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Figure 2. Cardiac functions after cardiac tissue transplantation to rat MI. (A-F): Echocardiogram (n = 9). (A): Representative M-mode image.
Note that infarct anterior wall started to move 2—4 weeks after transplantation (Tx). (B): FS. (C): FAC. (D): Systolic thickening of infarcted wall.
(E): Diastolic area of LV (fold increase to PreTx). (F, G): LV pressure-volume (P-V) loop study 4 weeks after Tx (n = 8). (F): Representative P-
V loops. Slopes indicate Ees (arrows). (G): Ees: End-systolic elastance (left panel). Tau: time constant (right panel). (H, I): Sirius red staining at
Tx4w. (H): Representative sections. Reduction of fibrotic area and wall thinning after Tx indicates attenuation of LV remodeling (arrows). (I):
The ratio of MI length of total length (left panel) and wall thickness of infarct wall (average thickness) (right panel) (25 sections). *, p < .05;
#t p < 01; and *¥*, p < 001 (unpaired  test). T, p < .05 and ¥, p < .01 (vs. PreTx, paired ¢ test). PreTx, Pretransplantation; Tx2w, Tx4w, 2

and 4 weeks after transplantation, respectively. Scale bars = 1 mm. Abbreviations: FAC, fractional area change; FS, fractional shortening; LV,
left ventricle; MI, myocardial infarction.
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Figure 3. Tracing of transplanted cells with species-specific fluorescent in situ hybridization (SS-FISH). (A): SS-FISH analysis for mouse (yel-
low) and rat nuclei (magenta). Just after transplantation of mouse monolayer cell sheet. Right panel: higher magnification view of boxed area.
(B, C): Cell tracing after transplantation. (B): Double staining for ¢cTnT (immunostaining, red), SS-FISH (mouse nuclei, yellow), and DAPI. Dot-
ted squares indicate engrafted clusters. Insets: higher magnification views. (C): Quantification of engrafted area (mouse nuclei*/cTnT* area
[mm?], n = 10): 0.55 + 0.36 (Tx-d1), 0.42 = 0.16 (Tx-d3), 0.20 * 0.05 (Tx-d7), and 0.0023 = 0.0008 (Tx-d28). **, p < .01 (vs. Tx-dl,
unpaired ¢ test). Tx-d1, d3, d7, and d28: 1, 3, 7, and 28 days after Tx, respectively. Scale bars = 100 um in (A) (left panel), 20 um in (A) (right
panel), and 200 um in (B). Abbreviations: ¢TnT, cardiac troponin-T; DAPI, 4,6-diamidino-2-phenylindole.
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Figure 4. Neovascularization after transplantation. (A, B): Capillary formation at Tx-d28. (A): Double staining for vWF (ECs, green) and
¢TnT (cardiomyocytes [CMs], red) at peri-MI and central-MI areas (Supporting Information Fig. S4A). Note that newly formed capillaries are
clearly observed in transplantation group (dotted circles). (B): Quantification of capillary density (capillary number per square millimeter). Peri-
MI area (left panel) and central-MI area (right panel) (15 views each). **, p < .01 and ***, p < .001 between corresponding values (unpaired ¢
test). (C, D): Kinetics (C) and origin (D) of neovascularization. (C): Double staining for vWF (green), cTnT (red), and DAPI. Note that promi-
nent YWF™ cell accumulation in the proximity of grafted CMs (Tx-d3, upper panel) and induction of vascular structures with lumen are observed
(arrows, Tx-d7, lower panel). (D): Triple staining for vWE, cTnT, and species-specific fluorescent in situ hybridization (mouse nuclei, yellow)
(Tx-d3). Most of the accumulated VWF" cells are negative for mouse nuclear staining (arrows). Inset: higher magnification view. (E): Double
staining for VEGF (green) and ¢TnT in tissue sheet in vitro. VEGF expression is restricted to ¢TnT™" area. Dotted lines: boundary of ¢TnT-posi-
tive and negative area. Scale bars = 100 um in (A, C, D) (main panel) and (E) (left panel), 50 um in (D) (inset). Abbreviations: cTnT, cardiac
troponin-T; DAPI, 4,6-diamidino-2-phenylindole; MI, myocardial infarction; VEGF, vascular endothelial cell growth factor; vWF, von Willebrand
factor.

paracrine effects, of the sheet at the early stage of dent outside of this area (data not shown). At 3 days after

transplantation. transplantation, prominent accumulation of VWF™ cells was
observed in the proximity of the engrafted area (Fig. 4C; Sup-
Neovascularization Following Cardiac porting Information Fig. S4B). SS-FISH revealed that the
Tissue Sheet Transplantation accumulated cells originated from the recipients but not from
Neovascularization is one of the major phenomena in para- thg grafts (Fig. 4D). At 7 days after tran.splantation, capillaries
crine effects reported in BM cell transplantation [25]. We with lumen that originated from the recipients were generated
examined neovascularization after cardiac tissue transplanta- in the area around the graft (Fig. 4C). These results indicate
tion with von Willebrand factor (vWF) staining for ECs and that cardiac tissue sheet transplantation potently induces the
found that capillary density was significantly increased within ~ accumulation of endogenous vascular cells and capillary for-
both peri-MI and central-MI (more prominent in peri-MI) mation around the engrafted sheet within the early stages of
area 4 weeks after transplantation (Fig. 4A, 4B) (peri- and transplantation.
central-MI are illustrated on Supporting Information Fig. Next, to elucidate the molecular mechanism of the neo-
S4A). We further examined the kinetics and cellular origin of vascularization, we examined protein secretion of some angio-
the neovascularization. One day after transplantation, VWF™" genic factors such as tumor necrosis factor-alpha, insulin-like
cells were distributed within the engrafted area but not evi- growth factor 1, VEGF, interleukin-6, basic fibroblast growth

www.StemCells.com
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Figure 5. Cell type-controlled sheet analyses. (A): ELISA for VEGF secretion (picogram per10* cells) in culture supernatants of C 4+ E + M
and E + M sheets. (B): Quantitative PCR for VEGF mRNA from C 4+ E + M and E + M sheets. Vegf164 (VEGF) expressions were normalized
by Actb (f-actin) expression. Expressions in E 4+ M sheets were set as 1.0. (C, D): Transplantation of sham operation (n = 9) versus C + E +
M sheets (n = 9) versus E + M sheets (n = 3) (Tx-d28). (C): Capillary density (capillary number per square millimeter). Peri-MI area (left
panel) and central-MI area (right panel) (15 views each). (D): Echocardiogram data (fold increase vs. PreTx). FS (left panel), FAC (middle
panel), and systolic thickening of infarct wall (right panel). *, p < .05; **, p < .01; and ***, p < .001 (unpaired ¢ test). C: CMs, E: ECs, M:
MCs. Abbreviations: FAC, fractional area change; FS, fractional shortening; MI, myocardial infarction; N.S., not significant; VEGF, vascular en-

dothelial cell growth factor.

factor (bFGF), interferon-gamma, epidermal growth factor,
leptin, and hepatocyte growth factor in the culture supernatant
of cardiac tissue sheet. Among them, VEGF production was
much more prominent than the other factors, suggesting the
critical role of VEGF (Supporting Information Fig. S4C). To
identify the cell populations responsible for VEGF production,
we performed immunofluorescent staining of cardiac tissue
sheet. VEGF staining was highly restricted to cTnT"™ CM area
(Fig. 4E), indicating that CMs are the main source of VEGF
among sheet-composing cell types.

Prospective Examination of Functional Roles of
CMs with Cell Type-Controlled Tissue Sheets

Our ESC system possesses distinct advantages from previous
cell transplantation studies, in which we can prospectively
evaluate the functional roles of each cell population by cell
type-controlled sheets with various combinations of cardiovas-
cular cells. VEGF secretion from C + E + M sheet in vitro
was 13.3-fold higher (Fig. 5A), and Vegf164 gene expression
in vitro was 21.5-fold higher (Fig. 5B) than those from E +
M sheet (ECs and MCs) (Supporting Information Fig. S5A),
respectively. These results confirm the result of immunostain-
ing for VEGF (Fig. 4E). Next, we performed transplantation
of E + M sheets (three-layered) and compared the capillary
densities and cardiac functions to those of C + E + M sheet
transplantation group. Transplantation of E + M sheets did
not induce significant increase in capillary density (Fig. 5C).
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Echocardiogram revealed that the improvement of systolic
function was diminished in E + M sheet transplantation (Fig.
5D). These results indicate that sheet CMs are essential to
achieve cardiac functional improvement in the infarct heart.

Roles of ECs and MCs in Cardiac Tissue
Sheet Transplantation

Cellular interactions among CMs and nonmyocytes are con-
sidered to be involved in myocardial tissue formation and
function [44, 45]. Coculture of neonatal rat ECs and CMs is
reported to enhance secretion of angiogenic factors such as
VEGF [35]. To estimate the role of ECs in the cardiac tissue
sheet function, we generated sheets with CMs and MCs (C +
M sheet) without ECs and examined the effect of ECs on
VEGF secretion (Supporting Information Fig. S5B). CMs in
C 4 M sheet showed a significantly lower positive rate of
VEGF (Supporting Information Fig. S5C, S5D) and VEGF
secretion in culture supernatant (0.33-fold increase), compared
with those in C + E + M sheet (Supporting Information Fig.
S5E), indicating that existence of ECs in the tissue sheets pro-
motes VEGF production from CMs.

We also found significant roles of MCs through trying to
generate cell sheet without MCs. When various amounts of
purified CMs were plated onto the 12-multiwell UpCell (2.5
x 10°, 5.0 x 10° or 1.0 x 10° per well) to form pure CM
sheet without MCs, pure CMs failed to form sheet structure
regardless of the plated cell counts. Sheet formation was
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successfully recovered by plating the mixture of CMs and
MCs onto UpCell dishes (Supporting Information Fig. S5F),
suggesting that MCs are essential to form an integrative cell
sheet structure. These results indicate that ECs and MCs play
critical and beneficial roles in cardiac tissue sheet formation
and function through cellular interaction.

In this study, we showed therapeutic potential of cardiac tissue
sheets from pluripotent stem cells and novel cellular mecha-
nisms of cardiac functional improvement with a prospective
strategy by reassembling defined cardiac cell populations (Sup-
porting Information Fig. S6). Cardiac tissue sheet transplanta-
tion distinctively restored cardiac function after MI mainly
through the suppression of LV remodeling with the induction
of neovascularization in the proximity of the sheet. CMs played
a central role for the functional restoration not through direct
contribution but through the induction of neovascularization.
Cellular interaction among CMs, ECs, and MCs efficiently
enhanced structural integration and function of the cell sheets.
Understanding the roles of each transplanted cell population,
especially the new role of CMs, would provide a valuable stra-
tegic principle in future therapy for cardiac restoration.

In this study, we used SS-FISH, which can distinctively
stain and discriminate mouse and rat nuclei. This method is
amenable to sensitive and specific tracing of transplanted mouse
ESC derivatives, avoiding the problem of transgene silencing
during ESC differentiation, and false positives of transplanted
cell marking by cell fusion phenomena [42, 43]. The results
clearly showed that even though apparent improvement of car-
diac function was induced and sustained long after transplanta-
tion, the majority of the grafted cells diminished within the ear-
lier period. Moreover, massive neovascularization originating
from the recipients was induced in the proximity of the trans-
planted sheets, indicating that graft-elicited neovascularization is
critical for suppression of LV remodeling and following func-
tional restoration. LV remodeling is a complex alteration in
ventricular architecture after MI. During scar formation and ten-
sile strength increase, the infarct region becomes thinner and
elongates due to continuous expansive stimulation, termed
“infarct expansion” (Supporting Information Video 4) [46-48].
Infarct expansion finally results in LV remodeling with dilated
LV lumen and fibrous tissue deposition. It is also said that the
viable myocardium in the infarct border zone is significantly
hypertrophied following infarction. The impaired capillary net-
work that cannot support the demand of hypertrophied myocar-
dium accelerates infarct expansion [46]. Thus, a sufficient blood
supply to the border zones is critical to prevent infarct expan-
sion. Indeed, induction of neovascularization by BM-derived
cell transplantation to MI model was reported to attenuate
infarct expansion and LV remodeling [25]. Predominant neovas-
cularization in border zone following cardiac tissue sheet trans-
plantation should contribute to suppress infarct expansion and
LV remodeling through attenuation of capillary insufficiency.

Some previous studies with stem cell transplantation,
including cell sheet experiments (stem cell antigen 1-positive
cardiac progenitor cells or adipose tissue-derived mesenchy-
mal stem cells), showed functional restoration after MI [6, 9,
19-21, 23, 25, 36]. Nevertheless, their precise cellular mecha-
nisms still remain unclear [26, 27] possibly because of the
heterogeneity of the consisting cell populations of the sheet
with various lineages or differentiation stages. How can we
achieve a more profound elucidation of the mechanism, which
is hampered due to the heterogeneity of the transplanted
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cells? Recently, Yoon et al. tackled this issue through the
injection of genetically modified lines of BM mononuclear
cells for acute MI model, followed by selective cell depletions
of CMs («MHC™), ECs (endothelial nitric oxide synthase pos-
itive), or MCs (SM22a™") 2 weeks after injection [49]. The
results that elimination of ECs or MCs induced a significant
deterioration of cardiac function suggested the importance of
angiogenesis in functional restoration after BM cell therapy.
As this study is retrospective cell depletion 2 weeks after the
BM cell transplantation, it would be difficult to determine the
initial situation of cell contribution, that is, how much donor
cell populations actually existed and distributed as CMs, ECs,
or MCs. The roles and interactions of each cell population in
cardiac restoration are still unclear. To provide further mecha-
nistic insights into cardiac restoration after cell transplanta-
tion, here we performed a new attempt of prospective analysis
using cell type-controlled transplantation with reassembly of
defined cell populations. We succeeded in identifying that
CMs play central roles in functional restoration mainly
through neovascularization, and interactions among cardiovas-
cular cells induce substantial enhancement of the angiogenic
function. Our study thus can set a strategic principle for car-
diac restorative therapy after MI; that is, to maximize the sup-
ply of CMs with cellular interaction to ischemic area, which
can rescue missing endogenous CMs through induction of
neovascularization (Supporting Information Fig. S6). In most
of the current stem cell therapies, differentiation efficiency to
CMs was rather low. Increasing the amount of CMs in cell
therapy should be important not only for direct contribution
of CMs but also for further efficient neovascularization.

In addition to neovascularization, paracrine effects after
cell therapy were reported to be involved in cell survival,
migration, extracellular matrix regulation, and so on. We thus
further investigated other humoral factor expressions in the
cell sheets (Supporting Information Fig. S7). Among the fac-
tors we tested, the following molecules showed more than a
fivefold increase of mRNA expression in C + E + M sheet
than that in E + M sheet: Sfrpl (secreted frizzled-related pro-
tein 1; 8.21), Fgf2 (bFGF; 6.26), and Timpl [tissue inhibitor
of metalloproteinase-1 (TIMP1); 5.73]. Tmsb4x (Thymosin
p4)y and Vcaml [vascular cell adhesion molecule 1
(VCAMI)] expressions were also enhanced in C + E + M
sheet. bFGF is well known to possess broad biological effects
including angiogenesis, cardiac stem cell survival, and growth
[17]. SFRP and soluble VCAMI1 were reported to induce
angiogenesis and suppress cell death [6, 50]. Thymosin f4
promotes cardiac cell migration and survival [51]. Thymosin
B4 is also reported to promote induction of de novo CMs
from an epicardial origin of the progenitor population in adult
mouse heart after injury [52]. TIMP1 was reported to suppress
apoptosis and LV remodeling after MI [53, 54]. All these fac-
tors (and others) should have a combinatorial effect on func-
tional advantage after cardiac tissue transplantation. Detailed
studies for functions and contributions of each factor would
provide further understanding of the molecular mechanisms
for functional improvement after cell therapy.

As a future perspective, improvements and further explora-
tion would be expected as follows. First, a more efficient survival
of transplanted cardiac tissue sheets is expected. In this study, we
performed the sheet transplantation at 1 week after MI induction
(subacute stage). This should be the optimal transplantation tim-
ing, avoiding damage of transplanted cell with acute inflamma-
tion and obtaining sufficient tissue repair before fibrotic scar for-
mation in chronic stage [55, 56]. However, sufficient long-term
engraftment was not achieved in this study. This may be due to
xenotransplantation between mouse cells and nude rats. Although
we did not observe apparent immune responses after the sheet
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transplantation, a more stringent control with immunosuppres-
sants or severer immunodeficient rat models, such as X-linked
severe combined immunodeficiency (X-SCID) rats [57], may
improve the survival. Otherwise, since more cells that survived
were observed in peri-MI than central MI region, the severe is-
chemic condition at central-MI areas may not be suitable for
sheet survival. Novel techniques increasing blood flow in the
graft should be applied, such as prevascularization in three-
dimensional tissue formation [35, 58, 59] and/or vascularized
flap grafts. Furthermore, the presence of epicardium may
become a physical barrier for the engraftment to host myocar-
dium with this sheet transplantation. Arrhythmogenic potential
of the engrafted CMs would be another obstacle for the clinical
application. Considering these points, although the sheet trans-
plantation is a potent option for the treatment of heart failure,
further exploration for the feasibility of this new therapeutic mo-
dality would be required.

Second, the extension of the technology to iPSCs should
be explored. We have already succeeded in generating cardiac
tissue sheets using mouse iPSCs with the same method as that
of ESCs (Supporting Information Fig. S8). We recently
reported functional CM induction from human iPSCs [60].
We further established a more efficient CM induction as well
as purification methods in human iPSCs [61]. EC and MC
induction from human iPSCs has already been reported [62].
Technological basis to generate human cardiac tissue sheets
from iPSCs has thus been established. Transplantation experi-
ments in various animal models would prove the feasibility of
human cardiac tissue sheet strategy for clinical use.

Finally, an exploration of cell-free therapy is expected. Here,
we showed that cardiac tissue sheets mainly act through CM-ori-
ginated paracrine effects of VEGF and other factors (Supporting
Information Fig. S7) [18, 22-25]. When we could spatially and
temporally reconstitute all these paracrine functions of the car-
diac tissue sheets by defined humoral factors, it should be possi-
ble to reproduce the same therapeutic outcome by a cell-free
factor delivery system. Such cell-free method would be more
easily and broadly applicable to clinical use than cell therapy.

Here, we have successfully demonstrated the potentials and
novel mechanisms of pluripotent stem cell-derived cardiac
cell therapy with new experimental approaches. This study
would provide a hallmark for cell therapy with pluripotent
stem cells and strategic principle for future cardiac restoration
therapy.
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ABSTRACT

Maxillofacial dysmorphogenesis is found in 5% of the population. To begin to understand the mechanisms re-
quired for maxillofacial morphogenesis, we employed the inhibitors of the differentiation 2 (Id2) knock-out
mouse model, in which Id proteins, members of the regulator of basic helix-loop-helix (bHLH) transcription
factors, modulate cell proliferation, apoptosis, and differentiation.

We now report that spatially-restricted growth defects are localized at the skull base of 1d2 KO mice. Curi-
ously, at birth, neither the mutant Id2 KO nor wild-type (WT) mice differed, based upon cephalometric and
histological analyses of cranial base synchondroses. In postnatal week 2, a narrower hypertrophic zone and
an inhibited proliferative zone in presphenoid synchondrosis (PSS) and spheno-occipital synchondrosis
(SOS) with maxillary hypoplasia were identified in the 1d2 mutant mice. Complementary studies revealed
that exogenous bone morphogenetic proteins (BMPs) enhanced cartilage growth, matrix deposition, and
chondrocyte proliferation in the WT but not in the mutant model. Id2-deficient chondrocytes expressed
more Smad7 transcripts.

Based on our results, we assert that Id2 plays an essential role, acting downstream of BMP signaling, to regu-
late cartilage formation at the postnatal stage by enhancing BMP signals through inhibiting Smad7 expression.
As a consequence, abnormal endochondral ossification was observed in cranial base synchondroses during the

postnatal growth period, resulting in the clinical phenotype of maxillofacial dysmorphogenesis.

© 2011 Elsevier Inc. All rights reserved.

Introduction

Temporal and spatial information is critical for craniofacial mor-
phogenesis, especially between forming the mandible and comple-
mentary maxilla. In human craniofacial development, morphospatial
disharmony between the maxillocranial and mandibular complex
results in well-recognized jaw deformities, including maxillary hy-
poplasia, mandibular prognathism, mandibular micrognathism, and
facial asymmetry [1]. Patients with severe jaw deformities present
significant masticatory dysfunctions and severe psychosocial issues.
Such patients require surgical correction and postsurgical rehabilita-
tion. The prevalence of such jaw deformities ranges from 1 to 23%
according to the ethnic background of study populations [2-5]. Jaw
deformities become apparent after birth, as well as being associated

* Corresponding author at: Katsu Takahashi: Shogoin-Kawahara-cho 54, Sakyo-ku,
Kyoto, 606-8507, Japan. Fax: +81 75 761 9732.
E-mail address: takahask@kuhp.kyoto-u.ac,jp (K. Takahashi).

8756-3282/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bone.2011.09.049
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with first and second branchial arch syndromes, including Treacher
Collins syndrome, Pierre Robin syndrome, Crouzon syndrome, clei-
docranial dysplasia (CCD), achondroplasia, and Pfeiffer syndrome.
These relatively rare branchial arch syndromes are readily identified
at birth, and these represent less than 5% of jaw deformity cases [1].
The vast majority of such cases become clinically evident during
early postnatal growth and development. Overt manifestation of
the postnatal jaw deformities may not appear until after adoles-
cence, being generally associated with increased craniofacial growth.
Both environmental and genetic factors have been identified as
causes of postnatal jaw deformities [6,7], and available evidence sug-
gests that genetic factors are the major determinants to the clinical
phenotype [8-10]. However, the primary cause for maxillofacial dys-
morphogenesis is not known.

In order to investigate growth impairment in postnatal jaw deformi-
ties, we identified the role of cartilages in the growth and development
of the craniofacial complex. Available evidence suggests that SOS and
nasal septal cartilage (NSC) are derived from the chondrocranium
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[11]. Multiple synchondroses separating bones of the skull base are as-
sumed to function as growth sites during skull base expansion. Morpho-
logically, a synchondrosis appears at two opposing cartilage growth
plates. Therefore, analogous to endochondral growth plates in long
bones, synchondroses of the skull base develop through aberrations of
the temporal and spatial combination of chondrocyte proliferation
and hypertrophy [7]. In a mouse model, both the PSS and SOS remain
patent through adulthood. Similar to the epiphyseal growth plate in
long bones, the cell proliferation, differentiation, and maturation rates
of chondrocytes within synchondroses are critical for the longitudinal
growth of the cranial base [12].

Id proteins are members of the regulator of helix-loop-helix
(HLH) transcription factors {13-15]. Transcriptional regulators with
a bHLH domain regulate a broad range of cellular differentiation pro-
cesses including myogenesis, neurogenesis, and hematopoiesis [16].
In embryonic and adult tissues, Id proteins act as regulators of cell
proliferation, differentiation, tumorigenesis, and neoplastic transfor-
mation [17-19]. Id expression is partially regulated by BMP-Smad sig-
naling [20,21]. BMP regulates cell fate determination, differentiation,
proliferation, maturation, hypertrophy, and apoptosis of chondrocyte
cells [22]. The mechanisms by which BMPs control specific cell line-
ages and patterns have been found to be critical for subsequent stages
of development [23]. The exogenous application of BMP2 or BMP4 to
embryonic maxillary mesenchymal cells resulted in a significant
upregulation of Id1, Id2, and Id3 mRNA [24] and the modulation of
1d1, Id2, 1d3, as well as 1d4 protein levels [25]. BMP2 and BMP4 in-
duced the transcription of Id1, 1d2, and Id3 genes in ES cells as well
as embryos by promoting the direct binding of the BMP-responsive
Smads; Smad1 and Smad5 binding to promoters of these genes [26-28].
This body of evidence suggests important functions of Id proteins during
postnatal jaw growth and development.

First, we identified maxillary hypoplasia in 1d2 KO mice. We
advanced the hypothesis that Id2 abrogation will interfere with the
transduction of BMP signaling and, thereby, contributes to maxillary
hypoplasia due to abnormal endochondrial ossification in the cranial
base synchondrosis during the postnatal growth period. To test our
hypothesis, we utilized the Id2 KO mouse model.

Materials and methods
Mice

Id2 mutant mice [14], with a 129/Sv genetic background, were
bred under a specific pathogen-free condition and used in this
study. All experimental procedures were carried out according to
the guidelines for animal experiments regulated by Kyoto University
Graduate School of Medicine.

Image analysis of skulls

Neonatal and postnatal mice at the ages of 0, 2, and 12 weeks, re-
spectively, were sacrificed with carbon dioxide gas. The skulls were
then analyzed employing an X-ray microtomography method (SMX-
100CT-SV3, Shimadzu Co., Kyoto, Japan). The means of the three-
dimensional coordinates of these landmarks were used for image
analyses of the skull. EDMA was used to measure localized differ-
ences between Id2 KO mice and the control group, as described
previously [29]. A nonparametric statistical technique was used to
evaluate the significance of differences [29].

Analysis of cell proliferation and apoptosis

BrdU (5-Bromo-2’-deoxyuridine, 05650) was injected intraperito-
neally at a concentration of 50 pg/g body weight 2 h before sacrifice.
Target skeletal tissues were harvested, fixed overnight at 4 °C in a 4%
paraformaldehyde solution, and then decalcified in a 0.5M EDTA

solution for 2 weeks. Decalcified samples were embedded in paraffin
and sectioned. BrdU-positive cells were detected with BrdU antibody.
The rate calculated by expressing the number of BrdU-positive nuclei
as a percentage of the total number of nuclei was defined as the prolif-
eration index. Data are presented as the mean + SD, and further exam-
ined with Student's t-test. Significance was set at 5%. Apoptotic cells
were visualized and identified with the ApopTag Plus Fluorescein In
Situ Apoptosis Detection Kit S7111 (CHEMICON, USA and Canada).

In situ hybridization

In situ hybridization was performed as described previously {30].
Mouse cDNA clones were: 1d2 (nt.650-939; NM010496); collagenX
(nt.2893-3550; NM009925); and osteopontin (nt.486-844;NM009263).

Immunohistochemistry

Paraffin-embedded sections were subjected to immunostaining with
goat polyclonal antibodies directed against Col2 (1:100) (code: 1320-
01/SBA), rabbit serum against Col10 (1:200) (code: LB-0092/Lot:
812021/LSL), and primary rabbit antibodies against phosphorylated
Smad 1/5/8 (1:100) (Cell Signaling Technology, MA, USA) [31].

Semi-quantitative RT-PCR analysis

Total RNA was cultured with TRIzol (Gibco-BRL, Gaitherburg, MD,
USA), according to the manufacturer's instructions, and then quanti-
tated with A260. Oligo(dT)-primed cDNA was prepared with a reverse
transcriptase. For the purpose of semiquantitation, 50 ng of cDNA was
serially diluted and subjected to PCR amplification with primer pairs.
These primer pairs were: Id2, sense, 5-AGCATCCCCCAGAACAAGAA-
GGTG-3’ and antisense, 5-ATCGTCTTGCCCAGGTGTCGTTCT-3'; GAPDH,
sense, 5-CCATCACATCTTCCAGGAG-3’ and antisense, 5-CCTGCTTCAC-
CACCTTCTTG-3’; BMPR1, sense, 5'-CCTGTTGTTATAGGTCCGTTCTTTG-3’
and antisense, 5-CGCCATTTACCCATCCATACTT-3’; BMPR2, sense, 5'-
CTAACTGGAAATCGGCTGGTG-3' and antisense, 5'-TGGGTCTCTGCTTC-
TCTCTGG-3’; Smadl, sense, 5'-AGCCTCTGGAATGCTGTGAGTT-3’ and
antisense, 5'-TGGTTGGGGAGTGAGGGTAG-3’; Smad5, sense, 5’'-
TATGCCAGAACCACAGAAAGGA-3’ and antisense, 5'-ACAGCAAGA-
GAGGCAGGACTATG-3’; Smad6, sense, 5-TGCTCAGCAAGGAGCCA-
GAC-3’ and antisense, 5'-CTGTGGTTGTTGAGTAGGATCTCCA-3’; Smad7,
sense, 5-TGCAGGCTGTCCAGATGCT-3’ and antisense, 5-CTTGATGGA-
GAAACCAGGGAAC-3'. All PCR products were examined employing an
electrophoretical technique that used 2% agarose gel and ethidium
bromide staining. These bands were quantitated with a Bio-image
analyzer (Fujix BAS2000, Fuji Photo Film, Tokyo, Japan). All the
PCR data were representative from three independent experiments.

Microdissection and organ culture

P7 wild-type mice cranial base structures were dissected in Dulbecco's
PBS (pH=7.4) under a stereomicroscope. The dissected structures were
cultured on Nucleopore filters at 37 °C, under a 5% carbon dioxide atmo-
sphere, in a trowel-type organ culture containing BGJb supplemented
with 200 ng/ml of BMP-2, BMP-4, and BMP-7 (R&D Systems, MN, USA).
The culture medium was renewed every 2 days [31]. After the culture, ex-
plants were fixed in a 4% para-formaldehyde and formalin solution, and
then processed for histological and immunohistochemical examinations.

Results

Id2 abrogation results in retarded postnatal growth of the maxillofacial
complex

Adult Id2-deficient mice showed a shorter maxillofacial profile
(Figs. 1A-I). Id2 KO mice present severe clinical phenotypes with
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anterior transverse crossbite (Figs. 1A, B and E). The 1d2 heterozygous 12-week-old Id2 KO mice, and the control group. We used in these
mice showed phenotypically normal profile. We attempted to quanti- morphometric studies the 89 distances between specific points
tate the malformation by Euclidean Distance Matrix Analysis (EDMA) (Supplemental Figs. 1 and 2). Nasal and frontal bones of Id2 mutants
to measure and compare the three-dimensional differences between were disproportionally shortened in 32 distances (Fig. 1H). Significant
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Fig. 1. The shorter maxillofacial profile in adult Id2-deficient mice. Comparison of the 1d2 KO and control groups in week 12. (A) Facial differences between 1d2 KO (right panel) and
the control (left panel). Superior view of adult mouse skulls: Id2 KO (severe case) (B), Id2 KO (mild case) (C), and the control (D). Lateral view of adult mouse skulls: 1d2 KO (severe
case) (E), Id2 KO (mild case) (F), and the control (G). (H) Measurement of the cranial dimensions. Landmarks used for cranial measurements were based on those used by Arron JR
et al. (Supplemental Fig. 1) [29]. The red lines indicate significantly different distances between 1d2 KO and the wild-type. p<0.05 using Student's t-test. (I) Detailed measurement of
the premaxilla and maxilla. The red lines indicate significantly different distances between Id2 KO and the wild-type. p<0.05 using Student’s t-test. The longitudinal distance be-
tween the nasal and intersection of the interparietal and occipital bones at the midline (J), and the width of the bilateral frontal-squamosal intersection at the temporal crest, with
age (K). (L) Alizarin red and Alcian blue staining did not differentiate the Id2 KO from the control skull base. (M) The length of the presphenoid synchondrosis (gray bar) and
spheno-occipital synchondrosis (black bar) did not differ between the two groups (n=3). All error bars indicated one standard deviation of uncertainty.
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differences were noted in the distances between the (a) nasal and
intersection of interparietal and occipital bones at the midline (1-5),
(b) nasal and frontal-squamosal intersection at the temporal crest
(1-12(23)), (c) nasal and intersection of the frontal process of the
maxilla with frontal and lacrimal bones(1-10(21)), (d) bregma and
anterior-most point at the intersection of premaxillae and nasal
bones(3-6(17)), and (e) bregma and anterior notch on the frontal
process lateral to the infraorbital fissure(3-9(20)). In summary,
landmarks in the premaxilla and maxilla of Id2 mutant mice were
influenced in what appeared to be a longitudinal direction (Fig. 11).
Importantly, there were no differences in the skull width between
KO and WT mice after birth were observed (Figs. 1H and K). The dif-
ference in the longitudinal diameter between the two groups in-
creased with age (Fig. 1J). To explore the relationship between
embryonic development and maxillary hypoplasia in Id2-deficient
mice, newborn pups were examined. Newborn Id2-deficient mice
were not different from their WT counterparts in appearance, Aliza-
rin red and Alcian blue staining, and EDMA (Fig. 1L). These results
indicated that the severity of maxillary hypoplasia or dysmorpho-
genesis in Id2-deficient mice increased with postnatal growth and
development. Curiously, the cranio-maxillofacial region of newborn
mice was found to be essentially identical between WT and mutant.

Abnormal differentiation of the synchondrosal growth plate is caused by
Id2 abrogation

PSS and SOS are important growth centers of the cranio-maxillofacial
skeleton, and appear to influence the temporal and positional cues
for the growth and development of the maxilla [7,32,33]. There were
no differences in PSS and SOS between newborn as well as adult KO
and WT mice (Fig. 1M). However, the zone of hypertrophic chondro-
cytes in the cranial base was narrower in the 2-week-old 1d2 KO than
the WT group (Figs. 2C and D). To assess the hypertrophy of chondro-
cytes, type X collagen (a molecular marker of the hypertrophic zone)
and osteopontin (a molecular marker of the calcified zone) expressions
were examined. Similar to the histological results, the distribution of
type X collagen was down-regulated in Id2-deficient mice, whereas
osteopontin was similarly distributed in the KO and WT tissue samples
(Figs. 2G-]). The total length of SOS in Id2-deficient mice was reduced
when compared to WT (Fig. 2K). These results suggest that abnormal
postnatal growth of the cranial base in mutant Id2 mice resulted from
the disturbed hypertrophy of chondrocytes in synchondroses.

Reduced proliferative activity of synchondrosal chondrocytes in Id2 KO
mice

The proliferative activity of chondrocytes in synchondroses of
the cranial base was examined employing a BrdU labeling method.
The number of dividing cells in the proliferative zone of 2-week-old
mutant PSS and SOS significantly decreased (Figs. 3A: a-d and B).
Proliferation was reduced in the nasal septal cartilage of KO mice
(Fig. 3A: e-h). Apoptosis within synchondroses was examined with
a TUNEL method. Both mutant and control groups failed to display
the apoptosis of chondrocytes (Fig. 3C).

Fig. 2. Abnormal differentiation of the synchondrosal growth plate caused by the ab-
sence of Id2. In week 0, the 1d2 KO and control groups did not show a difference in
SOS (A and B). In week 2, the two groups revealed a difference in hypertrophic chon-
drocytes of SOS (C and D). In week 12, the two groups showed no difference in SOS
(E and F). In week 2, the expression pattern of type X collagen in the two groups
showed a difference of hypertrophic chondrocytes in SOS (G and H) visualized by in
situ hybridization. In week 2, expression patterns of osteopontin in the two groups
did not differ in SOS (I and J) visualized by in situ hybridization. (hypertrophic zone
(hz): bracket. Scale bar: 100 pm). (K) The length of the SOS in transverse sections of
Id2-deficient (left bar) as well as wild-type (right bar) mice is shown as an average
length. Five sections were prepared from five different mice. All error bars are standard
deviations of uncertainty. p<0.001 by Student's t-test.

Expression of 1d2 in the synchondrosis of the cranial base

The expression of [d2 mRNA in the synchondrosis of the cranial
base was evaluated using a semi-quantitative RT-PCR method. 1d2
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transcript expression in the cranial base was significant in postnatal
facial development, and kept the same level in 2-week, 4-week, 6-
week or 12-week-old after birth (Fig. 4A: a). Id2 is also expressed in
many adult tissues including spleen, brain, liver, bone marrow,
heart and kidney (Fig. 4A: b). Analyses of in situ hybridization
showed that Id2 was ubiquitously expressed in all portions of synch-
ondroses, including the proliferating and hypertrophic zones
(Fig. 4B). This was interpreted to mean that Id2 expression in synch-
ondroses was detected but not localized to a specific region.

Suppressed chondrocyte proliferation and differentiation on exposure to
exogenous BMPs in the cranial base of I1d2 KO mice in vitro

Id expression is regulated by a BMP-Smad signaling pathway.
We assayed the functions of BMP2, BMP4, and BMP7 in the cranial
base in vitro. The cranial bases were isolated from 7-day-old mice,
which referred to the postnatal growing and developmental stage,
and divided into three groups: treated with exogenous BMP2

- = N B

Fig. 3. Reduced proliferative activity of synchondrosal chondrocytes in Id2-deficient mice

(200 ng/ml), BMP4 (200 ng/ml), or BMP7 (200 ng/ml) every 2 days
for three continuous cycles (total: 6 days) (Fig. 5A: a-h). In the
BMP2 and BMP4 groups, an additional increase in the PSS length of
Id2 WT cranial bases was observed (Figs. 5A: d and f and B). Histo-
chemical analyses of type II and X collagen were conducted. In the
presence of exogenous BMP2, the degree of chondrocyte hypertrophy
from Id2 WT cranial bases increased (Figs. 5D and F: d-f). The appli-
cation of BMP2 failed to cause a difference in the degree of chondro-
cyte hypertrophy between Id2 KO and control cranial bases (Figs. 5C
and E: d-f). The degrees of chondrocyte hypertrophy adjacent to
the bone and ectopic hypertrophy surrounding the central reserve
zone of synchondroses increased in the Id2 WT group receiving exog-
enous BMP4 (200 ng/ml) (Figs. 5D and F: g-i). The increase of the hy-
pertrophy due to the application of BMP4 did not differ between 1d2
KO and control cranial bases (Figs. 5C and E: g-i). In the BMP7
group, the amount of proliferative chondrocytes from Id2 WT cranial
bases increased (Figs. 5D and F: j-1). No other differences between Id2
KO and control cranial bases were identified in the BMP7 group

1 *  p<0.001

BrdU-positive cells (%)
Q m A W b W N W D

KO
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§ WU

. (A) The reduction of chondrocyte proliferation in 1d2 KO PSS and NSC. Sagittal view of

2-week-old PSS in the 1d2 KO and control cranial base (a-d); lower (a, b) and higher (c, d) magnification. The white arrow-head indicates BrdU-positive cells (c, d). Sagittal view
of 2-week-old NSC in the Id2 KO and control (e-h); lower (e, f) and higher (g, h) magnification. The white arrowhead indicates BrdU-positive cells (h). The number of BrdU-
positive cells. (B) The proliferative rate of the 1d2 KO (left bar) and control (right bar) PSS chondrocytes is shown as an average percent of BrdU-positive cells relative to the
total cell count. Three sections were prepared from three different mice. All error bars are standard deviations of uncertainty. p<0.05 by Student's t-test. (C) No apoptotic
cells in 1d2 KO presphenoid and spheno-occipital synchondrosis. Sagittal view of 2-week-old presphenoid synchondrosis in the 1d2 KO and control cranial base (a-d); NIBA

(a, b) and WU (c, d) images. All scale bars: 100 ym.
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Fig. 4. Expression of Id2 in the cranial base synchondrosis. (A) Semi-quantitative RT-RCR analysis of Id2 expression in the cranial base synchondrosis. RNA was purified from the
cranial base synchondrosis of 0-, 2-, 4-, 6-, and 12-week-old WT mice (a), and spleen, brain, liver, bone marrow, heart and kidney of 12-week-old WT mice (b). RT products
were twentyfold serially diluted and subjected to PCR. Reduced glyceraldehyde-phosphate dehydrogenase (GAPDH) was used as an internal control. (B) In week 2, 1d2 was
detected in the cranial base synchondrosis, especially in proliferative and hypertrophic chondrocytes, using section in situ hybridization (black arrowhead). Scale bar: 50 um.

(Figs. 5C and E: j-1). Exogenous BMPs enhanced chondrocyte differ-
entiation and proliferation in the WT but not in the mutant model.

1d2 regulates BMP signaling in synchondrosis of the cranial base through
inhibiting Smad? expression

In order to identify the downstream target gene of Id2 in synchon-
drosis of the cranial base, we evaluated levels of expression of BMP
signaling molecules including BMPR-1, BMPR-II, and several different
kind of Smads. The expression of mRNAs in the synchondrosis
of the cranial base within Id2 WT and KO mice was evaluated using
a semi-quantitative RT-PCR method. We discovered more than
five-fold up-regulation of the Smad7 transcripts, which belonged to
inhibitory Smad, within the Id2-deficient mice samples (Fig. 6A).
Furthermore, in order to assess whether the up-regulation of
Smad7 in Id2-deficient mice is attributable to the inhibition of BMP
signaling, the phosphorylation of Smad 1,5,8 was examined. Com-
pared with the wild type, Id2-deficient mice exhibited the decreased
phosphorylation of Smad 1,5,8-positive cells in chondrocytes within
the synchondrosis of the cranial base (Figs. 6B and C). These data in-
dicate Id2 controls chondrogenesis during early postnatal maxillary
and mandibular growth and development by acting downstream of
BMP signaling to regulate chondrocyte proliferation and differenti-
ation and by enhancing BMP signaling through inhibiting Smad7
expression (Fig. 7).

Discussion

The results from our study clearly suggest that maxillary hypo-
plasia in Id2-deficient mice is a postnatal growth and development
disorder. The 1d2 KO mouse model presents a clinical phenotype
similar to the more prevalent postnatal type of jaw deformity ob-
served in humans. Mandibular prognathism (MP), appearing with a
larger mandible, a smaller maxilla (maxillary hypoplasia), or a com-
bination of both manifestations, has been considered a representa-
tive phenotype of jaw deformities- in humans. In rare situations,
MP is one of the manifestations of a syndrome, whereas most MP
cases do not appear to be accompanied with other disorders.

The Mendelian inheritance patterns for postnatal jaw deformities,
such as MP, are not well understood. Examples in the literature
contain a variety of inheritance patterns for MP — an autosomal-
recessive inheritance, autosomal-dominant inheritance, dominant
inheritance with incomplete penetrance, and a polygenic model
of transmission [9,34]. The actual mechanism is not as yet known.
Recently, genome-wide linkage studies identified a number of MP
susceptibility loci including 1p36, 6q25, 19p13.2 [10], 1p22.1,
3q26.2, 11q22, 12q13.13, 12q23 [35], and 4p16.1 [10] in MP pedi-
grees of Japanese as well as Korean, Hispanic Colombian, and Han
Chinese, respectively.

Meanwhile, a mouse model for genetically manipulating MP has
not previously been reported. Our study is the first to illustrate a

Fig. 5. BMP-2, -4, and -7 promoted chondrocyte hypertrophy and proliferation in synchondroses of the cranial base in WT but not in Id2 KO mice in vitro. (A) On postnatal day 7,
cranial base explants cultured under serum-free conditions to induce in vitro development were exposed to 200 ng/ml of BMP2 (c and d), BMP4 (e and f), and BMP7 (g and h).
BMP2 and BMP4 enhanced chondrocyte hypertrophy in the control (white arrowheads). (B) The length of the PSS of Id2-deficient (gray bar) as well as wild-type (black bar)
mice on day 6 of organ culture is shown as an average length. Each average length of the PSS was calculated from three different explants. All error bars are standard deviations
of uncertainty. p<0.05 by Student's t-test. Low magnification of 1d2-deficient (C) and wild-type mice (D). High magnification of Id2-deficient (E) and wild-type mice (F). Mid-
sagittal sections of PSS were stained with H&E (C-F: a, d, g, and j), immunostained for type Il collagen (C-F: b, e, h, and k), or type X collagen (C-F: ¢, f, i, and 1}. The section was
respectively, control (C-F: a-c) and exposed to BMP2 (C-F: d-f), BMP4 (C-F: g-i), and BMP7 (C-F: j-1). BMP2 and BMP4 enhanced chondrocyte hypertrophy (E: d-i and F: d-i).
BMP7 enhanced chondrocyte proliferation (F: j-I) (hypertrophic zone (hz): bracket; proliferative zone (pz): bracket; ectopic hypertrophy: asterisks). All scale bars: 100 pm.
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mouse model for postnatal jaw deformities. This model provides The synchondrosis of the cranial base is an important growth
an opportunity to explore the molecular mechanisms underlying center of the craniofacial skeleton, and provides an anatomical, de-
jaw deformity, with particular emphasis on maxillary hypoplasia. velopmental linkage between the cranial vault and formation of
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Fig. 6. 1d2 regulates BMP signaling in synchondrosis of the cranial base through inhibiting Smad7 expression. (A) Semi-quantitative RT-PCR analysis of BMPRI BMPRII Smad1,
Smad5, Smad6, and Smad7 expression in cranial base synchondrosis. RNA was purified from the cranial base synchondrosis of 2-week-old 1d2 KO and WT mice. RT products
were fivefold serially diluted and subjected to PCR. Reduced glyceraldehyde-phosphate dehydrogenase (GAPDH) was used as an internal control. (B) Immunolocalization of
phosphorylated Smad 1/5/8 in 1d2-deficient (a) and wild-type (b) mice. (C) The number of pSmad 1/5/8 — positive nuclei in PSS per section was counted in transverse sections
of Id2-deficient (left bar) as well as wild-type (right bar) mice. Three sections were prepared from three different mice.

the craniofacial skeleton. Moreover, this growth center is relevant
to the temporal and positional cues for the growth and development
of the maxilla and mandible [32]. In addition to maxillary hypopla-
sia, retarded hypertrophic differentiation as well as inhibited cell
proliferation in both PSS and SOS was found in Id2 KO mice in post-
natal week 2 (Figs. 2C, D, G, and H; Figs. 3A and B). The histological
and morphological differences between Id2 KO and WT mice were
not observed at birth (Figs. 1L and M; Fig. 2A). The severity of

maxillary hypoplasia in Id2-deficient mice increased with growth
after birth (Fig. 1]). These results demonstrate that postnatal abnor-
mal growth and development of synchondroses in the cranial base
result in maxillary hypoplasia. Previous studies using KO mice iden-
tified several genes that regulated embryonic and postnatal growth
of the cranial base. As an example, a genetic ablation of the latent
TGF-p-binding protein (Ltbp-3) contributed to the obliteration of
cranial base synchondrosis and a dome-shaped skull [36]. Premature
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differentiation

il

synchondroses

Fig. 7. Diagrammatic representation of the function of Id2 acting downstream of BMP signaling through inhibiting Smad7 in cranial base synchondroses during the postnatal growth
period. Inhibition of Smad7 function by Id2 proteins. In general, Smad7, one of the inhibitory Smads, interferes with the recruitment and phosphorylation of R-Smads. Id2 inhibits
the functions of Smad?7. Id2 exists in proliferating and hypertrophic chondrocytes at the synchondrosis of the cranial base. Id2 acts on receptors on hypertrophic chondrocytes to
keep them hypertrophic and, thereby, promotes the production of BMP2 and BMP4 through Smad. 1d2 acts on receptors on proliferating chondrocytes to keep them proliferating

and, thereby, promotes the production of BMP7 through Smad.

hypertrophy of the synchondrosis was found in Ltbp-3 knockout
mice [36]. A premature closure of the cranial base PSS, as well as
SOS and accompanying craniofacial malformation, was observed in
the conditional KO mouse strains of polycystin-1 (Pkd-1) [12]. Even
though these studies did not report whether or not the mutant
mice sustained jaw deformities, their results clearly demonstrated
a link between craniofacial deformity and impaired synchondroses
of the cranial base. Furthermore, cranial malformation of these mu-
tant mice seemed to appear before birth, since the abnormality of
synchondroses has been observed during embryonic development.
Studies have reported that the chondrogenic potential of cells de-
rived from developing mouse craniofacial tissues was regulated via
the alteration of Id protein functions through over-expression of
the bHLH factor [37]. Mouse trunk neural crest cells, which do not
contribute skeletal derivatives, can undergo chondrogenesis and the
expression of 1d2 is up-regulating by FGF2 treatment in vitro [38].
Proper expression of Id2 is important to chondrogenic differentiation
of ATDC cells [39]. It was reported that Id2 was expressed in prolifer-
ating chondrocytes of growth plate at E16.5 mouse embryo by immu-
nohistochemistry [39]. Furthermore, the expression of Id2 was
showed in proliferating chondrocytes of the developing digits in
chick embryo, and expression of Id2 in vivo and in vitro was up-
regulated by BMP7 supplement [40]. Indeed, we also detect the
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Id2 expression in proliferating chondrocytes of the synchondrosis
of the cranial base at postnatal developing stage (Fig. 4B). Although
these results suggest that Id2 are critical controls for chondrogenesis
and osteogenesis in vitro systems and are expressed in chondrocytes
in vivo, the physiological function for Ids has not been demonstrated.
Our report is the first to demonstrate the involvement of the Id2 gene
in chondrocyte differentiation, chondrocyte proliferation, and endo-
chondral ossification in vivo. The Id2 knock-out mouse model
showed the inhibition of cell proliferation and hypertrophic differ-
entiation of chondrocytes in the cranial base synchondrosis. This
mouse model provides a unique opportunity to explain the physio-
logical activity of Id2 transcriptional controls and its role in postnatal
jaw deformities.

Inhibitory Smads including Smad6 and Smad?7 inhibit the phos-
phorylation of receptor-regulated Smads (R-Smad) [41]. Smad6 in-
hibits BMP signaling, whereas Smad7 inhibits both TGF-3 and BMP
signaling [42]. Smad7 is expressed in growth plate cartilage [43]. In
vitro studies using cell culture systems or the organ culture of man-
dibular explants have shown that Smad?7 inhibits chondrocyte differ-
entiation and/or proliferation induced by TGF-p [44,45] and BMP
[46,47]. These in vitro studies demonstrated the down-regulation of
R-Smad activation by Smad?7 in chondrocytes. Recently, Smad7 was
found to inhibit chondrocyte differentiation at multiple steps during
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endochondral bone formation using conditional transgenic mice
[48]. Furthermore, BMP-induced cartilaginous nodule formation was
down-regulated by the overexpression of Smad7, but not Smad6
[48]. Indeed, in our experiment, the up-regulation of Smad7 as a
result of Id2 abrogation led to the inhibition of chondrocyte prolif-
eration and differentiation.

In summary, the present study demonstrated that 1d2 functions by
acting downstream of BMP signaling to regulate cartilage formation
during postnatal growth and development by enhancing BMP signals
through inhibiting Smad7 expression. These interactions contribute
to endochondral ossification in the cranial base synchondrosis during
the growth period.

Supplementary materials related to this article can be found
online at doi:10.1016/j.bone.2011.09.049.
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Mutually exclusive cell fate determination of CD4 helper or CD8 killer T cells occurs in the thymus. These
T-cell subsets are not believed to redirect other lineages. Here we showed that retinoic acid and transforming
growth factor-f1 promoted the differentiation of CD8aa T cells from CD4 T cells in a Runx3-dependent
manner. These cells were inferred to belong to immunoregulatory populations because subpopulations of
CD8ao+TCRaf T cells are known to suppress activated T cells, and mice with Runx3~'~ T cells showed
defects during recovery from experimental allergic encephalomyelitis. Our results demonstrate that CD4 T
cells play fundamental roles in controlling immune reactions through promotion and attenuation. We
accordingly anticipate that clarifying the mechanisms underlying this process will provide insights leading
to autoimmune and immunodeficiency disease therapies.

uring T cell maturation, T-cell receptor (TCR) af3-bearing cells express both CD4 and CD8 (double-
ositive thymocytes) molecules on their surface. Transition from double to single positive (CD4+CD8~
or CD4—CD8+) requires the selection of TCRaf with intrathymic ligands that are presented by major
histocompatibility complexes (MHCs). CD4 and CD8 coreceptors interact with MHC class II and I molecules,
respectively, thereby resulting in the interaction of TCRa with ligands/MHC complexes and stabilizing CD4 or
CD8 expression on maturing TCRaf T cells. Simultaneously, thymocytes diverge into functionally distinct CD4
helper and CD8 killer cells'. A correlation between the mechanisms of antigen recognition and functional
divergence of T cells suggests that the commitment of these cells is irreversible. The redirection of CD4 T cells
to the CD8 lineage and vice versa is not believed to occur in the periphery.

Establishment of central and peripheral tolerance is important for maintaining immunological homeostasis. In
addition to naturally occurring CD4+CD25+Foxp3+ regulatory T cells (nTregs), several phenotypically and
functionally distinct regulatory T-cell populations have been suggested®®. To date, at least four CD8+ Treg
subsets have been identified, and these include CD8+CD28—, CD8+CD25+, CD8+CD122+, and CD8oot T
cells. Among them, two CD8+ T-cell subsets exhibit a special property in suppressing activated, but not naive, T
cells™?. CD8af+CD122+CD44+ inducible costimulator ligand (ICOSL)+ TCR af§+ T cells attenuate immune
responses by inhibiting follicular T helper cell (Tgy) via recognition of Qa-1, which is expressed on Tgy cells in an
activation-dependent manner’. The CD8otot+CD122+TCRaf+ T-cell subset was identified during the screen-
ing of Treg cells that inhibit experimental autoimmune encephalomyelitis (EAE) in mice'*"". This CD8ao T-cell
subset recognizes the pathogenic TCR-derived peptide that is present on the Qa-1 molecule of pathogenic T cells
in an activation-dependent manner and inhibits pathogenic T cells. In addition, an immunoregulatory role of
CD8oo+TCRaf+ T cells has been shown in two other autoimmune disease models. First, transfer of
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CD8aoTCRaB T cells inhibits colitis, induced by the adoptive trans-
fer of naive CD4 T cells into severe combined immunodeficient
(SCID) mice®. Second, non-obese diabetic (NOD) mice are defective
in the generation of CD8aoTCRof T cells, suggesting a regulatory
role of these cell populations'. In addition, genetic control elements,
which are required for clonal deviation to CD8aa T cells, also regu-
late rescue from clonal deletion of nTregs in the thymus", suggesting
that these different subsets of immunoregulatory T cells share a
common thymic selection mechanism.

The developmental pathway of CD8oo.+TCRaf+ T cells is con-
troversial because of the following findings. First, the accumu-
lation of autoreactive TCRs was observed in the repertoire of
CD8oa+TCRaf+ T cells'. Second, CD8ua+TCRaf+ T cells
comprise only a small portion of T cells in the lymph node and spleen
(<<1% of T cells) but a large portion (approximately 40% of T cells) in
the intraepithelium of the gut. For this reason it was previously
believed that CD8aoi+TCRafB+ T cells were of extrathymic origin
and differentiated locally in the gut; however, they are now consid-
ered to originate in the thymus'. In the thymus, CD8co+TCRof+
precursor T cells were selected by high-affinity self-antigens, such as
nTregs'>'®". The selected precursor T cells were CD4- and CD8-
double-negative cells. The final maturation of these cells, including
the expression of CD8o, occurs in the gut'®. Transforming growth
factor (TGF)-B1 plays a key role in the generation of nTregs and
CD8aa T cells during selection in the thymus'®*. Thus, the regula-
tory factors that control development of CD8oo.+TCRoB+ intest-
inal intraepithelial lymphocytes (IELs) and the molecular pathways
of this cell population have been elucidated. However, the origin of
CD8ow+TCRaf+ T cells outside intestines and the factors required
for their generation are incompletely understood.

In this study, we showed that immune reactions promote the
differentiation of CD8ao.+TCRaf+ T cells from naive CD4 T cells
within peripheral lymphoid tissues. Among the factors induced by
inflammation, TGF-B1, all-trans retinoic acid (atRA), and interleu-
kin (IL)-2 are indispensable for the differentiation of CD8oa T cells.
Striking similarities were observed between induced Tregs (iTregs)
and CD8oa T cells, with the same signals required for the differenti-
ation of iTregs. In addition, Runx3-deficient CD4 T cells have lost
their ability to become CD8ao T cells, indicating that Runx3 plays a
critical role in this differentiation. Furthermore, mice whose T cells
were Runx3-deficient showed defects in recovery from EAE. Thus
CD8ao. Tregs were confirmed to be generated in the thymus and
periphery, like CD4-+Foxp3+ Tregs, and the signals required for
CD8aor Tregs were the same as those required for CD4+Foxp3+
Tregs. We thus demonstrated that the newly identified Treg subset,
namely CD8oo Tregs that are derived from CD4 T cells, plays an
immunoregulatory role in EAE.

Results

Generation of CD8ou T cells in the spleen by immunization. In
addition to CD4+CD25+Foxp3+ T cells®"?, several populations
have been identified as immunoregulatory cells”'*****. CD8 Treg sub-
sets negatively regulate activated, but not naive, T cell functions”™***%,
Among these cell subsets, CD8aoTCRa3 T cells have been re-
ported to play important roles in the gut mucosal immunity
and prevent autoimmune diseases®'>'*>. However, the origin of
this subset and mechanisms of its development remain unclear.
The initial commitment of CD8ua T cells occurs in the thymus
following exposure to agonist self-peptides’®*®, and their genera-
tion requires a TGF-B1 signal'. When positively selected CD8oot
TCRof precursor T cells reach the gut, they express CD8oo
molecules in an IL-15-dependent manner’®. Importantly, the ex-
pression of CD8awa is induced on CD8af T cells by immunization
and is required for the generation of memory CD8uf T cells®*?.
We accordingly examined the effect of immunization on the gene-
ration of CD8ow single-positive cells in the spleen. As anticipated,

immunization induced the generation of CD8ao single-positive
T cells (6.5% of CD4—CD8ap—CD8uoa+TCRB+ T cells within
CD4— T cells in immunized spleen compared with 2.5% in non-
immunized spleen; Fig. 1A).

Generation of CD8aa T cells from CD4TCRof T cells in Rag2~'~
mice. With the aim of identifying the subsets that potentially
differentiate into CD8oar T cells, their generation was examined at
day 20 after naive CD4 and CD8of T cells were adoptively
transferred into Rag2™~ mice. Whereas CD8ow T cells were not
found in either case after 20 days, in some Rag2™'~ mice that
received naive CD4 T cells they were found after approximately 6
months. A few CD8ow-positive cells were found in all tissues
examined, with a significantly larger number observed in Peyer’s
patches (PPs; Fig. 1B). These observations indicate that naive CD4
T cells can differentiate into CD8aot T cells, at least under these
experimental conditions.

TGEF-B1, atRA, and IL-2 promote differentiation of CD8aaTCRaf
Tregs from naive CD4 T cells in vitro. To investigate the me-
chanisms of differentiation from CD4 into CD8oa. T cells, we first
focused on the factors required for the generation of iTregs or
CD4+Foxp3+ cells. We added the factors to a conventional in
vitro CD4 T-cell differentiation assay. IL-2, TGF-B1, and atRA
generated CD8awo. T cells from CD4 T cells (Fig. 2A). Although
atRA played only a supporting role in the differentiation of iTreg
cells, the generation of CD8oot T cells depended on all three factors
(Fig. 2A and data not shown). To exclude the possibility that CD8o
T cells were derived from contaminated CD8a.f3 cells, CD8a T cells
were cultured under the same conditions as those used for the
differentiation of CD8ox from CD4 T cells, and no CD8ao T cells
were observed (Fig. 2B). Moreover, CD80. T cells have the ability to
inhibit CD4-derived CD8awor T cell differentiation, as shown in
Fig 2C. These observations indicate that CD4 T cells and not
CD8uf T cells are the major source of peripheral CD8oo T cells.
Because ILs play critical roles in the determination of helper T-cell
subsets, we further examined the effects of various ILs on the dif-
ferentiation of CD8ao. Our results showed that IL-2 exerted the
strongest effect on the generation of CD8ua T cells (Fig. 2D).
Antigen dose has been shown to affect the differentiation of
CD8oo T cells. In the thymus, a low concentration of an agonist
induces CD8a} T cells, whereas a high concentration induces
CD8ow T cells. atRA concentration influences the differentiation
of iTreg and Th17 cells®®®. Thus, antigen dose and atRA con-
centration influence various processes in cell fate determination.
We accordingly examined the effects of TCR signal strength and
atRA concentration on differentiation of CD8ao. T cells. A high
percentage of CD8aat T cells was found after culture with strong
TCR stimulation and high atRA concentration (Fig. 2E).

Runx3-dependent generation of CD8uaTCRaf Tregs in vitro.
With the aim of characteristizing CD8aa T cells (CD8a positive
fraction in Fig 3A or CD8owx cells in Fig 3B) that were generated in
vitro, their gene expression profile was compared with iTregs (CD8
negative fraction shown in Fig 3A or iTreg cells in Fig 3B) derived
from the same culture condition (as shown in Fig 3A) and previously
well-characterized CD8 TCRaf Tregs”>***. The expression of
granzymes A and B increased in the CD8oot population, whereas
that of Foxp3 decreased (Fig. 3A, B). The expression of CD122 and
ICOSL on the surface was also specifically induced in CD8oar T cells
(Fig. 3A). The expression pattern of these genes was similar to that of
other CD8 Treg cells”****. Recent studies have indicated that Runx3
is a major regulator of CD8af T cells, while ThPOK is a major
regulator of CD4 T cells* . We accordingly examined the pos-
sibility that these factors were involved in the differentiation from
CD4 to CD8oo. T cells. Runxl and ThPOK were expressed speci-
fically in naive CD4 T cells (Fig. 3B). After the generation of CD8oox
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Figure 1 | Generation of CD8aa T cells in Rag2 ™'~ mice. (A) Fluorescence-activated cell sorting (FACS) analysis of CD8a:at+CD80f—CD4—TCRof T
cells in the spleen after immunization of WT (C57BL/6) mice with NP-CGG/Alum. Horizontal axis indicate percentage of CD8owo T cells within CD4— T
cells. *p < 0.05; n = 3. TCR, T-cell receptor. (B) FACS analysis of lymphocytes from Rag2 ™~ mice (CD45.1) that had received naive CD4 T cells (CD45.2)
6 months previously. TCRaf+CD45.2+ cells were examined for CD4 and CD8o. expression. CD4—CD8a+ (I) and CD4+CD8o+ (II) T cells were
further examined for CD8o and CD8p expression. IELs, intestinal intraepithelial lymphocytes, PP, Peyer’s patches. CD8oo T cell differentiations from
CD4 T cells in Rag2 ™'~ mice were confirmed in two of four mice analyzed, and representative data are shown.

T cells, only Runx3 expression was observed, while this was not
found in the iTreg subset (Fig. 3B). Of note, we had previously
found that Runx2 and Runx3 are required for TGF-f1 and atRA
signals in IgA class switching in B cells***. Thus, it was con-
ceivable that Runx3 contributed to the differentiation of CD8oio
cells. As anticipated, Runx3™"CD4 T cells were unable to dif-
ferentiate into CD8owat T cells (Fig. 4). These observations support

the hypothesis that CD4-derived CDS8aot T cells function as
regulatory cells in vivo and that Runx3 is essential for the
generation of these lineage cells.

Generation of CD8aa Tregs from CD4 T cells in vivo requires
Runx3. To determine whether CD4 T cells differentiate into
CD8oa T cells in vivo, naive CD4 T cells from C57BL/6 (CD45.2)
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Figure 2 | TGF-PB1, atRA, and IL-2 promote differentiation of CD8aaTCRaf regulatory T cell (Treg) from naive CD4 T cells in vitro. (A) Naive CD4+
T cells were stimulated with a-CD28, IL-2, TGF-$1, and atRA on o-CD3e-coated plates. CD8oot+CD4~— T cells were analyzed by FACS. (B) CD8af+ T
cells were stimulated under conditions mentioned in A. (C) Total spleen T cells (41% CD8af+ T cells and 56% CD4 T cells) were stimulated under

conditions mentioned in A. (D) Naive CD4+ T cells were cultured with various ILs and TGF-B1+atRA. (E) Naive CD4+ T cells were stimulated with
TGF-B1,IL-2, and various atRA concentrations on plates coated with indicated concentrations of o-CD3e. Cell differentiation was analyzed by FACS. All

experiments were performed at least thrice; representative data are shown.
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