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the phenotype we observed. However, our results with IL-17 77
CD4* T cells demonstrated that IL-17 was dispensable for CD4"
T cell-mediated GVHD, indicating that the attenuated GVHD in
recipients of IL-2IR ™~ CD4* T cells was not due to an IL-17—
related defect. During the preparation of this manuscript, a role for
IL-17 in GVHD was reported (38-40). These reports varied, but
one suggested that the lack of IL-17 promotes GVHD (38). An-
other report suggested that IL-17"'~ CD4* T cells can ameliorate
GVHD only at the early stages, which suggested a promoting
effect for IL-17 at an early stage of GVHD (39). The third report
suggested that ex vivo-differentiated Th17 cells induced skin and
lung GVHD (40). Thus, the role of IL-17 may be complex and
dependent on the specific experimental conditions.

Because there are reciprocal relationships between Th1/Th2 and
Treg cell differentiation (41-43) and between IL-21 and Treg cell
differentiation (8), we investigated the level of Treg cells in the
spleens of recipients. Foxp3*CD4™ T cells were increased in per-
centage and absolute number but still represented only ~1% of
splenocytes. Regarding the relationship between the defective ef-
fector T cell function and the increased number of Treg cells, it is
possible that increased Treg cells suppress functional effector
T cells. Alternatively, it is possible that effector differentiation
itself is defective, and the resulting effector T cells cannot respond
to alloantigen, analogous to the situation in T cell anergy, and that
the increased Treg cell number is also a result of a dysregulated
differentiation. Our results might be more consistent with the lat-
ter possibility, given that Treg cell depletion by anti-CD25 treat-
ment did not alter the results in vitro and in vivo, although the
efficiency of depletion of Foxp3*CD4" T cells in vivo was incom-
plete. It is also conceivable that the upregulation of Foxp3 in
CD25 CD4* T cells (which would not be removed by CD25*
depletion) in the absence of IL-21 signaling might result in un-
responsiveness or poor responsiveness of effector T cells and that
more than one mechanism can contribute to the attenuated GVHD.
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Induced pluripotent stem cells (iPSCs) are generated from mouse and
human fibroblasts by the introduction of three transcription factors:
Oct3/4, Sox2, and KIf4. The proto-oncogene product c-Myc markedly
promotes iPSC generation, but also increases tumor formation in
iPSC-derived chimeric mice. We report that the promotion of iPSC
generation by Myc is independent of its transformation property. We
found that another Myc family member, L-Myc, as well as c-Myc
mutants (W136E and dN2), all of which have little transformation
activity, promoted human iPSC generation more efficiently and spe-
cifically compared with WT c-Myc. In mice, L-Myc promoted germline
transmission, but not tumor formation, in the iPSC-derived chimeric
mice. These data demonstrate that different functional moieties of
the Myc proto-oncogene products are involved in the transformation
and promotion of directed reprogramming.

induced pluripotent stem cell | embryonic stem cell | regenerative
medicine | proto-oncogene

nduced pluripotent stem cells (iPSCs) were first generated from

mouse fibroblasts by the retroviral introduction of four tran-
scription factors: Oct3/4, Sox2, K1f4, and c-Myc (1). Mouse iPSCs
are indistinguishable from embryonic stem cells (ESCs) in mor-
phology, proliferation and gene expression. Furthermore, mouse
iPSCs give rise to chimeric mice that are competent for germline
transmission (2-4). However, both the chimeras and progenies
derived from mouse iPSC have an increased incidence of tumor
formation, due primarily to reactivation of the c-Myc retrovirus
(3). We and others successfully created mouse iPSCs without the
c-Myc retrovirus by modifying the induction protocol (5, 6).
Chimeric mice derived from these c-Myc-minus iPSCs did not
demonstrate an increased incidence of tumor formation (6). The
efficiency of iPSC generation is significantly lower without the c-
Myc retrovirus, however. Indeed, c-Myc is used in most of the
reported methods to generate iPSCs without viral integration (7-
15). Thus, c-Myc functions as a “double-edged sword,” promoting
both iPSC generation and tumorigenicity.

In addition to the overexpression of c-Myc, we and others have
shown that suppression of the tumor-suppressor gene p53 also
significantly enhances iPSC generation (16-19). The downstream
targets of p53, including p21 and Arf/Ink4, also are involved in the
suppression of iPSC generation. The fact that the two most
common pathways associated with human cancers—activation of
¢-Myc and suppression of p53—both substantially enhance iPSC
generation raises the possibility that the molecular mechanisms
underlying iPSC generation and tumorigenicity largely overlap.

The Myc proto-oncogene family consists of three members: c-
Myc, N-Myc, and L-Myc (20-23). All three members dimerize with
Max and binding to DNA (24). N-Myc is similar to c-Myc in terms
of length, domain structures, and frequent association with human
cancers (25). In contrast, the L-Myc protein has shorter amino acid
sequences than the other two members in the N-terminal region,
along with significantly lower transformation activity in cultured
cells (21, 26-29). Consistent with this property, only a small number
of human cancers have been associated with the aberrant expres-
sion of L-Myc. In the present study, we analyzed the effect of
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L-Myc in promoting iPSC generation. Despite its weak trans-
formation activity, L-Myc was found to have a stronger and more
specific activity in promoting iPSC generation. In addtion, the
mutations that significantly deteriorate the transformation activity
of ¢-Myc more effectively and specifically promote human iPSC
generation. These findings demonstrate that the promotion of
nuclear-reprogramming and transformation activity are indepen-
dent properties of the Myc family proteins.

Results

To compare the effects of L-Myc, N-Myc, and ¢-Myc on human
iPSC generation, we retrovirally transduced human adult dermal
fibroblasts with Oct3/4, Sox2, and Klf4, with or without the Myc
family members. Then, 3 wk later, we counted the numbers of both
iPSC colonies, which had an ESC-like morphology with a flat,
round shape and a distinct edge, and non-iPSC colonies, which
were granulous with an irregular edge. Compared with c-Myc, L-
Myc demonstrated significantly more potency in increasing the
number of iPSC colonies (Fig. 14). N-Myc also tended to increase
the iPSC colonies more effectively compared with c-Myc, although
the difference was not statistically significant. We also found that c-
Myc and N-Myc markedly increased the formation of non-iPSC
colonies, whereas L-Myc did not. As a result, the proportion of
iPSC colonies out of the total colonies is significantly higher with
L-Myc than with c-Myc or N-Myc (Fig. 1B).

Human iPSCs generated with L-Myc showed a morphology
similar to that of human ESCs (Fig. 1C). They were positive for
various pluripotent markers, including Tra-1-60, Tra-1-81, SSEA-
3,and Oct3/4 (Fig. S14). They differentiated into various tissues of
three germ layers, including neural tissues, gut-like epithelial cells,
cartilage, and adipose tissue, in teratomas (Fig. S1B) and in em-
bryoid bodies (Fig. S1C). They had normal karyotypes (Fig. S1D).
These findings indicate that L-Myc promotes human iPSC gen-
eration more specifically and effectively compared with c-Myc.

We next compared the three Myc members in terms of mouse
iPSC generation. Mouse embryonic fibroblasts (MEFs), which have
a GFP reporter driven by the regulatory regions of the mouse Nanog
gene, were retrovirally transduced with Oct3/4, Sox2, and Klf4 with
or without each of the Myc family members. After 3 wk, the numbers
of GFP-positive and GFP-negative colonies were counted. GFP-
positive colonies represent fully reprogrammed iPSCs, whereas
GFP-negative colonies represent partially reprogrammed or trans-
formed cells. As reported previously (6), all three Myc proteins
enhanced the generation of GFP-positive colonies (Fig. 24). c-Myc
had a stronger effect than the other two Myc proteins, but its effects
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Fig. 1. Promotion of human iPSC generation by L-Myc. (4) The number of
human iPSC colonies from aHDFs transduced with or without the indicated Myc
family genes (n=4; **P < 0.01 vs. without Myc or c-Myc). (B) The effect of Mycon
the percentage of human iPSC colonies out of all colonies (n = 4; **P < 0.01 vs.
c-Myc or N-Myq). (C) Morphology of L-Myc human iPSCs. (Scale bar: 200 pm.)

were more profound on GFP-negative colonies than on GFP-pos-
itive colonies, resulting in a significant decrease in the proportion of
GFP-positive colonies out of the total colonies (Fig. 2B). In contrast,
L-Myc preferentially increased GFP-positive colonies, while the
proportion of GFP-positive colonies out of the total colonies
remained high. These findings demonstrate that L-Myc specifically
enhances the generation of fully reprogrammed mouse iPSCs.
Mouse iPSCs generated with L-Myc showed an ESC-like mor-
phology (Fig. S24) and expressed pluripotent-associated genes,
including Nanog, RexI, ECATI, and ESGI (Fig. S2B). The ex-
pression of retroviral transgenes was effectively silenced. When
transplanted subcutaneously into nude nice, these cells formed
teratomas containing various tissues, including neural tissues, gut-
like epithelial tissues, and striated muscles (Fig. S2C). Further-
more, when injected into blastocysts, L-Myc iPSCs were capable of
producing high-percentage chimeras that were competent for
germline transmission. Of note, both c-Myc and L-Myc promoted
germline transmission from chimeras compared with iPSCs gen-
erated without the Myc transgenes (Fig. 34). This suggests that
iPSCs generated with L-Myc are of a comparable quality to ESCs.
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Fig. 2. Generation of mouse iPSCs with L-Myc. (A) Generation of mouse
iPSCs with or without the indicated Myc family genes from MEFs containing
the Nanog-GFP reporter. The raw data from five independent experiments
(experiments 1-5) are shown. Each red line shows the average of five
experiments in the indicated condition. (B) Effect of the Myc family genes on
the percentage of GFP-positive colonies out of all colonies (n = 5; *P < 0.05;
**p < 0.01).

We previously reported that iPSCs generated with the c-Myc
retrovirus resulted in a markedly increased tumor formation and
mortality in chimeras and progeny mice (3, 30). In contrast, iPSCs
generated without the c-Myc transgene did not show any such
adverse effects in mice (6). In this study, we observed chimeras
derived from L-Myc iPSC clones for up to 2 y. In stark contrast to
c-Myc, the L-Myc retrovirus did not result in any marked increase
in either tumorigenicity or mortality (Fig. 3B). Compared with
chimeric mice derived from Myc-minus iPSCs, L-Myc iPSCs
exhibited slightly higher mortality, but not tumorigenicity, in mice
at 1y after birth. The causes of death in these mice remain to be
determined. These findings are consistent with the weak trans-
formation activity of L-Myc.

We also examined whether L-Myc was capable of decreasing the
number of factors required for iPSC generation. We found that
with the addition of L-Myc, iPSCs can be generated without Sox2.
Infecting 1 x 10° Nanog-GFP reporter MEFs with Oct3/4, KIf4,
and L-Mycyielded 16 GFP-positive colonies. In contrast, no GFP-
positive colonies were obtained without the L-Myc transgene. We
picked up all of these colonies and were able to establish iPSC lines
from 15 clones. These Sox2-minus iPSCs showed an ESC-like
morphology (Fig. S34) and expressed ESC markers, including
Nanog, RexI, and ECATI (Fig. S3B). We confirmed the absence of
the Sox2 transgene by genomic PCR (Fig. S3C). These cells can
differentiate into cells of three germ layers in teratomas (Fig. S3D)
and embryoid bodies (Fig. S3E). Sox2-minus L-Myc iPSCs were
capable of producing chimeras that were competent for germline
transmission (Fig. S3F).
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Fig. 3. Chimeric mice derived from L-Myc iPSCs. (A) Frequency of germline
transmission of mouse iPSC clones established without Myc or with either c-
Myc or L-Myc. The white columns indicate how many iPSC clones gave rise to
germline transmission, and the gray columns indicate how many clones were
tested. Also shown are the percentages of germline-competent iPSC clones
out of all clones tested. (B) The cumulative overall mortality (Upper) and
morality with microscopically obvious tumors (Lower) in the chimeric mice
derived from iPSCs with c-Myc or L-Myc. The numbers in parentheses refer to
the total number of animals tested in each group.

We next examined the correlation between the ability to pro-
mote iPSC generation and the transformation activity of the Myc
proteins. We constructed the W136E ¢-Myc mutant, which re-
portedly lacks transformation activity but still binds to Max and
DNA (26, 31). We also generated a mutant of c-Myc that does not
bind to Miz-1 (V394D) (32) and other mutants of c-Myc and L-
Myc that do not bind to Max (c-Myc L420P and L-Myc L351P)
(33). The WT L-Myc, the W136E c-Myc mutant, the L420P ¢-Myc
mutant, and the L351P L-Myc mutant showed little trans-
formation activity in NIH 3T3 cells (Fig. 44). In contrast, the WT
¢-Myc- and V394D c-Myc mutant-induced transformation was
characterized by high refractivity and a spindle-like shape. We
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then introduced either the WT or mutant c-Myc into aHDFs to-
gether with Oct3/4, Sox2, and Klf4 to generate iPSC colonies. We
found that the W136E c-Myc mutant functioned similarly to L-
Myc, increasing the number of iPSC colonies more effectively
than the WT ¢-Myc (Fig. 4B). In addition, the proportion of iPSC
colonies out of the total colonies was higher with the W136E
mutant c-Myc than with the WT c-Myc (Fig. S44). The V394D c-
Myc mutant was comparable to the WT c-Myc, indicating that the
binding to Miz-1 plays neither a positive nor a negative role in the
promotion of iPSC generation. The L420P c-Myc or L351P L-Myc
mutant did not promote iPSC generation, demonstrating the es-
sential role of Max binding. Similar results were obtained in mice
(Fig. S4 C and D); the W136E c-Myc mutant, like L-Myc, spe-
cifically promoted mouse iPSC generation, whereas the V394D c-
Myc mutant, like the WT c-Myc, promoted both iPSC and non-
iPSC generation.

We also constructed c-Myc mutants with a shorter N terminus,
designated dN1 and dN2. The c-Myc protein was ~22 amino acids
longer than L-Myc in the N terminus. These extra amino acids
were deleted in the dN2 mutant, whereas only 14 amino acids were
deleted in the dN1 mutant. The dN2 mutant showed little trans-
formation activity in NIH 3T3 cells, whereas the dN1 mutant
showed activity comparable to that of the WT c-Myc (Fig. 4C). The
dN2 mutant had similar properties as the WT L-Myc and the
W136E c-Myc mutant during iPSC generation in both humans
(Fig. 4D and Fig. S4B) and mice (Fig. S4 E and F). In contrast, the
dN1 mutant was comparable to the WT c-Myc. Taken together,
these data indicate that the promotion of iPSC generation by Myc
is not parallel to its transformation activity.

We performed DNA microarray analyses to elucidate the mo-
lecular mechanisms underlying the various effects of c-Myc and L-
Myc during iPSC generation. We expressed either c-Myc (WT,
W136E, V394D, or L420P) or L-Myc (WT or L351P) in aHDFs by
retroviruses. At 2 d after transduction, we isolated total RNA for
microarray analyses. We categorized genes that were either in-
creased or decreased by >2-fold by Myc into four groups: group A,
increased >2-fold by WT ¢-Myc and the V394D c-Myc mutant
compared with mock-transduced control (Mock) and the L420P c-
Myc mutant; group B, decreased >2-fold by WT c-Myc and the
V394D c-Myc mutant compared with Mock and the L420P c-Myc
mutant; group C, increased >2-fold by WT L-Myc and the W136E
¢-Myc mutant compared with Mock and the corresponding Max-
biding deficient mutant; and group D, decreased >2-fold by WT L-
Myc and the W136E c-Myc mutant compared with Mock and the
Max-biding deficient mutant. Groups A and B represent the genes
regulated by Myc proteins that promote both iPSC generation and
transformation. Groups C and D represent genes regulated by Myc
proteins that specifically promote iPSC generation, but not
transformation.

We found that c-Myc and L-Myc regulate both common
(subgroups AC and BD) and unique (subgroups A, C, B, and D)
target genes (Fig. 54). The genes in each subgroup are listed in
Dataset S1. Subgroups A and AC are enriched with genes that are
highly expressed in human ESCs as well as cancer cells, such as
bladder tumors and nasopharyngeal carcinomas (Fig. 5 B and C).
The increased expression of these genes might be associated with
the transformation activity of Myc. In contrast, subgroups BD and
D are enriched with genes that are highly expressed in fibroblasts,
but not in ESCs or iPSCs. This result suggests that the promotion
of iPSC generation by Myc might be associated with, the sup-
pression of fibroblast-specific genes, and that L-Myc is more
potent than c-Myc in this specific gene regulatory function.

Discussion

In this study, we found that among the three Myc family proteins
c-Myc, N-Myc, and L-Myc, L-Myc showed the strongest and
most specific activity in promoting human iPSC generation. This
finding was surprising, given that L-Myc has been shown to have
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the weakest transformation activity among the three proteins
(21, 25, 26, 28). We also found that the mutations that de-
teriorate the transformation activity of c-Myc specifically pro-
mote iPSC generation. Our findings demonstrate that iPSC
generation and transformation use different functional moieties
of the Myc proto-oncogene products.

Our DNA microarray analyses suggest that L-Myc and the
transformation-deficient W136E c-Myc mutant have different
target genes than those of the WT c-Myc. When overexpressed in
aHDFs, L-Myc and the W136E c-Myc mutant suppressed nu-
merous genes that are highly expressed in fibroblasts compared
with iPSCs or ESCs. In contrast, only a small number of genes
were selectively activated by L-Myc and the W136E c-Myc. Thus,
we postulate that the primary role of these Myc proteins in
promoting iPSC generation might be to suppress differentiation-
associated genes. This finding is consistent with a previous report
on c-Myc (34), and we also found that both L-Myc and the
W136E c-Myc mutant were more potent than the WT c-Myc.

Our DNA microarray analyses also revealed that the WT
c-Myc protein activated many genes that were enriched not only
in ESCs and iPSCs, but also in cancer cells. These gene products
might be associated with cell proliferation, immortality, and cell
metabolism. Approximately half of these were specifically acti-
vated by the WT c¢-Myc, but not by L-Myc or the W136E c-Myc
mutant. These genes are might be responsible, at least in part,
for the transformation activity of c-Myc.

We found that the effects of L-Myc and the transformation-
deficient mutants of c-Myc in enhancing iPSC generation were
more potent in humans than in mice. The reasons for this dif-
ference remain to be determined. This finding suggests that the
molecular mechanisms underlying iPSC generation might be
similar, but not identical, in humans and mice.

Nakagawa et al.

Since its first demonstration in 2006, iPSC generation has been
associated with transformation and tumorigenicity (1). All four of
the factors required for iPSC generation have been associated with
human cancers. The most obvious example is c-Myc, one of the first
proto-oncogenes identified in human cancers (35). Aberrant ex-
pression of c-Myc is found in >50% of human cancers. KIf4 plays
aunique role in cancer, functioning as both a proto-oncogene and a
tumor-suppressor gene (36). KIf4 promotes cellular transformation
by suppressing p53, but it also enhances the activity of p21 and thus
may function as a tumor suppressor depending on the cellular
context (37). Aberrant expression of Oct3/4 and Sox2 also has been
found in some germ cell tumors and other tumors (38-42).

The association of iPSC generation and transformation is
demonstrated by the increased incidence of tumor formation
observed in chimeric mice derived from iPSCs (3, 30). More than
50% of chimeras derived from MEF-derived four factor-induced
iPSC were found to develop tumors within 1 y after birth.
Reactivation of the c-Myc retrovirus was detected in these
tumors. In contrast, chimeras derived from iPSCs generated
without the c-Myc retrovirus showed no increased incidence of
tumorigenicity (6). Thus, c-Myc seems to play a major role in the
observed tumorigenicity in iPSC-derived mice.

More recently, multiple groups have independently reported
that suppression of the tumor-suppressor gene p53 markedly
enhances iPSC generation (16-19). The loss of p53 functions,
such as the aberrant expression of c-Myc, has been associated with
numerous human tumors (43-47). Taken together, these findings
indicate that iPSC generation and cellular transformation have
many molecular mechanisms and pathways in common, and thus
increasing the efficacy of iPSC generation can be achieved at the
expense of increased tumor formation.

In contrast to these predictions, our data show that iPSC
generation and transformation by Myc are largely independent
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Fig. 5. Genes regulated by Myc proteins. (A) Subgroups of the genes regu-
lated by Myc proteins. Venn diagrams were constructed from groups A, B, C,
and D. The numbers of the genes in each list are shown; these genes are listed
in Dataset S1. (B) Regulation of aHDF- or ESC-enriched genes by Myc. Shown is
the number of genes with expression >5-fold higher or lower in hESCs (H9)
than in aHDFs in each subgroup. (C) Comparison of gene expression in cancer
cells, normal fibroblasts, iPSCs, and ESCs. Shown are the expression levels of
the genes in each subgroup in five cancer cells, two normal fibroblasts, human
iPSCs (average of three clones: 201B2, 201B7, and 253G1), and human ESCs
(average of four clones: H1, H9, KhES1, and KhES3). Adeno, adenocarcinomas;
bladder, bladder cancer; GBM, glioblastoma; NPC, nasopharyngeal carci-
noma; stromal, stromal tumor; lung fibro, normal lung fibroblasts.

processes. The former is attributable mainly to the suppression
of genes that are highly expressed in fibroblasts, but not in iPSCs
or ESCs. In contrast, transformation is attributable to the acti-
vation of genes that are enriched in highly proliferative cells,
including cancer cells, iPSCs and ESCs. Although methods of
iPSC generation that do not result in permanent integration of
transgenes have been reported (7-15), even transient expression
of the c-Myc transgene might have detrimental effects on the
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resulting iPSCs. Thus, the use of L-Myc or transformation-de-
ficient mutants of c-Myc should be beneficial for future clinical
applications of iPSC technologies.

Materials and Methods

Construction of Plasmids. The pMXs-based retroviral vectors for mouse Myc
family genes have been described previously (6). The coding regions of hu-
man L-Myc and N-Myc were amplified by RT-PCR with the primers listed in
Table S1. N-terminus deleted c-Myc mutants (cdN1, 14-439 aa; cdN2, 42-439
aa) were amplified by the PCR primers listed in Table S2. These PCR products
were subcloned into pENTR-D-TOPO (Invitrogen) and then recombined with
pMXs-gw via the LR reaction (Invitrogen). For the construction of Myc point
mutants, site-directed mutagenesis was performed using PrimeSTAR HS DNA
Polymerase (TaKaRa) with the primers listed in Table S3, according to the
manufacturer’s instructions.

Generation of iPSCs. Induction of mouse iPSCs was performed as described
previously (1, 3, 6) with some modifications. In brief, MEFs containing the
Nanog-GFP-IRES-Puro” reporter were seeded in six-well plates at 1.0 x 10°
cells/well. The next day (day 0), the cells were infected with retorvirsuses
containing three or four factors. On day 3, the cells were replated onto mi-
tomycin C-treated SNL feeder cells (48). The transduced cells were cultivated
with ES medium containing leukemia inhibitory factor (49). Selection with
puromycin (1.5 pg/mL) was started on day 21. Between 25 and 30 d after
transduction, the number of colonies was manually counted under a micro-
scope and recorded. Some colonies were then selected for expansion. The
induction of human iPSCs was performed as described previously (6, 50). Adult
human dermal fibroblasts (aHDFs) from the facial dermis of a 36-y-old Cau-
casian female were purchased from Cell Applications.

RNA Isolation and Reverse-Transcription. The purifications of total RNA and
RT-PCR were performed as described previously (1, 3, 6, 50). The expression of
L-Myc was detected with a primer set, as listed in Table S4.

Transformation Assay in NIH 3T3 Cells. NIH 3T3 cells were plated in 24-well
plates at 2.5 x 10 cells/well. The next day, the cells were infected with WT or
mutant Myc. Two days after infection, the transfomation activity was de-
termined based on the morphological changes detected.

DNA Microarray Analyses. A DNA microarray analysis was performed as de-
scribed previously (50). First, aHDFs were retrovirally infected with WT or
mutant Myc. Then at 48 hours after infection, total RNA was extracted from
the cells and used for microarray experiments (GSE22654). Data were ana-
lyzed using the GeneSpring GX 11 software package (Agilent). The genes
activated or suppressed by Myc proteins were identified and categorized as
described in Results. According to the expression levels of these selected
genes, hierarchical clustering of the log2 expression ratios was performed
for five cancer cells, two normal cells (aHDFs and lung fibroblasts), human
iPSCs (average of three clones: 201B2, 201B7, and 253G1), and human ESCs
(average of four clones: H1, H9, KhES1, and KhES3). The microarray data for
cancer cells and lung fibroblasts were obtained from GEO DataSets (adeno-
carcinomas, GSE13213; bladder cancer, GSE19716; glioblastoma, GSE10878;
nasopharyngeal carcinoma, GSE15191; stromal tumor, GSE17018; lung
fibroblasts, GSE15359).

Statistical Analyses. Data are presented as average + SD. All statistical
analyses were performed with one-way repeated-measures ANOVA and the
Bonferroni post hoc test, using KaleidaGraph 4 (HULINKS).
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Validation of human periodontal
ligament-derived cells as a reliable
source for cytotherapeutic use
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Abstract

Aim: Periodontal ligament (PDL) is a reliable cell source for periodontal
regeneration. In this study, an optimal protocol for the extraction, expansion, and
characterization of human PDL (hPDL) cells was examined for clinical trials.
Materials and Methods: hPDL tissues were obtained from 41 surgically extracted
teeth and digested with enzymes. Human adipose-derived stem cells (hADSCs), bone
marrow-derived mesenchymal stem cells (h(BMMSCs), and gingival fibroblasts (hGFs)
were used for comparison. For each sample, the proliferative capacity, colony-forming
ability, alkaline phosphatase activity, differentiation ability, the cell surface antigens,
gene expression, and regenerative potential were examined.

Results: hPDL cells were more successfully extracted with collagenase/dispase [29/30
(96.7%)] than with trypsin/EDTA [8/11 (72.7%)], and exhibited osteogenic potential both in
vitro and in vivo. The proliferation of hPDL cells was rapid at a low cell density. hPDL cells
frequently differentiated into cementoblastic/osteoblastic lineage (~ 60%). In contrast, their
adipogenic and chondrogenic potentials were lower than those of hADSCs and hBMMSCs.
Some genes (NCAMI, S100A4, and periostin) were preferentially expressed in hPDL cells
compared with those of hBMMSCs and hGFs. Immunohistochemical studies revealed the
expressions of S100A4 and periostin in hPDL tissue.

Conclusion: A protocol for the successful cultivation and validation of hPDL cells is
proposed for clinical settings.
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(PDL), has been a challenge in perio-
dontics, and numerous studies have
attempted to induce true periodontal
regeneration. The key source of perio-
dontal regeneration is the “‘PDL tissue’’
(Karring et al. 1985). Once PDL tissues
are removed from a dental root, anky-
losis and root resorption occur (Nyman
et al. 1980, Andreasen & Kristerson
1981). Therefore, researchers consider
PDL tissue as a responsible source for
periodontal regeneration. Based on this
concept, selective proliferation of PDL-
derived cells has been clinically per-
formed using barrier ~membranes
(Nyman et al. 1982) or enamel matrix
proteins (Hammarstrom et al. 1997). In

addition, either alone or a combination
use of synthesized and biological mate-
rials was utilized to enhance periodontal
wound healing during surgical proce-
dures. In most cases, however, only
limited histological evidence of true
regeneration has been demonstrated
(Wang et al. 2005, Sculean et al. 2008).

To overcome the limitations of tradi-
tional procedures, transplantation of
postnatal stem cells has the potential
to significantly alter tissue engineering
(Bianco & Robey 2001). Several studies
have reported that PDL-derived cells pos-
sess stem cell-like properties (Seo et al.
2004, Trubiani et al. 2005, Nagatomo
et al. 2006, Gay et al. 2007, Coura et al.
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2008, Lindroos et al. 2008, Zhou et al.
2008, Xu et al. 2009). In addition, be-
cause PDL tissues have one of the highest
metabolic turnover rates in the body
(McCulloch & Bordin 1991, Ramakrish-
nan et al. 1995, Coura et al. 2008),
researchers have hypothesized that a
highly regenerative population of cells
exists in PDL tissues and that they could
be a source of cells for the regeneration of
various tissues (Coura et al. 2008). Some
studies developed PDL cell transplanta-
tion in combination with scaffolds and
reported successful periodontal regenera-
tion in animal models (Nakahara et al.
2004, Seo et al. 2004, Sonoyama et al.
2006, Liu et al. 2008, Iwata et al. 2009).

To realize the potential of stem cell
therapy for periodontal regeneration,
effective methods to extract and expand
“‘human’’” PDL (hPDL) cells have to be
established. Somerman et al. (1988) first
reported on a method to culture PDL
cells, and the method has been widely
used because of its clear concept, ‘‘Extract
cells from the mid-third of teeth’’. How-
ever, the proliferation of the cells was
slow, and it took a great deal of time to
expand the PDL cells required for trans-
plantation. Therefore, recent studies have
combined the use of enzymatic digestion
and this concept to obtain a higher yield of
cells (Seo et al. 2004, Sonoyama et al.
2006, Liu et al. 2008). Still, the character-
istics of PDL cells remain to be eluci-
dated, although some PDL-specific genes
were proposed (Duarte 1998, Horiuchi
et al. 1999, Yamada et al. 2001, Lallier
et al. 2005, Nakamura et al. 2005, Nishida
et al. 2007, Pi et al. 2007).

In this study, 41 teeth were collected
from human patients, and the culture
condition of hPDL cells was optimized.
Moreover, distinguishable hPDL mar-
kers were confirmed for the identifica-
tion of hPDL cells, and the potential of
hPDL cells in tissue regeneration was
evaluated both in vitro and in vivo.

Materials and Methods

This study was conducted according to
the principles expressed in the Declara-
tion of Helsinki. The study was
approved by the Institutional Review
Board of Tokyo Women’s Medical Uni-
versity Human Subjects Research. All
patients or guardians were fully in-
formed and gave written consent for
the donation of their teeth and their
subsequent use in this research project.

© 2010 John Wiley & Sons A/S
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All animal procedures were approved
by the Institutional Animal Care and
Use Committee of Tokyo Women’s
Medical University.

Cell culture

Normal human teeth were extracted for
orthodontic or impaction reasons from 41
patients between 14 and 57 years of age at
Tokyo Women’s Medical University Hos-
pital. The age, sex, and position of the
extracted tooth from the donors are shown
in Table 1. First, each tooth was rinsed five
times with antibiotics (Unasyn) (Pfizer
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Japan, Tokyo, Japan). Then, the PDL
tissue was gently separated from the sur-
face of the mid-third of root and subse-
quently digested with trypsi/EDTA
(0.25% trypsin and 1mM EDTA) (Invi-
trogen, Carlsbad, CA, USA) or a solution
of collagenase type I (varying concentra-
tions) (SERVA Electrophoresis, Heidel-
berg, Germany) with 1200 PU/ml dispase
(Godo Syusei, Tokyo, Japan) in «-MEM
glutamax (Invitrogen) for 60 min. at 37°C
with vigorous shaking. Single-cell suspen-
sions were obtained by passing the cells
through a 70 um strainer (Falcon, Franklin
Lakes, NJ, USA). After being strained, the

Table 1. Isolation and ALP activity of hPDL cells

# Age (years) Sex Position Enzyme Cell expansion ALP induction
1 19 F 18 T + +
2 41 M 28 T + +
3 34 F 38 T + -
4 34 F 28 T + -
5 14 M 22 T + +
6 14 M 34 T -

7 24 F 38 T + +
8 26 M 38 T + +
9 26 M 18 T + +
10 30 F 42 T —

11 24 F 24 C/D + +
12 24 F 14 C/D + +
13 26 F 38 T -

14 25 F 38 C/D + +
15 19 F 38 C/D + +
16 32 F 48 C/D + +
17 26 F 48 C/D + +
18 30 M 28 C/D + +
19 57 F 18 C/D + +
20 25 M 18 C/D + +
21 57 F 28 C/D + +
22 18 M 28 C/D + +
23 30 F 28 C/D + %
24 25 F 48 C/D + +
25 19 F 48 C/D + +
26 57 F 38 C/D + +
27 35 M 38 C/D + +
28 23 M 38 C/D =

29 47 M 48 C/D + +
30 31 M 48 C/D + +
31 57 F 28 C/D + +
32 23 F 38 C/D + +
33 45 M 48 C/D + +*
34 32 M 48 C/D + +
35 25 M 48 C/D + +
36 30 F 38 C/D + +
37 31 F 38 C/D + +
38 34 F 48 C/D + #
39 27 F 38 C/D + +
40 30 F 48 C/D + +
41 25 M 28 C/D + ¥

hPDL tissues from 41 patients were digested with trypsin-EDTA (T) or collagenase/dispase (C/D)
and cultured. Tooth position was indicated by means of Zsigmondy and Palmer system (Peck &
Peck, 1993). Cell expansion was judged from the microscopic view on Day 7 after the spreading.
Expanded cells at Passages 3—-5 were cultured with or without osteoinductive supplements (50 pg/ml
ascorbic acid, 10mM p-glycerophosphate, and 10nM dexamethasone), then ALP activity was
measured and enhanced cells were considered as ALP induction positive (+).

ALP, alkaline phosphatase; hPDL, human periodontal ligament; F, female; M, male.
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cells were plated onto a T25 Primaria™
culture flask (Falcon) (Passage 0). The
cells were then cultured in complete cul-
ture medium [¢-MEM glutamax contain-
ing 10% foetal bovine serum (FBS)
(Moregate Biotech, Bulimba, Queensland,
Australia), and 1% penicillin/streptomycin
(Sigma-Aldrich, St Louis, MO, USA)].
After 48h, unattached cells and debris
were washed out, and new medium was
added. The cells were subcultured using
trypsin/EDTA on Day 5, and spread out
on a T75 Primaria™ culture flask (Passage
1). Subculture was performed every 34
days until Passage 3. Thereafter, cells
were plated at a density of 50 cells/cm?
on 60cm? culture dishes every 14 days
until their proliferation potential was lost.

Human gingival fibroblasts (hGFs)
from three different donors were pur-
chased from ScienCell (Carlsbad, CA,
USA). These hGFs were cryopreserved
at Passage 1 and delivered frozen. Experi-
ments were carried out with cells from
the third to fifth passages. Three different
lots of human bone marrow-derived
mesenchymal stem cells (hBMMSCs)
and human adipose-derived stem cells
(hADSCs) were purchased from Cellular
Engineering Technologies (Coralville,
IA, USA). Similarly and unless otherwise
noted, experiments were carried out with
cells from the third to fifth passages. All
cells were cultured in complete culture
medium as described above.

Colony-forming assay

The cells were plated at a density of
100 cells/60cm” dish, and cultured in
complete medium for 14 days. The cells
were stained with 0.5% crystal violet in
methanol for Smin. as previously
described (Nimura et al. 2008). The
cells were washed twice with distilled
water, and the number of colonies was
counted. Colonies <2mm in diameter
and/or faintly stained were ignored.

Alkaline phosphatase (ALP) activity

The cells were plated on 96-well plates
at a density of 1 x 10%cells/well and
cultured in complete medium for 48 h.
Then, the medium was changed to com-
plete medium with or without various
concentrations of osteoinductive supple-
ments, ascorbic acid (AA) (Wako Pure
Chemical, Tokyo, Japan), [-glycero-
phosphate (fGP) (Sigma-Aldrich), and/
or dexamethasone (DEX) (Fuji Pharma,
Tokyo, Japan). After five additional
days of culture, the cells were washed

once with normal saline solution, and
ALP activity was evaluated after
incubation with 10mM p-nitrophenyl-
phosphate as a substrate in 100 mM 2-
amino-2-methyl-1, 3-propanediol-HCl
buffer (pH 10.0) containing 5mM
MgCl, for 5min. at 37°C. The addition
of NaOH quenched the reaction, and the
absorbance at 405nm was measured
using a plate reader (Bio-Rad Model
450, Bio-Rad, Hercules, CA, USA).

Differentiation assay

For osteogenesis studies, 50 cells were
plated in 60 cm? dishes and cultured for
14 days as described previously (Nimura
et al. 2008) with slight modifications. The
medium was then switched to a calcifica-
tion medium consisting of complete med-
ium supplemented with 50 ug/ml AA,
10mM pBGP, and 10nM DEX (osteoin-
ductive medium) for an additional 21
days. These dishes were stained with
1% alizarin red solution, and alizarin
red-positive colonies were counted. The
same calcification cultures were subse-
quently stained with crystal violet, and
the total cell colonies were counted.
Colonies that were <2mm in diameter
or appeared yellowish were ignored.

For adipogenesis experiments, 50 cells
were plated in 60 cm” dishes and cultured
in complete medium for 14 days. The
medium was then switched to adipogenic
medium, which consisted of complete
medium supplemented with 100nM
DEX, 0.5 mM isobutyl-1-methyl xanthine
(Sigma-Aldrich), and 50 uM indometha-
cin (Wako Pure Chemical) for an addi-
tional 21 days. The adipogenic cultures
were fixed with 4% paraformaldehyde
and stained with fresh oil red O solution,
and the numbers of the oil red O-positive
colonies were counted. Colonies that were
<2 mm in diameter or ones that appeared
faint were ignored. The cultures were then
stained with crystal violet, and the total
number of cell colonies was counted.

For chondrogenesis studies, 250,000
cells were placed in a 15 ml polypropy-
lene tube (Becton Dickinson, Mountain
View, CA, USA) and -centrifuged
for 10 min. The pellet was cultured in
chondrogenesis medium [high-glucose
Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with 500 ng/ml
bone morphogenetic protein 2 (R&D Sys-
tems, Minneapolis, MN, USA), 10 ng/ml
transforming growth factor f3 (R&D
Systems), 10nM DEX, 50ug/ml AA,
40 ug/ml proline, 100 ug/ml pyruvate,
and 50 mg/ml ITS+Premix (Becton Dick-

inson)]. The medium was replaced every
3—4 days for 21 days.

For immunohistochemical staining,
the pellets were embedded in OCT
compound, and the specimen block
was cut into 5 um frozen tissue sections.
After being dried for 1h at room tem-
perature, the tissue sections were treated
with chondroitinase ABC (0.25 U/ml)
(Seikagaku Biobusiness, Tokyo, Japan)
and hyaluronidase (type I-S) (Sigma-
Aldrich) for 30 min. at 37°C. The sec-
tions were washed with Tris-buffered
saline (TBS) (Takara Bio, Shiga, Japan),
and incubated with TBS containing 5%
donkey serum and 0.3% Triton X for 1 h
to block non-specific reactions. The sec-
tions were then incubated with a mouse
monoclonal antibody against human type
II collagen (1:100 dilution) (Daiichi
Fine Chemical, Toyama, Japan) for 12h
at 4°C. The slides were again washed
three times with TBS and incubated
with a horseradish peroxidase-conjugated
secondary antibody (1:1000 dilution)
(Jackson ImmunoResearch Laboratories,
West Grove, PA, USA) for 1h at room
temperature. Immunostaining was detect-
ed by 3, 3'-diaminobenzidine (DAB), and
the counterstaining was performed with
Mayer’s haematoxylin.

Isolation of RNA and polymerase chain
reaction (PCR)

Total RNA was isolated with a QIA
shredder and RNeasy Mini kit (Qiagen,
Valencia, CA, USA) according to the
manufacturer’s instructions. Thereafter,
cDNA was synthesized from 500ng of
the total RNA using the Superscript
VILO cDNA Synthesis Kit (Invitrogen).
B-Actin was utilized as the internal
control gene from the results observed
on the TagMan Human Endogenous
Control Plate (Applied Biosystems, Fos-
ter City, CA, USA). The mRNA expres-
sion levels of periodontal marker genes
and osteogenic genes were quantita-
tively analysed by real-time PCR (ABI
Prism 7300 Sequence detection system,
Applied Biosystems) using sequence-
specific primers. The primers used were
as follows: asporin (Hs00214395_m1),
P-actin (4326315E), bone sialoprotein
(BSP; Hs00173720_m1), cementum
protein 1 (CEMP1; Hs03004478_s1),
cyclin J (Hs00908190_g1), FDC-SP
(Hs00395131_m1), milk fat globule-
EGF factor 8 protein (MFGES;
Hs00170712_m1), MSX1 (Hs00427183_
ml), MSX2 (Hs00741177_m1), neural
cell adhesion molecule 1 (NCAMI;
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Hs00941821_ml), osteocalcin (OCN;
Hs01587813_gl), osteopontin (OPN;
Hs00167093_m1), periostin (Hs00170815_
ml), S100A4 (Hs00243202_ml), and
type II collagen (Col2A1; Hs01060345_
ml). The samples were analysed in
triplicate. The mRNA expression levels
relative to ff-actin were determined, and,
in some cases, the fold changes were
calculated using the values obtained by
means of the 2724CG method at each
time point (Livak & Schmittgen 2001).

PCR array

Human osteogenesis RT? Profiler™ PCR
Array and Human Cell Surface Markers
RT? Profiler™ PCR Array (SuperArray
Bioscience, Bethesda, MD, USA) were
used to screen for the expression of multi-
ple genes in hPDL cells, hABMMSCs, and
hGFs according to the manufacturer’s
protocol, and the levels of gene expres-
sion were determined with the compara-
tive C, method.

Flow cytometric assay

One million cells were suspended in
100 4l Dulbecco’s phosphate-buffered
saline (PBS) containing 10 ug/ml of
each specific antibody. For determining
the surface markers, fluorescein isothio-
cyanate (FITC)- or phycoerythrin (PE)-
coupled antibodies against CD29,
CD34, CD44, (CD90, CD106, and
CD146 (Becton Dickinson), ALP (R&D
systems), STRO-1 (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), CD14
and CD45 (Biolegend, San Diego, CA,
USA), and CD105 (Ancell, Bayport,
MN, USA) were used. As the isotype
control, FITC- or PE-coupled non-speci-
fic mouse IgG (Becton Dickinson), and
PE-coupled non-specific mouse IgM
(Antigenix America, Huntington Station,
NY, USA) were substituted for the
primary antibodies. After being incu-
bated for 30 min. at 4°C, the cells were
washed with PBS and then suspended
in 1 ml of PBS for further analysis. Cell
fluorescence was determined using a
flow cytometer (Epics-XL; Beckman
Coulter, Fullerton, CA, USA).

Immunohistochemistry

A human tooth surrounded by alveolar
bone was subjected to immunohisto-
chemistry. The tissue was fixed with
4% paraformaldehyde and decalcified
with neutralized 10% EDTA (pH 7.4)
at 4°C for 2 weeks before dehydration

© 2010 John Wiley & Sons A/S
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and paraffin embedding. Sections that
were 5 um thick were collected on glass
slides. To enhance antigen retrieval, the
slides were immersed in 1% antigen
unmasking solution (Vector Laboratories,
Burlingame, CA, USA) and blocked for
30min. at room temperature with non-
immune rabbit serum, followed by a 16-h
incubation with the specific primary
antibodies. The primary antibodies and
dilutions used were anti-human S100A4
(1:100) (ab27957; Abcam, Cambridge,
UK) and anti-human periostin (1:100)
(ab14041; Abcam). The slides were
then rinsed, followed by incubation for
30min. at room temperature with bio-
tinylated secondary antibody (1:200)
(Vectastain ABC kit AK-5002; Vector
Laboratories). The slides were washed
with PBS, and the avidin—biotin complex
was added for 30 min. at room tempera-
ture. The slides were then rinsed well
with PBS and developed with DAB.

Transplantation

hPDL cells at Passage 5 were seeded on
temperature-responsive culture dishes
(35mm in diameter, UpCell*“', Cell-
Seed, Tokyo, Japan) at a cell density
of 3 x 10*cells/dish and cultured in
complete medium for 2 days. Then,
the culture medium was changed to an
osteoinductive medium, and the cells
were cultured for an additional 14
days. For harvesting cell sheets, the
temperature was reduced to room tem-
perature. Then, the culture medium was
aspirated, and a wet sheet of woven
polyglycolic acid (PGA) (Neoveil®,
PGA Felt-Sheet Type, 0.15 mm in thick-
ness; Gunze, Tokyo, Japan) was used for
multi-layering, as described previously
(Iwata et al. 2009). Because the PGA
sheets stuck to the cell sheets within
several seconds, PGA sheets holding
cell sheets were harvested by peeling
them from the dishes with forceps. This
procedure was repeated, and eventually
four, six, eight, and 10 layers of hPDL
cell sheets were obtained. F344 athymic
rats (6-week-old male; Charles River
Japan, Tokyo, Japan) were anaesthe-
tized with 2% inhaled isoflurane and
ventilated using a rodent mechanical
ventilator. Incisions were made subcuta-
neously on the dorsa of the rats. Multi-
layered hPDL cell sheets—PGA constructs
were placed at the muscle surfaces, and
the incisions were closed with 5-0 silk
sutures (Nesco-suture; Alfresa, Osaka,
Japan). After 3 days, 10 days, or 4
weeks, the transplanted grafts were
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resected for histological analysis. Three
animals were used for each time point.
The specimens were fixed with 4% para-
formaldehyde and routinely processed
into 7-um-thick paraffin-embedded sec-
tions. The paraffin sections were stained
with either haematoxylin—eosin or ali-
zarin red.

Data analysis

All values are expressed as means + SD.
All samples were analysed by Student’s
t-tests. Values of p<0.05 were consid-
ered statistically significant.

Results

Extraction and characterization of hPDL
cells

A total of 41 teeth (36 wisdom teeth and
five other teeth) (Table 1) were obtained
and digested with either collagenase/
dispase or trypsin/EDTA, both of which
were conventionally used for tissue
dissociation. The success rate of cell
expansion with collagenase/dispase
[29/30 (96.7%)] was higher than with
trypsin/EDTA [8/11 (72.7%)]. In some
trypsin/EDTA-digested samples, no
ALP induction of hPDL cells was
observed (2/8). Because of the small
quantity of hPDL tissue, the initial cell
density was extremely low (usually
<50cells/cm®) even when the small
culture flask (T25) was used. hPDL cells
proliferated clonally, and the population
doubling time was <24h for 50 days
(Fig. 1a). The colony-forming efficiency
of hPDL cells was approximately 30%
at Passage 1 and increased with every
passage (Fig. 1b). The proliferation rates
of hPDL cells were higher when they
were spread at lower densities (Fig. 1c).
AA, BGP, or DEX treatment enhanced
the ALP activity of hPDL cells in a
dose-dependent manner, and their use
in combination maximized the increase
in ALP activity (Fig. 1d). In contrast, no
induction of ALP activity was observed
in hGFs (data not shown).

The osteogenic, adipogenic, and chon-
drogenic potentials of hPDL cells were
investigated in comparison with that of
hADSCs, hBMMSCs, and hGFs. Similar
to hADSCs and hBMMSCs, hPDL cells
showed high osteogenic potential (~ 60%
of total colonies) (Fig. 2a and b). In
contrast, no alizarin red-positive colony
was observed in hGFs. In the adipogenic
studies, hADSCs and hBMMSCs showed
significant potential (~ 85%) compared
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Fig. 1. Proliferation, colony-forming unit-fibroblast (CFU-F), and alkaline phosphatase
(ALP) activity of human periodontal ligament (hPDL) cells. (a) The growth and proliferative
life span of hPDL cells from six different donors. Cells were seeded and subcultured at
50 cells/cm” every 2 weeks after Passage 3. (b) CFU-F of hPDL cells. hPDL cells from six
donors were examined for colony-forming assay at Passages 1, 3, and 5 in triplicate. The bars
and lines represent the means and SD of six samples. Statistically significant difference
(*p<0.05; *p<0.01). (c) Effect of the seeding density on the proliferation of hPDL cells.
Cells were plated in triplicate at densities of 50, 500, and SOOOcells/cmz, respectively.
Medium was changed 24 h after seeding, and hPDL cells were cultured for an additional 7
days. The bars and lines represent the means and SD of three samples at Passage 3.
**Statistically significant difference (p<0.01). (d) ALP activity of hPDL cells from three
donors induced by the use of a combination of osteoinductive reagents, ascorbic acid (AA)
(ng/ml), f-glycerophosphate (fGP) (mM), and dexamethasone (DEX) (nM). The bars and

lines represent the means and SD.

with that of hPDL cells and hGFs
(~30%) (Fig. 2c and d). In the chondro-
genic studies, hPDL cells differentiated
into chondrocytes, which were positive
for type II collagen antibody (Fig. 2e).
Real-time PCR analyses showed that type
II collagen expression was detectable in
all types of cells (Fig. 2f) and hBMMSCs
had a higher expression of type II
collagen than other cells. hGFs appeared
to have a higher expression of type II
collagen than hPDL cells. However, there
was no significant difference in type II

collagen expression among hPDL cells,
hADSCs, and hGFs.

Next, we investigated the time course
expression of osteogenic genes, OCN,
OPN, and BSP, in hPDL cells. When
hPDL cells were cultured in complete
medium supplemented with AA, SGP,
and DEX, the expression levels of OCN,
OPN, and BSP were maximized on Day
14 (Fig. 3a), and an alizarin red-positive
area was clearly observed at the same
time (Fig. 3b). However, the expression
levels of all three genes were decreased

on Day 21. When hPDL cells were
cultured with AA and SGP, but without
DEX, the gene expression levels of
OCN, OPN, and BSP were increased
up to Day 21.

Surface epitopes of hPDL cells

The expression of putative mesenchy-
mal stem cell markers (CD29, CD44,
CD90, and CD105 positive, and CD14,
CD34, and CD45 negative) was
observed in all types of cells (Fig. 4).
CD146, CD106, and ALP were more
frequently positive in hPDL cells com-
pared with hGFs. STRO-1, an epitope
originally suggested as a marker for
MSCs, was expressed in <20% of cells
for all types of cells.

Gene expression profile

Previous studies demonstrated that
hPDL cells have osteogenic potential.
Thus, we performed both osteogenesis
and cell surface markers PCR array
on hPDL cells and compared it with
hBMMSCs (Table 2A) or hGFs (Table
2B). Several genes were preferentially
expressed in hPDL cells. Neural cell
adhesion molecule 1 (NCAMI1) was
strongly expressed in hPDL cells
compared with hBMMSCs and hGFs.
This difference was statistically signi-
ficant. In addition to these PCR arrays,
each of the known PDL marker genes
was also verified with a TagMan® gene
expression assay. f(-Actin was chosen
as the endogenous control from the
results of the TagMan® Human Endo-
genous Control Plate because of the
stability of the signal between the cell
types and its level of expression (data
not shown). The expression levels of
MSX1, NCAMI, and S100A4 in hPDL
cells were higher than in hBMMSCs
(Fig. 5a). Moreover, the expression
levels of NCAMI and periostin in
hPDL cells were higher than in hGFs
(Fig. 5a). The immunohistochemical
analyses confirmed the positive signals
of both S100A4 and periostin in hPDL
tissues between the alveolar bone and
dentin (Fig. 5b-e).

Transplantation

To verify the osteogenic potential in
vivo, multi-layered hPDL cell sheets
were transplanted into the backs of
athymic rats. After being cultured with
an osteoinductive medium for 14 days,
hPDL cells were multi-layered (four,
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Fig. 2. Differentiation potential of human periodontal ligament (hPDL) cells. (a) hPDL cells positively stained with alizarin red. hPDL cells
were cultured for 21 days in osteoinductive medium. (b) The ratio of alizarin red-positive colonies in the total number of colonies. Each
sample was examined in triplicate, and the means of each sample were used for statistical analysis. The bars and lines represent the means and
SD of human adipose-derived stem cells (hADSCs) (n = 3), human bone marrow-derived mesenchymal stem cells (hBMMSCs) (n = 3),
human gingival fibroblasts (hGFs) (n = 3), and hPDL cells (n = 7). *p <0.05 versus hPDL cells. (c) hPDL cells positively stained with oil red
O. hPDL cells were cultured for 21 days in adipogenic medium. (d) The ratio of oil red O-positive colonies in the total number of colonies.
Each sample was examined in triplicate, and the means of each sample were used for statistical analysis. The bars and lines represent the
means and SD of hADSCs (n=3), hBMMSCs (n=3), hGFs (n=3), and hPDL cells (n=7). *p<0.05 versus hPDL cells. (e)
Immunohistochemical analysis for type II collagen. hPDL cells were pelleted and cultured for 21 days in the defined medium described in
the ‘‘Materials and Methods’’. A macro picture of cartilage pellets with 100 um scale is shown. (f) Gene expression analysis for type II
collagen on Day 21 was analysed by real-time PCR. The bars and lines represent the means and SD of hADSCs (n = 3), hBMMSCs (n = 3),
hGFs (n = 3), and hPDL cells (n = 7). The mean fold changes in gene expression relative to ff-actin were calculated using the values obtained
from hPDL cells as a calibrator by means of the 27#A¢ method (Livak & Schmittgen 2001). *p <0.05 versus hPDL cells.
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Fig. 3. Osteoblastic/cementoblastic gene expression during osteoinduction in human perio-
dontal ligament (hPDL) cells. (a) Effects of osteoinductive supplements on the expression of
osteocalcin (OCN), osteopontin (OPN), and bone sialoprotein (BSP). After hPDL cells were
treated with or without supplements [AA (50 ug/ml)+pGP (10mM) or AA+SGP+DEX
(10nM)], the gene expression at various time points (4-21 days) was analysed by real-time
PCR. Two individual PDL cells were examined in triplicate, and the average values are
shown. The mean fold changes in gene expression relative to ff-actin were calculated using
the values obtained from hPDL cells without induction on Day 4. (b) Alizarin red staining of
hPDL cells cultured with or without osteoinductive supplements. PDL cells were spread at a
density of 5000 cells/cm?. After 48 h, the culture medium was switched to complete medium
only (c) or complete medium+AA (50ug/ml) (A); AA+SGP (10mM) (AB); or
AA+SGP+DEX (10nM) (ABD), and cultured for 14 or 21 days.

six, eight, or 10 layers) with woven
PGA and transplanted into the backs of
athymic rats. Layering structures were
clearly seen on Day 3 (Fig. 6a and b).

An area that was alizarin red positive
was observed on Day 3, and it grew until
Day 10 in both eight- and 10-layer
transplantation.

Discussion

Human teeth are routinely extracted
because of caries or orthodontic reasons,
even though they retain healthy PDL or
pulp tissues. Therefore, researchers have
utilized dental stem cells as non-inva-
sive cell sources for regenerative medi-
cine. In fact, PDL cells (Nakahara et al.
2004, Sonoyama et al. 2006, Liu et al.
2008, Iwata et al. 2009) and dental pulp
cells (Iohara et al. 2004, 2006) have
already been examined for their regen-
erative potential in large animal models.
Importantly, the clinical outcomes of
these studies were superior to those of
traditional therapies. Thus, human clin-
ical trials using hPDL cells have the
potential to treat various defects, which
have until now been thought to be
difficult to cure. Although the prospects
are increasing, appropriate methods for
extracting and expanding hPDL cells
are still not well established. In this
study, we determined the optimal meth-
od for the isolation and expansion of
hPDL cells. We then examined their
gene expressions and differentiation
potentials and eventually validated the
common characteristics of hPDL cells
from 41 samples.

First, the method of enzymatic diges-
tion for hPDL tissues was optimized.
Because hPDL tissue mainly consists of
collagen, the dose—response effect of col-
lagenase (0.075, 0.75, and 1.5PZ-U/ml)
was studied, resulting in 0.75 PZ-U/ml as
the optimal concentration (data not
shown). The success rate of cell expan-
sion with collagenase/dispase was 96.7%
(29/30), which was superior to the origi-
nal explant method (76%) (Somerman
et al. 1988). Only one sample (#28, a
23-year-old male) exhibited bacterial
contamination during the initial days of
culture. Trypsin/EDTA also extracted
cells from hPDL tissues (72.7%). How-
ever, some of the samples lost their
osteogenic potential (Table 1) and had
low proliferation (data not shown). Thus,
collagenase/dispase was chosen for
further studies. Primaria culture dishes
were used in this study because the initial
cell attachment was enhanced compared
with normal Falcon dishes (data not
shown). The cells were cultured in o-
MEM glutamax for rapid cell expansion
as described previously (Sotiropoulou et
al. 2006). hPDL cells exhibited an
increased proliferation compared with
other mesenchymal tissue-derived cells
(Matsubara et al. 2005, Sakaguchi et al.
2005). Usually, the number of hPDL

© 2010 John Wiley & Sons A/S
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Fig.4. Surface molecule characterization by flow cytometry. Expression of cell surface
proteins on human adipose-derived stem cells (hADSCs), human bone marrow-derived
mesenchymal stem cells (hBMMSCs), human gingival fibroblasts (hGFs), and human
periodontal ligament (hPDL) cells as determined by flow cytometry. The bars and lines
represent the means and SD of three samples from each source. *p <0.05 versus hPDL cells.

Table 2A. Differentially expressed genes between hPDL cells and hBMMSCs by PCR array

Name of gene Description Fold up- or down- p-
regulation value
NCAMI Neural cell adhesion molecule 1 27.10 0.0001
MSX1 Msh homeobox 1 15.55 0.0011
FLT1 Fms-related tyrosine kinase 1 (vascular endothelial 1274  0.0287
growth factor)
BMP4 Bone morphogenetic protein 4 6.14 0.0213
HLA-DRA Major histocompatibility complex, Class II, DRo 5.95 0.2112
IL12RB1 Interleukin 12 receptor, B1 5.83  0.0060
CD40 CD40 molecule, TNF receptor superfamily 564  0.0189
member 5
COL14A1 Collagen, type XIV, al 441 0.3085
CD24 CD24 molecule —4.05 0.1410
CD36 CD36 molecule (thrombospondin receptor) —-4.23 0.1536
CD70 CD70 molecule —4.57 0.2035
ST6GALI1 ST6 B-galactosamide o-2,6-sialyltranferase 1 —4.81 0.0012
BMP6 Bone morphogenetic protein 6 -5.30  0.0050
ITGA2 Integrin, o2 (CD49B, o2 subunit of VLA-2 receptor) —-6.27 0.0510
KRT18 Keratin 18 -9.06 0.0102
KRT8 Keratin 8 -9.74  0.0044
DPP4 Dipeptidyl-peptidase 4 (CD26, adenosine deaminase —14.06 0.0579
complexing protein 2)
COMP Cartilage oligomeric matrix protein —-56.27  0.0024
TEK TEK tyrosine kinase, endothelial (venous —109.90 0.0001

malformations, multiple cutaneous and

Three different individuals of hPDL cells and hBMMSCs were examined with ‘‘cell surface
markers’’ and ‘‘osteogenesis’’ PCR arrays and statistical analyses were performed. Genes with
defined threshold of 4-fold differential expression are listed. If hPDL cells >hBMMSCs, ‘‘+’; if
hPDL cells <hBMMSCs, ““ —"’. A grey box indicates a statistically significant change. P <0.05.
hPDL, human periodontal ligament; hBMMSCs, bone marrow-derived mesenchymal stem cells.
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cells exceeded 1 million within the first
2 weeks. hPDL cells become senescent
after 70-100 days of cultivation, and no
transformation of cells was observed in
this study. The colony-forming efficiency
of hPDL cells was in agreement with
previous studies (Nagatomo et al. 2006).
Surprisingly, the colony-forming effi-
ciency of hPDL cells increased with every
passage. Therefore, it is possible that the
method of cell expansion used in this
study, in which seeding density was
low, exclusively selected highly prolifera-
tive and replicative hPDL cells.

Next, the gene expression of hPDL
cells was examined. Generally speaking,
hPDL cells have higher ALP activity
than that of hGFs and possess osteo-
genic potential (Somerman et al. 1988,
Murakami et al. 2003). All hPDL sam-
ples extracted with collagenase/dispase
exhibited such characteristics, suggest-
ing that the experiment was properly
conducted. The effect of osteoinductive
supplements, AA, SGP, and DEX, on
ALP activity of hPDL cells was inves-
tigated, and the maximum induction was
determined to be as much as the con-
ventional concentration of an osteoin-
ductive medium (50 ug/ml AA, 10mM
BGP, and 10nM DEX).

In differentiation assays, the method
described by Sekiya et al. (2002)
was used because this method could
simultaneously evaluate the rate of
differentiation potentials as well as the
colony-forming efficiency. hPDL cells
differentiated into the osteoblastic line-
age with high frequency as much as that
of hADSCs and hBMMSCs. Further-
more, the expression of osteoblastic
genes during osteoinduction was also
investigated to determine the optimal
culture period for hPDL cells. When
DEX was used in addition to AA and
BGP, the expression levels of OCN,
OPN, and BSP were maximized on
Day 14 and were decreased on Day 21.
It is known that the continuous presence
of DEX can modulate differentially
the osteoblastic phenotypes of cells
(Hoemann et al. 2009). Considering
the culture condition of this study, in
which AA, BGP, and DEX were con-
tinuously supplied, it was quite presum-
able that the expression of these genes
was modified by the long-term DEX
treatment. Similar results were observed
by Zhou et al. (2008) using hPDL cells.
Alizarin red staining also confirmed that
cultivation for 14 days was enough to
form mineralized nodules when cells
were cultured with AA, BGP, and
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Table 2B. Differentially expressed genes between hPDL cells and hGFs by PCR array

Name of gene Description Fold up- or down-regulation p-value
HLA-DRA Major histocompatibility complex, Class II, DRo 30.30 0.0557
VCAMI1 Vascular cell adhesion molecule 1 23.88 0.0269
ALPL Alkaline phosphatase, liver/bone/kidney 23.25 0.0486
TPSABI Tryptase o/p1 20.98 0.0216
NCAMI1 Neural cell adhesion molecule 1 19.53 0.0456
COL14A1 Collagen, type XIV, al 9.46 0.1882
FGFR2 Fibroblast growth factor receptor 2 7.04 0.0019
TGFB3 Transforming growth factor 3 6.77 0.0310
MYOCD Myocardin 6.22 0.3872
CD4 CD4 molecule 5.79 0.3811
ITGAM Integrin, oM (complement component 3 receptor 3 subunit) 5.39 0.0178
CD74 CD74 molecule, major histocompatibility complex, Class II invariant 5.34 0.3486
BGN Biglycan 4.75 0.0652
EGF Epidermal growth factor (B-urogastrone) 4.25 0.0658
IGF1 Insulin-like growth factor 1 (somatomedin C) 4.20 0.2378
ITGA2 Integrin, o2 (CD49B, o2 subunit of VLA-2 receptor) —5.10 0.0830
COLI15A1 Collagen, type XV, ol —6.38 0.3418
CTSK Cathepsin K —-7.22 0.0301

Three different individuals of hPDL cells and hGFs were examined with *‘cell surface markers’” and ‘‘osteogenesis’” PCR arrays and statistical analyses
were performed. Genes with defined threshold of four-fold differential expression are listed. If hPDL cells >hGFs, **+"’; if hPDL cells <hGFs, **—"".
A grey box indicates a statistically significant change. p <0.05.

hPDL, human periodontal ligament; hGFs, human gingival fibroblasts.
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Fig. 5. Expression of PDL-specific markers. (a) Real-time PCR analysis of known PDL-specific genes. The bars and lines represent the means
and SD of human bone marrow-derived mesenchymal stem cells ((BMMSCs) (n = 3), human gingival fibroblasts (hGFs) (n = 3), and human
periodontal ligament (hPDL) cells (n = 7). Statistically significant difference (*p <0.05; **p <0.01). The tissue sections of a human tooth with
surrounding bone were immunostained with anti-human S100A4 (b and ¢) or periostin (d and e) polyclonal antibodies. The positive staining is
shown by a reddish-brown colour. All sections were counterstained with haematoxylin (blue). The scale bars, 1 mm (B and D) and 50 ym (C
and E). AB, alveolar bone and D, dentin.
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8 layered hPDL cell sheets
Day 3

10 layered hPDL cell sheets
Day 3

Day 10
b
Fig.6. The in vivo potential of multi-layered human periodontal ligament (hPDL) cell sheets that were subcutaneously transplanted in

athymic rats. Eight (a)- or 10 (b)-layered hPDL cell sheets with woven PGA carrier were transplanted, and sacrificed on Day 3 (a and b) or Day
10 (c and d). The dissected samples were stained with haematoxylin—eosin (a and ¢) or alizarin red (b and d). The bars show 100 ym. Note that

obvious alizarin red-positive areas are observed on Day 10 in both eight (a)- and 10 (b)-layered transplantation of hPDL cell sheets.

DEX. Thus, we concluded that osteoin-
ductive cultivation with DEX for 14
days was sufficient to enhance the osteo-
blastic differentiation of hPDL cells.

Next, the adipogenic and chondrogenic
potentials of hPDL cells were examined.
Both potentials were lower in hPDL cells
than in hADSCs or hBMMSCs. These
results correlated with a previous report
examining alveolar bone marrow-derived
cells (Matsubara et al. 2005). It is possible
that the origin of the cells may affect their
potential. Both PDL tissue and alveolar
bone are neural crest-derived mesenchy-
mal stromal cells (Chai et al. 2000, Cho
& Garant 2000). A recent study showed
that neural crest-derived osteoblasts ex-
hibited stronger bone formation activity
than cells derived from the mesoderm
(Leucht et al. 2008). Thus, further inves-
tigation is needed to clarify the origin-
specific plasticity of hPDL cells.

In the adipogenic differentiation
study, hGFs differentiated into oil red
O-positive cells. It is possible that the
method used in this study, where all
cells have colony-forming ability, may
affect the potential of adipogenic differ-
entiation in hGFs. Additional studies
should be undertaken to determine the
differentiation properties of hGFs.

FCM analysis showed the similarity of
surface epitopes among four types of cells.
Putative markers for MSC (CD29, CD44,

(© 2010 John Wiley & Sons A/S

CD90, and CD90) were expressed in all
kinds of cells. The expression of CD146,
CD106, and ALP in hPDL cells was
significantly higher than in hGFs, and these
results agreed with those of other studies
(Seo et al. 2004, Gronthos et al. 2006,
Lindroos et al. 2008, Wada et al. 2009). In
this study, only a small fraction of hPDL
cells was STRO-1 positive (4.2 + 2.0%).
It is possible that the STRO-1 expression
may be lost over time, as suggested in
other studies (Matsubara et al. 2005, Zhou
et al. 2008, Itaya et al. 2009).

Next, we studied the distinguishable
marker genes of hPDL cells. Although
similar approaches have been performed
by others (Han & Amar 2002, Lallier
et al. 2005, Fujita et al. 2007), the results
of our PCR array showed NCAMI1 as a
new marker of hPDL cells. In addition,
the proposed PDL markers (asporin,
CEMPI1, cyclin J, FDC-SP, MFGES,
MSX1, MSX2, periostin, and S100A4)
(Ishikawa et al. 2009) were also inves-
tigated using commercially available
PCR primer sets. The strong expression
of both S100A4 and periostin was
detectable in all hPDL cells. However,
individual variability in the expression
levels of asporin, MSX1, and MSX2
was observed. In this study, the expres-
sion of FDC-SP was rarely observed in
all types of cells (data not shown), and
no preferential expression of CEMPI,

cyclin J, or MFGES8 was observed in
hPDL cells (Fig. 5). It is possible that
the culture conditions used in this study
may affect the expression of these
genes. Still, immunohistochemical stu-
dies confirmed that both S100A4 and
periostin had specific signals in hPDL
specimens. Thus, these two genes can be
useful to identify hPDL cells.

To assess the in vivo osteogenic poten-
tial, multi-layered hPDL cell sheets cul-
tured with osteoinductive medium were
transplanted into athymic rats. Because no
alizarin red-positive area was observed in
the control sites, the calcification was
speculated to be induced by transplanted
hPDL cell sheets. The alizarin red-positive
area was expanded dramatically on Day
10 compared with Day 3, suggesting that
hPDL cells promoted calcium deposition
around them. Unfortunately, we could
observe no calcified tissues in 4-week
samples. It is possible that immunorejec-
tion may occur in this subcutaneous trans-
plantation model with athymic rats.

From these results, hPDL cells were
successfully extracted, expanded, and
examined, and the characteristics and
distinguishable markers of hPDL cells
were proposed. Because true perio-
dontal regeneration was already re-
ported in a canine model using similar
methods (Iwata et al. 2009), the methods
described in this study might be helpful
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for the cultivation and validation of hPDL
cells for human clinical application.
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Clinical Relevance

Scientific rationale for the study:
Cytotherapy using PDL cells has
proven to be effective. However,
there is no standard protocol for the
culture of human PDL cells. In this
study, we validated the culture con-

ditions and characteristics of human
PDL cells for human clinical trials.

Principal findings: Human PDL cells
were successfully extracted with col-
lagenase/dispase and exhibited high
proliferative capacity, high ALP activ-
ity, and multi-potency. Some genes

(NCAM1, S100A4, and periostin)
were preferentially expressed in human
PDL cells and can be useful markers for
the identification of human PDL cells.
Practical implications: Human PDL
cells could be a promising source of
cells for regenerative medicine.
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