were counterstained with 4',6-diamidino-2-
phenylindole (DAPI; blue). TNF-a(+), 50 ng/mL of TNF-¢ in the media. Magnification X400. Bar = 50 um. B and C, Real-time PCR analyses of
a-SMA, Runx2, osteocalcin, and Pit-1. Each gene expression is shown as a ratio of that without TNF-« (0 ng/mL) (n = 4 per group). *,},{P <.05 com-
pared with 0 ng/mL of TNF-« using the Dunnett test. D, Calcium deposition is highlighted in black by von Kossa staining. HP and LF, high phosphate
(4.5 mmol/L) and low phosphate (1.5 mmol/L) in the media. Magnification X100. Bar = 200 um. E, Quantified calcium deposition in the RAOSMCs
cultured with 1.5 to 4.5 mmol/L of Pi. *P <.0001 by the Dunnett test (n = 4 per group). F, RAOSMC:s stimulated by TNF-« (50 ng/mL), HP, or both,
analyzed by electron microscopy. Asterisk indicates calcium deposition. G, Golgi apparatus. Magnifications: the TNF-a-HP group, X25,000; others,
X20,000. Bar = 1 pm. For abbreviations see Figures 1 to 3. TNF-o, Tumor necrosis factor-alpha; Pi, inorganic phosphate; SMC, smooth muscle

cell; @-SMA, a-smooth muscle actin; RAOSMC, rat aortic smooth muscle cell; PCR, polymerase chain reaction. Same as described in the abbreviation
box and in the legend of Figure 3.

of graft calcification observed only in the young. The pres-
ence of lower iPTH levels in the young than in adults, pre-
sumably owing to the effects of growth hormone,'* is
inconsistent with the hyperparathyroidemia-related ectopic
calcification observed in uremia.’

Regarding the role of Pi on vascular calcification, in vitro
studies reported that high Pi enhanced the Pit-1 expression

transplantation? And why were osteogenic changes
observed in all posttransplant group grafts? Our response
to this is to suspect the effects of inflammation in
posttransplant grafts. TNF-« expression in posttransplant
grafts was enhanced together with the osteogenic markers
and Pit-1, irrespective of the animals’ ages or diets
(Figure 3, C-F). Similar findings are reported in a recent

together with Pi transport and triggered osteogenic transfor-
mation of SMCs.%!° However, in the present study, why
were the grafts in young animals calcified only after
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study showing that the aortas of uremic patients, indepen-
dently of calcification status, enhanced coexpression of
TNF-oc and bone morphogenetic protein-2,"' which is
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a potent regulator of osteoblastic differentiation,>* and the
expression of the latter was enhanced similarly in the post-
transplant grafts in both age groups in our study (data not
shown). In vitro, TNF-a acts on vascular calcification
through the cyclic adenosine monophosphate/protein ki-
nase A (cAMP/PKA) pathway by enhancing DNA binding
of Runx2/Cbfal and activating downstream factors, for ex-
ample, osteocalcin and osteopontin.'> More recently, Pi
transport via Pit-1 was reported to be a necessary mediator
of mineralization downstream from the cAMP/PKA path-
way triggered by TNF-«, although Pit-1 expression was
not enhanced by the cAMP/PKA inducer.?® This is inconsis-
tent with our present finding of enhanced Pit-1 concurrent
with TNF-« expression in the posttransplant grafts and cul-
tured SMCs, which indicates involvement of a signaling
pathway other than cAMP/PKA. Then, our cultured
SMCs showing marked calcification only when both
TNF-« and high Pi were given were consistent with our
transplant model showing significant calcification only in
posttransplant grafts in young recipients. These observa-
tions suggest that a low Pi diet or Pi binders may prevent al-
lograft calcification in young patients. Considering the
limited growth rates observed in the rats fed a lIow-Pi diet,
however, local Pi inhibition or systemic Pi suppression to
the threshold level, which can reduce the graft calcification
without accompanying growth disturbance, may be
necessary.

Study Limitations

A subcutaneous transplant model using weanling rats has
conventionally been used to explore the mechanisms and
preventive methods of tissue calcification.'”** The pattern
of graft media calcification seen in the allografts after
orthotopic implantation resembled that in the present
study.”® The suggested mechanisms of accelerating graft
calcification, however, require validation in circulatory im-
plant models, inasmuch as factors such as blood contact and
pulsatile pressure may affect allograft calcification differ-
ently. Despite the definite roles of Pi, the influences of other
relevant factors on allograft calcification and degeneration,
such as immunoreactions, apoptosis, and the function of py-
rophosphate, need further investigation. Also, this study has
not examined whether the growth retardation was related to
the suppression of musculoskeletal development or other
hormonal dysfunctions. Further investigation is necessary
to clarify the mechanism of this growth retardation and to
develop therapeutic strategies with weaker adverse effects.

CONCLUSIONS

In summary, this rat model suggests that growth-
associated hyperphosphatemia in young recipients, in con-
junction with osteogenic transformation of graft medial
SMCs, may be critical in promoting vascular allograft cal-
cification and is therefore potentially a therapeutic target

for inhibiting allograft calcification and improving graft du-
rability in young recipients.

We are grateful to Mr Satoru Fukuda for technical advice re-
garding electron microscopy and to Mr C. W. P. Reynolds for
his careful linguistic assistance with this manuscript.
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Multipotent Mesenchymal Stromal Cells) for Alveolar Bone
Tissue Engineering: Basic Science to Clinical Translation
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Bone tissue engineering is a promising field of regenerative medicine in which cultured cells, scaffolds, and
osteogenic inductive signals are used to regenerate bone. Human bone marrow stromal cells (BMSCs) are the
most commonly used cell source for bone tissue engineering. Although it is known that cell culture and
induction protocols significantly affect the in vivo bone forming ability of BMSCs, the responsible factors of
clinical outcome are poorly understood. The results from recent studies using human BMSCs have shown that
factors such as passage number and length of osteogenic induction significantly affect ectopic bone formation,
although such differences hardly affected the alkaline phosphatase activity or gene expression of osteogenic
markers. Application of basic fibroblast growth factor helped to maintain the in vivo osteogenic ability of
BMSCs. Importantly, responsiveness of those factors should be tested under clinical circumstances to improve
the bone tissue engineering further. In this review, clinical application of bone tissue engineering was reviewed

with putative underlying mechanisms.

Introduction

TROPHIC ALVEOLAR BONE is one of the major obstacles

for dental implant therapy and there are a large number
of patients without sufficient bone volume. For patients with
severe bone atrophy, autologous bone grafts have been
performed.! However, even the amount of harvesting bone
is small and the procedure is accompanied by swelling and
pain of the donor site.> Although bioartificial bone substi-
tutes have been frequently used, the ability to induce bone
regeneration is limited.®> Accordingly, less invasive and
more efficient bone regeneration therapy is awaited, such as
tissue engineering.

The first results of clinical bone tissue engineering were
published in 2001.* In this study, the regeneration of long
bone defects was tested using hydroxyapatite blocks to-
gether with cultured autologous bone marrow stromal cells
(BMSCs). This tissue engineering-based approach proved
the feasibility of this concept. The results from a preliminary
clinical study of alveolar bone regeneration were published

thereafter.” In this review, studies on clinical alveolar bone
tissue engineering are summarized. Then, the problems as-
sociated with current tissue engineering were also discussed.

Bone Tissue Engineering and Stem Cells

Cells are considered as a major component of tissue en-
gineering. Although the role of transplanted cells during
bone tissue regeneration is still controversial, it has been
proved that the transplanted cells could survive, proliferate,
and differentiate into osteogenic phenotype.® There is ac-
cumulating evidence that the level and quality of regener-
ation is affected by the ability of transplanted cells.’”
Accordingly, it is important to establish an optimal cell
culture protocol to maximize the function of osteogenic
cells. Surprisingly, the BMSC ability to differentiate into
osteoblast-like cells is easily diminished during passage and
no bone formation was observed after several passages
(Fig. 1).”® Furthermore, cell seeding density and the period
of induction also affect in vivo osteogenic ability. It has been
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FIG. 1. Effect of passage number on
ectopic in vivo osteogenic ability.
Upper panels showing ectopic bone
formation at the back of nude mice
with tissue-engineered bone using
passage 1 (a) and passage 5 (b) human
bone marrow stromal cells (BMSCs).
The success of ectopic bone formation
quickly decrease after passage and no

bone formation was observed after cs =10
passage 4 (c). Note that the ability is Er
quickly lost during passage. Modified O
from Agata er al.” Color images £% eof
available online at www.liebert E
pub.com/teb SZ o1
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shown that basic fibroblast growth factor (bFGF) is benefi-
cial to maintain in vivo osteogenic ability of BMSCs.”

Clinical Studies on Alveolar Bone Tissue Engineering

The results from clinical studies on alveolar bone tissue
engineering using BMSCs were first reported in 2004. In

Autoserum

Passage 1

KAGAMI ET AL.

Passage 5

passage 2 passage 3 passage 4 passage 3

this study, bone marrow-derived MSCs were mixed with
platelet-rich plasma as a scaffold.® Bone regeneration was
observed in all cases. Another clinical study utilized BMSCs
and hydroxyapatite granules. BMSCs were induced into
osteogenic cells for 1 week and transplanted. In this study,
bone formation was observed in three cases, but there was
no apparent bone formation from the transplanted cells in

Mesenchymal stromal cells

{-TCP granules

PRP

{

Bone marrow aspiration

Sinus floor elevation

Installation of dental implant

GBR membrane

Alveolar ridge augmentation

FIG. 2. The procedure for clinical study of alveolar bone regeneration at The Research Hospital, The Institute of Medical
Science, The University of Tokyo. B-TCP; PRP. Color images available online at www.liebertpub.com/teb
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FIG. 3.

Individual (donor) variations of in vivo osteogenic ability and their changes during passage. Note that the effect of

passage differed between individuals. Color images available online at www.liebertpub.com/teb

cases where the atrophy was severe. Thus, the efficacy of
clinical alveolar bone tissue engineering for severe atrophy
cases remains controversial.

We have conducted a clinical study of bone tissue engi-
neering for severe atrophy of alveolar bone. In this study,
autologous BMSCs were transplanted together with platelet-
rich plasma gel and B-TCP granules as scaffolds (Fig. 2).
The results from a 2-year observation showed that bone
regeneration was observed in all patients, although signifi-
cant individual variations in cell growth, differentiation, and
levels of bone regeneration were observed (Asahina et al.,
manuscript in preparation). This type of study, focused on
severe atrophy cases, may prove the usefulness of alveolar
bone tissue engineering. In terms of safety, no side effects or
related complications have been reported, which may imply
the relatively safety nature of alveolar bone tissue engi-
neering using BMSCs.

Toward the Establishment of Reliable Alveolar Bone
Tissue Engineering Using BMSCs

Although clinical studies have confirmed the feasibility
and safety of alveolar bone tissue engineering using
BMSCs, one of the important clinical benchmarks is the
efficacy for severe atrophy cases. The results from focused
studies with selected cases will provide the evidence. An-
other important problem is the individual variation as shown
by basic and preliminary clinical studies. Since the shape
and the size of bone defect vary among individuals, it might
be impossible to completely eliminate such variations. Ac-
cordingly, it should be important to minimize the variation
in other factors, such as cells. In terms for BMSCs, there
was no significant difference in the expression of mesen-
chymal stem cell markers during passage.” In contrast, a
large variation was observed in the in vivo bone forming

ability among donors and during passage.7’8 We believe the
usage of early passage cells as well as growth factors
(bFGF) may minimize the variation, which should be tested
under clinical settings.

In spite of the number of studies and the clinical efficacy
of bone tissue engineering, it is not a standard treatment at
present. It is necessary to show the superiority of clinical
outcome compared with standard autologous bone trans-
plantation and allogenic (or xenogenic) transplantation.
Furthermore, tissue engineering requires special facility for
cell culture and there is a requirement for many safety ex-
aminations, which may also increase the cost for treatment.
Those technologies, which may support the widespread use
of bone tissue engineering, should be investigated.

Tissue engineering is one of the most rapidly progressing
fields and alveolar bone is still an attractive target for tissue
engineering.” The application of bone tissue engineering is
not limited for dental implants and is successfully applied
for other diseases such as nonunion fractures'® and alveolar
clefts.!1"12
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Stage-Specific Embryonic Antigen 4 in Wharton’s
Jelly—Derived Mesenchymal Stem Cells Is Not a Marker
for Proliferation and Multipotency

Haiping He, MD,'~® Tokiko Nagamura-Inoue, MD, PhD2 Hajime Tsunoda, MD, PhD,* Miki Yuzawa, MT?2
Yuki Yamamoto, MT2 Pariko Yorozu, BNS? Hideki Agata, PhD? and Arinobu Tojo, MD, PhD'*2

Background: Umbilical cord Wharton’s jelly (WJ) is a rich source of mesenchymal stem cells (MSCs) similar
to bone marrow (BM) and adipose tissues. Stage-specific embryonic antigen (SSEA)4 has been reported as a
stem cell marker in BM-derived MSCs, but whether SSEA4 ™ cells have growth and differentiation advantages
over SSEA4 ™ cells remains controversial. To gain insight into the role of SSEA4, we studied SSEA4™ cells in
WI-derived MSCs (WJ-MSCs).

Methods: WJ-MSCs were collected by the explant (WJe-MSCs) or collagenase methods (WJc-MSCs) and
analyzed by flow cytometry and reverse-transcription polymerase chain reaction (RT-PCR). To evaluate
whether culture conditions influenced the SSEA4 expression, WJe-MSCs were cultured in the medium sup-
plemented with different fetal bovine serum (FBS) concentrations.

Results: SSEA4 was expressed for a long-term culture. In contrast, SSEA3" disappeared rapidly in early
passages of the culture. The incidence of SSEA4™ and SSEA3™ cells was similar between WJe-MSCs and
WJc-MSCs at passages PO-P9, except for transient depletion of SSEA4 expression in early passages of Wle-
MSCs. These were CD73*CD105™ cells that express embryonic stem cell markers detected by RT-PCR. No
differences in growth and differentiation ability of osteocytes and adipocytes were observed between the sorted
SSEA4™ cells and SSEA4 ™ cells. Further, SSEA4 expression in WJe-MSCs was significantly correlated with
FBS concentration in the culture medium.

Discussion: SSEA4, which may display altered expression profiles in response to culture conditions, may not be
an essential marker of WJ-MSC multipotency.

MSCs), WIJ-MSCs have the potential to differentiate into
mesoderm-derived tissues, endoderm, and ectoderm lin-
eages, such as endothelial cells, cardiac myoblasts,
pancreatic cells, hepatocytes, and neurogenic cells.®’
Hsieh et al. compared the gene expression profiles of

Introduction

MBILICAL cORD (UC) Wharton’s jelly (WJ) is a rich
source of mesenchymal stem cells (MSCs) along with
bone marrow (BM) and adipose tissue.'™> WJI-derived MSCs

(WJ-MSCs) exhibit the characteristics of MSCs as de-
fined by the International Society for Cellular Therapy
(ISCT) criteria. First, MSCs are plastic adherent when
maintained in standard culture conditions; second, they
are positive for CD105, CD73, HLA-class I, and CD90
and negative for CD45 and HLA-DR surface molecules;
and third, MSCs have the pluripotent ability of various
mesoderm hneages to generate adipocytes, osteoblasts,
and chondrocytes 5 Similar to BM-derived MSCs (BM-

BM-MSCs and WJ-MSCs and reported that WJ-MSCs
were more primitive and more similar to embryonic stem
(ES) cells than BM-MSCs.®® On the basis of this data,
we isolated the primitive MSCs in WIJ-MSCs that are
similar to ES cells. Markers of pluripotent, undifferen-
tiated ES cells express several nuclear transcription
factors, such as Oct4, Nanog, and SOX2, and cell sur-
face antigens that have been used to define ES cells,
including stage-specific embryonic antigen (SSEA)3 and
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4. The latter two cell surface antigens are present on
human ES cells and human embryonic carcinoma cells
and are downregulated as these cells differentiate.
SSEA3 and SSEA4 are epitopes on the related glyco-
sphingolipids (GSLs), GL-5 and GL-7, respectively.
GSLs consist of a carbohydrate moiety or a chain linked to
ceramide'® and appear to be attractive surface markers for
sorting live ES-like primitive cells from WI-MSCs. How-
ever, the role of SSEA3 and SSEA4 as pluripotent markers
remains controversial, with different laboratories reporting
variable results. Gang et al. reported that SSEA4 is a
marker for BM-MSCs,!! and Wakao et al. showed that
SSEA3 is a pluripotent stem cell marker on MSCs defined
as multilineage-differentiating stress-enduring (Muse)
cells."? In contrast, Brimble ez al. demonstrated that both
SSEA3 and SSEA4 are not essential for human ES cell
pluripotency, as proven by GSL inhibitors.*

To obtain SSEA3*/4*-rich MSCs, we compared the
following two major collection methods from the UC: the
explant method (WJe-MSCs) and the collagenase-treatment
method (WJc-MSCs). We previously reported that Wle-
MSC:s by the explant method were preferred over that by the
collagenase method because WJ-MSCs treated with colla-
genase sometimes showed decreased cell viability due to the
lytic activity of collagenases. However, we could not de-
termine whether the cells migrating from the tissue in the
explant method could be selected and induced to differen-
tiate to some degree.

In this study, we compared SSEA3/4 expression in
WIJ-MSCs collected by different methods. To examine the
potential role of SSEA4 in WJ-MSCs, we studied the growth
and differentiation ability of cells sorted by SSEA4 ex-
pression and factors that influence its expression.

A Explant method

Vein

Wharton's jelly

Collagenase
treatment method

Artery

FIG. 1.
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Materials and Methods
Isolation and culture of adherent cells

The present study was approved by the Ethics Committee
of the Institute of Medical Science, University of Tokyo,
Japan, and the NTT Medical Center Tokyo hospital. In-
formed consent was obtained from mothers planning to have
cesarean sections. UCs were collected aseptically from full-
term cesarean section patients after informed consent. The
UCs were transferred after collection and the process was
initiated within 24 h of delivery. The UC surface was rinsed
with phosphate-buffered saline (PBS; Gibco-BRL) containing
antibiotics and antifungal reagents Anti-Anti (Antibiotic—An-
timycotic, 100x; Gibco-BRL). After removing two arteries
and one vein, the remaining W1J tissues were minced into 1—
2mm? fragments and divided into two groups for the explant
and collagenase-treatment methods (Fig. 1A). In the explant
method, the minced fragments were aligned and attached at
regular intervals in 10-cm culture dishes. After the fragments
were semi-dried and firmly attached to the bottom, the culture
medium was gently poured into the dishes.'> In the collage-
nase-treatment group, the minced W1J tissues were incubated in
1 mg/mL collagenase type I solution (Sigma-Aldrich) in o-
MEM (Gibco-BRL) with shaking at 37°C for 2-3h.">' The
cells were then washed with o-MEM supplemented with 10%
fetal bovine serum (FBS) and seeded in 10-cm tissue culture
dishes with the culture medium as described earlier.! The
culture medium was refreshed once a week for 3-4 weeks
until fibroblast-like adherent cells reached 80-90% conflu-
ence. The first-harvested master cells were defined as pas-
sage 0 (PO; Fig. 1B). The adherent cells and tissue fragments
(Fig. 1A) were rinsed once with PBS and detached using
10% trypsin solution (TrypLE Express; Invitrogen) followed

x40

x40

Umbilical cord Wharton’s jelly—derived mesenchymal stem cells (WJ-MSCs). (A) MSCs were collected from

umbilical cord WJ tissue by the explant method (WJe-MSCs) and by the collagenase-treatment method (WJc-MSCs).
Photographs of migrating cells from the minced tissue in the explant method and adherent cells from the scattered cells in
the collagenase-treatment method are shown. (B) Both WJe-MSCs and WJc-MSCs were spindle-shaped fibroblast-like
cells. Color images available online at www.liebertpub.com/tea
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by washing with o-MEM supplemented with 10% FBS. In
the explant method, the cells and tissue fragments were
filtered to remove the tissue fragments. The harvested cells,
other than those undergoing further analysis, were imme-
diately cryopreserved in 10% DMSO/5% dextran 40 solu-
tion. For serial cultures, the cells were inoculated at 2 X 10°
cells per 10-cm-diameter dish and counted at each passage.

Flow cytometry analysis and sorting

Standard flow cytometry (FCM) techniques were used to
determine the typical cell surface markers of WJ-MSCs.
WI-MSCs were stained with the following mouse monoclonal
antibodies (mAbs): phycoerythrin (PE)-conjugated anti-
human CD73 (BD), CD271 (Miltenyi), and HLA-ABC (BD);
fluorescein isothiocyanate (FITC)-conjugated anti-human
CD90 (BD), CD105 (eBioscience), HLA-DR (BD), and CD45
(BD), FITC-, PE-, and Alexa Fluor—conjugated anti-mouse
IgGs (BD) were used as isotypic controls. Dead cells were
identified by staining with propidium iodide. To detect
the ES cell markers in WJ-MSCs, Alexa Fluor—conjugated
mouse anti-human SSEA4 (Clone MC813-70; BD) and
FITC-conjugated rat anti-human SSEA3 (Clone MC631;
BD) together with the MSC markers CD73 or CDI105
mADbs were used. The stained cells were acquired with an
FACSCaliber (BD) and analyzed by FlowJo (Tomy Digital
Biology, Co. Ltd.). For cell sorting, WJe-MSCs were
stained with Alexa-conjugated anti-human SSEA4 and PE-
conjugated anti-human CD73 antibodies. The cells were
acquired with an FACSAria cell sorting system (BD) and
sorted by SSEA4, SSEA3, and CD73 expression.

Proliferation assays of sorted SSEA4*
and SSEA4~ MSCs

To evaluate the proliferative abilities of sorted SSEA4™*
and SSEA4~ WIJe-MSCs, the sorted cells were plated at
1x10%well in six-well plates (Greiner Bio-one) and cul-
tured in «-MEM supplemented with 10% FBS. The cells
were harvested every week and the cell numbers were
counted with trypan blue (Gibco-BRL) for 9 weeks.

SSEA4 expression in WJ-MSCs
with different FBS concentrations

To evaluate whether culture conditions influenced the SSEA4
expression, WJe-MSCs (P0) were cultured at 1 X 10° cells/well

in six-well plates (n=3) in o-MEM with the indicated FBS
concentrations. After 1 week, the SSEA4, SSEA3, and CD73
expression was analyzed by FCM. To study the influence of the
proliferation of WJe-MSCs on SSEA4 expression, we explored
the time-course experiment to see the relationship between
SSEA4 expression and WJe-MSC growth curve. WJe-MSCs
were plated in six-well plates with indicated concentrations of
FBS, and the cell number was counted to figure the growth curve
on indicated days. The cells were analyzed by FCM to analyze
the expression of SSEA3, SSEA4, and CD73.

Further, to analyze the influence of FBS on SSEA4~
WJe-MSCs, SSEA4™ and SSEA4~ WJe-MSCs were cul-
tured in 12-well plates with different concentrations of FBS
followed by FCM.

SSEA4 expression in BM-MSCs with different
FBS concentrations

To clarify that the phenomena of SSEA4 expression are
limited to the WJe-MSCs, we studied the SSEA4 expression
in BM-MSCs obtained from BM mononuclear cells (MNCs).
Frozen BM-MNCs were purchased from Lonza Walkersville,
Inc. BM-MNCs (8 x 10°/well) were seeded in six-well plates
and grown at 37°C with 5% CO,. On days 0-21, the pro-
portion of CD45-, SSEA4-, and CD73-positive or -negative
cells were analyzed by FCM. To see the influence of FBS on
BM-MSCs, we continued to culture BM-MNCs in o-MEM
supplemented with 10% FBS and obtained the MSCs. BM-
MSCs at p2 were plated in six-well plates to figure the growth
curve and analyzed the incidence of CD45, SSEA3, SSEA4,
and CD73 by FCM, as described in WJe-MSCs.

RNA isolation and reverse-transcription polymerase
chain reaction analysis

Total RNAs were extracted from WJ-MSCs at P3 and
from sorted SSEA4* and SSEA4™ MSCs using TRIzol®
Reagent (Invitrogen Corp.). Reverse-transcription polymer-
ase chain reaction (RT-PCR) was performed using the
PrimeScript RT-PCR Kit (Takara Shuzou) according to the
manufacturer’s instructions. The ES markers Nanog, Oct4,
KIf4, and Sox2"" and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) as the control were amplified from
the synthesized cDNAs by PCR with the primer pairs shown
in Table 1. The amplification conditions were 35 cycles of
denaturation at 94°C for 30 s, annealing at 56°C for 30's, and

TaBLE 1. HUMAN PRIMER SEQUENCES USED FOR REVERSE-TRANSCRIPTION POLYMERASE CHAIN REACTION

Gene Accession Primer sequence Product size (bp)

hOCT3/4 NM-002701 Sense 5" GACAGGGGGAGGGGAGGAGCTAGG 3’ 144
Anti-sense 5" CTTCCCTCCAACCAGTTGCCCCAAAC 3’

REX1 NM-174900 Sense 5" CAGATCCTAAACAGCTCGCAGAAT 3’ 306
Anti-sense 5" GCGTACGCAAATTAAAGTCCAGA 3’

NANOG NM-024865 Sense 5" CAGCCCCGATTCTTCCACCAGTCCC 3’ 391
Anti-sense 5" CGGAAGATTCCCAGTCGGGTTCACC 3’

hSOX2 NM-003106 Sense 5" GGGAAATGGGAGGGGTGCAAAAGAGG 3’ 151
Anti-sense 5" TTGCGTGAGTGTGGATGGGATTGGTG 3’

hKLF4 NM-004235 Sense 5" ACGATCGTGGCCCCGGAAAAGGACC 3’ 397
Anti-sense 5" TGATTGTAGTGCTTTCTGGCTGGGCTCC 3’

hGAPDH NM-002046 Sense 5" AACAGCCTCAAGATCATCAGC 3’ 338

Anti-sense

5" TTGGCAGGTTTTTCTAGACGG 3’




