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R: 5’- CTC CCG CGT GAA GTT CTT -3’

20 (Modified)

55°C

Bsl 1

63 °C

F: 5’- TAG AAT CCC CTG CCA GCC TCC TCG -3’

C-401T PCR-RFLP

GGH

R: 5- TAA GCG GAG ACT CTG GAA ACG ACT -¥
F: 5- TAG AAT CCC CTG CCA GCC TCC TCG -3’

20 (Modified)

37 °C

A TE

63 °C

PCR-RFLP

G-354T

R: 5- TAA GCG GAG ACT CTG GAA ACG ACT -3

F: 5- GTG CCT ATT TGG TTA TGA CA -3’
R: 5- CTA CTT ACT AAT CCT GCC CA -3

20,22

Ase 1 37 °C

55 °C

PCR-RFLP

C452T

37 °C 38

Hinf 1

65 °C

F: 5’- TGA ACA GGT GGA GGC CAG CCT CT -3’
R: 5- AGG ACG GTG CGG TGA GAG TG -3’

PCR-RFLP

C677T

MTHEFR

38 (Modified)

55 °C

F: 5- GGA GGA GCT GAC CAG TGA ATA-3’ (for A allele)

AS-PCR

A1298C

F: 5- GGA GGA GCT GAC CAG TGA ATC -3’ (for C allele)

R: 5"- CCA CTC CAG CAT CAC TCA CT -¥

*PCR-RFLP and AS-PCR are the abbreviations of polymerase chain reaction-restriction fragment length polymorphism and allele-specific PCR assay, respectively.

F and R are the abbreviations of forward primer and reverse primer, respectively.
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weight, creatinine clearance, MTX dose, glucocor-
ticoids dose, and six SNPs of genes coding for three
enzymes involved in the folate pathways. CRP-
AUC was logarithmically transformed because it
had a left-skewed distribution. Factors significantly
associated with CRP-AUC in a univariate analysis
were included in a multivariate model and a mul-
tiple linear regression was used to adjust for the
effects of the factors. To evaluate the effects of the
combination of the SNPs, the main effect and first-
order interaction effect terms of the SNPs were
included in the regression models. In statistics, the
‘main effect’ term is used in the model when one
factor is independent of the effect of the other fac-
tors, whereas the ‘interaction effect’ is used when
the effects of two or more factors are not simply
additive. Such a term implies that the effect of one
factor depends on the values of one or more other
factors. P < 005 was considered statistically sig-
nificant. Reported values of P were two-sided. The
statistical analyses were performed using R version
2.6.1 (http:/ /www.r-project.org/).

RESULTS
Patient characteristics and genotypes

Eighty-seven Japanese patients with RA met the
eligibility criteria (Table 2). The frequencies of the
polymorphisms were in Hardy—Weinberg equilib-
rium.

Effect of each factor on CRP-AUC

In the univariate analysis (Table 3) sex, age and
glucocorticoid dose were found to be significantly
associated with the CRP-AUC. The results of uni-
variate analysis on the effects of the combination of
SNPs are shown in Table 4. The main effect of RFC
80GA and AA (vs. GG) was found to be significant;
the interaction effects between RFC 80AA and GGH
—401CT/TT (vs. CC) and between RFC 80AA and
MTHER 677CT had values of P < 0-1. All other main
and interaction effects had a value of P > 0-1. The
results of multivariate analysis are shown in
Table 5. Age (P = 0-0495), MTX dose (P = 0-0205),
the effects of RFC 80AA (P = 0-0243) and GGH —401
CT/TT (P = 0-0129), and interaction effect between
RFC 80AA and GGH -401 CT/TT (P = 0-0017) were
significant. The interaction effects between RFC
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Table 2. Characteristics and genetic polymorphisms of

87 Japanese patients with RA

Table 4. Results of univariate analysis on effects of
combination of SNPs

Age (years)

Sex Male/Female (n, %)

Body weight (kg)

Creatinine clearance (mL/min)

Methotrexate dose (mg/week)

Glucocorticoids dose
(equivalent to prednisolone,
mg/day)

CRP-AUC (mg1 year/dL)

RFC G80A

Genotype GG/GA/AA (n, %)

Allele G/A (n, %)

GGH C-401T

Genotype CC/CT/TT (n, %)

Allele C/T (n, %)

GGH G-354T

Genotype GG/GT/TT (n, %)

Allele G/T (n, %)

GGH C452T

Genotype CC/CT/TT (n, %)

Allele C/T (n, %)

MTHFR C677T

Genotype CC/CT/TT (n, %)

Allele C/T (n, %)

MTHFR A1298C

Genotype AA/AC/CC (n, %)

Allele A/C (n, %)

66 (35-89)
13/74 (15/85)
47-0 (29-6-80-0
64-8 (23-9-119-5)
60 (2:0-13-3)
3-8 (0-10-0)

256 (37-2638)

21/35/31 (24/40/36)
77/97 (44/56)

52/32/3 (60/37/3)
136/38 (78/22)

73/13/1 (84/15/1)
159/15 (91/9)

78/9/0 (90/10/0)
165/9 (95/5)

32/40/15 (37/46/17)
104/70 (60/40)

47/32/8 (54/37/9)
126/48 (72/28)

Values are median (range) except for sex, genotypes and alleles.

Table 3. Results of univariate analysis of patient char-

acteristics

Estimate of

regression

Factors parameters P

Sex (Male vs. Female) 0-7949 00283
Age 02647 0-0132
Body weight 0-0670 0-5370
Creatinine clearance -0-0918 0-3980
Methotrexate dose 0-1855 0-0855
Glucocorticoids dose 0-2509 00191

80AA and GGH -401 CT/TT are shown in the
interaction plot (Fig. 1). It can be seen that the effect
of RFC 80 genotype for GGH 401CC is different to
those for GGH —401CT/TT (Fig. 1). This suggests
that patients with RA having RFC 80A and GGH

Estimate of
regression
parameter P

Main and interaction
effects of SNPs

RFC 80GA —2-3820 0-0449
RFC 8B0AA —2:7844 0-0188
GGH —-401CT/TT ~1-4124 0-1792
GGH -354GT/TT 0-1066 09524
GGH 452CT -0-0984 09624
MTHEFR 677CT -0-9377 03787
MTHEFR 677TT -0-2619 0-8386
MTHEFR 1298AC/CC 0-0578 0-9532
RFC 80GA : GGH -401CT/TT 09712 02748
RFC B0AA : GGH -401CT/TT 22920 0-0239
RFC 80GA : GGH -354GT/TT 0-4324 0-7740
RFC 80AA : GGH -354GT/TT 0-4975 0-6739
RFC 80GA : GGH 452CT 0-1500 0-9239
RFC B0AA : GGH 452CT —-0-4757 07901
RFC 80GA : MTHFR 677CT 1-4738 0-1331
RFC 80AA : MTHFR 677CT 1:7264 0-0877
RFC 80GA : MTHEFR 677TT 0-8753 0-5173
RFC 80AA : MTHFR 677TT -1-3090 0-6004
RFC 80GA : MTHFR 1298AC/CC 0-6312 0-5139
RFC 80AA : MTHFR 1298AC/CC 0-7240 0-4290
GGH —-401CT/TT : GGH 0-3925 0-8322
-354GT/TT
GGH —401CT/TT : MTHFR 677CT 02093 07864
GGH -401CT/TT : MTHER 677TT —0-0668 0-9539
GGH -401CT/TT : MTHFR —-0-4508 0-5602
1298AC/CC
GGH —354GT/TT : GGH 452CT 0-3448 0-8963
GGH -354GT/TT : MTHFR 677CT 00263 0-9840
GGH -354GT/TT : MTHFR 677TT 12248 0-5950
GGH -354GT/TT : MTHFR —0-3748 0-7484

1298AC/CC

The colon (:) denotes an interaction effect term. There was no
other combination of SNPs.

—-401T alleles were less responsive to MTX than
those with RFC 80A and without GGH —401T alleles.

DISCUSSION

Methotrexate is one of the most widely used anti-
cancer and anti-inflammatory agents. Low-dose
MTX administered orally as a weekly pulse, has
been used extensively in RA therapy (1, 6). It has
been reported that SNPs in genes of folate
metabolic pathway enzymes affect the efficacy and
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Table 5. Results of multivariate analysis

Estimate of
regression

Factors parameter P

Sex (Male vs. Female) 0-3990 02858

Age 0-0216 0-0495*
Methotrexate dose 01431 0-0205*
Glucocorticoids dose 0-0603 03083

RFC 80GA -12527 0-0906

RFC 80AA -1-7036 0-0243*
GGH —-401CT/TT -1-6594 00129*
MTHFR 677CT —0-4829 0-5036

MTHFR 677TT 01437 0-8656

RFC 80GA : GGH —401CT/TT 0-8156 02066

RFC 80AA : GGH —-401CT/TT 21194 0-0017*
RFC 80GA : MTHFR 677CT 02300 07834

RFC 80AA : MTHFR 677CT 07300 03772

RFC 80GA : MTHFR 677TT 00561 09522

RFC 80AA : MTHFR 677TT 05917 0-6083

GGH -401CT/TT : MTHFR 06842 02473

677CT
GGH -401CT/TT : MTHFR 0-3992 0-5889
677TT

The colon (:) denotes an interaction effect term.
*Significance of (P < 0-05).

toxicity of MTX (12, 21, 23-25); however, there are
only few reports on the relationship between the
interaction effect of these SNPs and MTX efficacy in
Japanese patients with RA. Thus, in the present
study we evaluated the effects of factors, including
the SNPs of folate metabolic pathway enzymes
genes such as RFC, GGH and MTHFR, on CRP-
AUC, as one of the indices of the anti-inflammatory
efficacy of MTX. Our study, suggested that age,
MTX dose, the main effects of RFC 80AA and GGH
—401CT/TT genotypes, and the interaction effect
between RFC80AA and GGH -401CT/TT geno-
types were significant factors affecting CRP-AUC
in patients with RA receiving low-dose MTX. Based
on these findings, CRP-AUC would be higher in
older patients than in younger patients and, if
patients had RFC 80AA genotypes, CRP-AUC
would be higher in patients with GGH —-401CT/TT
genotypes than in those with the CC genotype.
Previous reports suggest that RFC G80A poly-
morphism is associated with altered MTX plasma
level (12). Moreover Molin et al. suggested that
patients with AA genotype of RFC 80 tended to
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Fig. 1. Interaction plot showing the effects of GGH
C-401T genotype and RFC G80A genotype on the mean
of the natural logarithm of CRP-AUC in patients with RA
receiving low-dose, weekly pulse of MTX. The closed
symbol denotes GGH-401CT/TT genotype, whereas the
open symbol denotes GGH-401CC genotype.

have higher folate polyglutamate levels in blood
cells (30). Recent evidence suggests that patients
with the RFC 80AA genotype responded to therapy
better than those with the GG and GA genotypes
(13). The results of univariate analysis in our study
are consistent with these reports. The RFC G80A
SNP causing the amino acid change (Arg to His) in
the transmembrane domain was expected to alter
RFC transport activity (31). Several amino acid
changes in a transmembrane domain of RFC in
antifolate-resistant cells were shown to change the
ratio of RFC affinities to [*’H] MTX vs. other folate
substrates (32, 33). These reports and our results
suggest that the RFC 80A allele may potentiate the
effect of low-dose MTX in patients with RA. Hence,
patients with the RFC 80A allele and GGH
—401CT/TT genotypes were less responsive to
MTX than those without GGH —401T alleles in the
present study.

Chave et al. indicated that a GGH C-401T
polymorphism in the GGH promoter region
was associated with increased luciferase activity
and hypothesized that the polymorphism may
result in increased GGH activity, followed by the
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deconjugation of MTX-PGs (20). However, if GGH
activity was increased by C—401T polymorphism,
the anti-DHFR effect would not be increased even
if the MTX concentrations in the cells were higher.
Some investigators have advocated routine moni-
toring of MTX-PGs in red blood cells for manage-
ment of RA (34-37). Dervieux et al. reported that
there was an inverse association between RFC
80AA and GGH —-401TT homozygosity and intra-
cellular MTX-PGs concentrations (23); this finding
is in good agreement with our results. In our study,
36%, 40%, and 15% of the RA patients were
carriers of RFC 80AA, GGH —401CT/TT and of both
RFC 80AA and GGH —401CT/TT, respectively.

There was no relationship between GGH C452T
SNP and CRP-AUC in our study. The GGH C452T
located in exon 5 of the GGH gene involving Thr to
Ile amino acid exchange resulted in decreased
catalytic activity of GGH (21). The allele frequency
of GGH 452T in a Japanese population is only 56%
(22). We speculate that there was no statistical
relationship between GGH C452T and inflamma-
tory status because of low allele frequency. In our
study, there was no relationship between MTHFR
SNPs and CRP-AUC, but Urano et al. reported that
patients with RA having the MTHFR 677C-1298C
haplotype received lower doses of MTX and
responded better to treatment than those without it
(25). Thus, MTHFR is an important enzyme in the
folate metabolic pathway.

In conclusion, we found that the SNPs combi-
nation, RFC G80A and GGH C-401T, could be
promising for monitoring anti-inflammatory status
in MTX-treated patients with RA, and could be
considered as a possible marker for drug response
against MTX. Larger confirmatory prospective
studies would be valuable.
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ABSTRACT

The periodontal ligament (PDL) is a strong connective tissue that surrounds the

tooth root, absorbs occlusal forces, and functions as a sense organ. PDL originated from dental
follicle (DF), which possessed mesenchymal progenitors in the developing tooth germ. However, as
specific marker genes for PDL and DF are currently unavailable, the molecular mechanisms of PDL
development are yet to be clarified. To facilitate the identification of such genes, we have previously
established a transcriptome database of the human PDL (the KK-Periome database) and screened
for specific genes expressed during PDL development. Initial screening of the database revealed two
marker genes for distinguishing DF and PDL. The KK-Periome database thus appears to offer a
useful resource for investigating genes involved in PDL development. J. Exp. Zool. (Mol. Dev. Evol.)
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The periodontium is a tooth-supporting tissue
comprising gingiva, periodontal ligament (PDL),
cementum, and alveolar bone (Ten Cate, ’94).
More specifically, the PDL is an element that
connects the cementum covering the tooth root
surface and the alveolar bone of the maxilla or
mandible (Ten Cate and Mills, ’72; Beertsen et al.,
’97; McCulloch et al.,, 2000). The PDL has the
ability to absorb mechanical stress, and has thus
been compared with tendon and ligament (McCul-
loch et al., 2000; Yoshizawa et al., 2004). Similar to
tendons and ligaments, collagen type I is predo-
minant, although other types of collagen (types
II1, V, VI, and X1II) and proteoglycans that regulate
collagen fibril formation are also deposited in the
PDL (Lukinmaa and Waltimo, ’92; Liu et al., ’95;
Everts et al., '98; MacNeil et al., ’98). PDL cells
also express genes involved in tendon and liga-
ment formation, such as scleraxis and growth and
differentiation factors-5, -6, and -7 (Sena et al,,
2003; Seo et al., 2004; Yokoi et al.,, 2007). The
cellular content of PDL is predominated by PDL
cells, which can form Sharpey’s fibers, collagen

© 2009 WILEY-LISS, INC.

fibers embedded into the calcified matrix (McCul-
loch et al., 2000; Nanci and Bosshardt, 2006).
Previous findings have suggested that although
cultured PDL cells fail to form mineralized
nodules, a partial resemblance to osteoblasts is
apparent, such as high alkaline phosphatase
activity and expression of osteoblast marker genes
including RUNX2, bone sialoprotein, and type I
collagen (Yamashita et al., ’87; Nojima et al., ’90;
Lekic et al., 2001; Saito et al., 2002; Murakami
et al, 2003). Recently, regulatory mechanisms
preventing osteoblastic differentiation have been
identified in cultured PDL cells, suggesting that
the ability for suppressing osteoblast function may
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act to prevent PDL from mineralizing (Yoshizawa
et al., 2004; Yamada et al., 2007).

The structure of the PDL is often irreversibly
damaged when chronic inflammation in the form
of “periodontitis”’ develops, suppressing the peri-
odontium (Bartold and Narayanan, 2006).
Although various treatments are available for
periodontitis, reliable regeneration of the PDL is
not yet possible (Melcher et al., ’86; Somerman
et al., ’99; Bartold et al., 2000; Shimono et al.,
2003). A basic understanding of PDL development
at the molecular level is required to develop
regeneration therapy of PDL, as the regeneration
process needs to mimic the cellular events of PDL
development (Grzesik and Narayanan, 2002).
Recent advances have revealed the existence of
progenitor or stem cells in adult PDL (Handa
et al., 2002a; Seo et al., 2004; Fujii et al., 2008). To
clarify the differentiation mechanisms of these
cells, it is necessary to investigate the molecular
basis of PDL development.

Progenitor cells are generated by multipotent
stem cells and can differentiate into one specific
type of cell depending on the cellular environment
during organogenesis (Potten and Loeffler, ’90). In
the case of PDL development, dental mesenchyme
generates the dental follicle (DF), which contains
PDL cell progenitors that contribute to the
formation of the PDL (Cho and Garant, 2000).
However, the molecular aspects of PDL develop-
ment are only vaguely understood owing to the
limited information available on marker genes for
PDL cell progenitors and PDL cells. Conversely,
thanks to recent advances in the availability of
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genome sequence information for both human and
mouse, transcriptomes for various tissues, and
bioinformatics for database construction, the
identification of genes potentially involved in the
development of specialized tissues has become
possible (Sunkin and Hohmann, 2007). We de-
scribe herein the initial screening of potential
marker genes for PDL cell progenitor and PDL
cells from the KK-Periome database, which is a
collection of transcripts expressed during human
PDL development. The significance of extracellu-
lar matrix (ECM) components as markers for PDL
development is discussed.

MOLECULAR MECHANISMS OF PDL
DEVELOPMENT

The PDL originates from the DF formed during
the cap stage of tooth germ development by
an ectomesenchymal progenitor cell population
originating from cranial neural crest cells (Chai
et al., 2000; Cho and Garant, 2000). DF is formed
from cranial neural crest-derived dental mesench-
yme on embryonic day 15 (E15) mouse embryo at
the stage of tooth germ development (Fig. 1). As
DF contains three kinds of progenitor -cells
(cementoblast, PDL cell, and osteoblast progeni-
tors), developmental events in the DF are of
considerable interest (Morotome et al., ’98; Hou
et al., ’99; Saito et al., 2005). At the cap stage in
E15 mouse embryo, dental mesenchyme under-
goes differentiation into two distinct types of cells:
dental papilla (DP) cells and DF cells (Chai et al.,
2000; Cho and Garant, 2000). At the E17 bell

late bell =mp tooth root formation

cementoblast

Periodental ligament
(PDL)

P oo s |

Fig. 1. Schematic of periodontal ligament development. The dental follicle (DF) is initially formed from dental mesenchyme
in the cap stage of tooth germ, and differentiates to progenitors of the periodontal ligament (PDL), cementoblasts, and
osteoblasts during the bell and late bell stages. After birth, differentiation of progenitors within the DF forms periodontium
during the tooth root formation stage. Investigation of the molecular mechanisms underlying the PDL development requires the
identification of specific marker for PDL cell progenitors and PDL cells.
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stage, DP cells differentiate into cells of the
odontogenic lineage, such as odontoblasts or
dental pulp cells, eventually giving rise to the
dentin—pulp complex in the tooth (Thesleff et al.,
2001). After birth, differentiation begins during
tooth root formation when cementoblast progeni-
tors migrate to the surface of the tooth root and
differentiate into cementoblasts to form cemen-
tum matrix (Bosshardt and Schroeder, ’96; Saito
et al., 2001). At almost the same time, PDL
progenitors differentiate into PDL on cemento-
blasts, inserting collagen fibers known as Shar-
pey’s fibers into the cementum matrix. Fiber
insertion also takes place along the alveolar bone.
Finally, both bone- and PDL-derived fibers coa-
lesce in the PDL to form the intermediate plexus,
which resembles tendinous tissue (Johnson, ’87;
Cho and Garant, ’89, ’96).

The fate of progenitor cells in the DF has been
investigated using cultured DF cells. Because the
experimental model for in vitro differentiation of
PDL is not available, implantation analysis using
immunodeficiency mice has been used for studying
the potential of PDL formation. For instance,
cultured DF cells do not form mineralized nodules
in vitro even after treatment with mineralization-
inducing medium, but are able to form PDL-like
tissue and cementum-like structures after implan-
tation into immunodeficient mice (Handa et al.,
2002b; Yokoi et al., 2007). In addition, progenitor
cell lines for cementoblasts and PDL have been
established from immortalized DF cells using
single cell cloning methods (Morsczeck et al.,
2005; Saito et al., 2005; Luan et al., 2006). These
findings support the notion that PDL cell progeni-
tors are present in DF. Investigation of the
differentiation of PDL cell progenitors into PDL
has thus enabled clarification of transcription
factors, signaling molecules, and specific niches
involved in PDL differentiation. However,
elucidation of the precise differentiation mechan-
isms for PDL cell progenitors in DF has been
hampered by the paucity of specific marker genes
for these cells (Pitaru et al., ’94; Diekwisch, 2002;
Nanci and Bosshardt, 2006). Identification of
specific markers that can distinguish PDL cell
progenitors and PDL cells is thus important
(Fig. 1).

FUNCTIONAL MOLECULES INVOLVED IN
PDL DEVELOPMENT

Although no specific marker for PDL is
available, several reports have shown that PDL
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development seems to be dependent on the ECM,
which regulates collagen fibril formation and is
mainly deposited in PDL (McCulloch, 2000). Type
I and III collagens are the major components of
collagen bundles and Sharpey’s fibers in PDL, and
fibril assembly is responsible for the structural
stabilization and mechanical characteristics of the
PDL (Ten Cate, '94; MacNeil et al., ’98). Interac-
tions between fibrillar collagen and small leucine-
rich proteoglycans (SLRPs) such as lumican and
decorin regulate flexible connective tissues such as
tendons (Danielson et al., ’97; Ezura et al., 2000;
Matheson et al., 2005). Lumican- and decorin-
deficient mice show abnormal collagen fibrils in
PDL, indicating that these SLRPs regulate the
organization of collagen fibrils during PDL forma-
tion (Matheson et al., 2005). Conversely, Yamada
et al. (2001, 2007) found that PDL-associated
protein (PLAP)-1/asporin, which belongs to a
novel SLRP family, is specifically expressed not
only in DF but also in adult PDL. PLAP-1/asporin
directly interacts with bone morphogenetic pro-
tein-2 to inhibit the mineralization of the PDL.
This finding strongly suggests that PDL synthe-
sizes PLAP-1/asporin as a negative regulator of
mineralization to prevent ankylosis. Noncollagen-
ous ECM is also involved in the formation of PDL.
Periostin is a secreted adhesion protein that
displays homology with fasciclin I, an insect
growth cone guidance protein (Horiuchi et al.,
’99). During tooth germ development, periostin is
initially expressed in the DF, and then becomes
restricted to postnatal PDL during tooth root
formation (Kruzynska-Frejtag et al., 2004). Peri-
ostin-deficient mice show disorganization of the
PDL and alveolar bone resorption, suggesting a
critical role of this protein in the maintenance of
PDL and onset of periodontal disease (Rios et al.,
2005; Kii et al., 2006).

As PDL is morphologically similar to tendon and
ligament, the suggestion has been made that
tendon/ligament phenotype-related genes that
are specifically expressed during the formation of
tendons and ligaments are involved in the differ-
entiation of PDL cell progenitors (Table 1) (Oliver
et al.,, ’95; Wolfman et al., ’97; Brent et al., 2003;
Salingcarnboriboon et al., 2003). Based on these
observations, the ECM predominantly deposited
in PDL and tendon/ligament-related genes that
are expressed in PDL may contribute to the
formation of PDL. However, it is difficult to
investigate whether these factors are involved in
PDL development owing to the lack of specific
markers for PDL cell progenitors and PDL cells.

J. Exp. Zool. (Mol. Dev. Evol.)
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TABLE 1. List of tendon- and ligament-related genes

Functional Gene
categorization name References
Transcription Scleraxis Brent et al. (2003)
factor
Six1 Oliver et al. (’95)
Six2
Plasma EphA4 Patel et al. ("96)
membrane
protein
Signaling GDF5 Sodersten et al. (2005) and
molecules Wolfman et al. ("97)
GDF6
GDF7

Genes expressed in tendon and ligament are listed according to
functional categorization. GDF, growth and differentiation factor.

THE KK-PERIOME DATABASE AND
SCREENING OF SPECIFIC MARKER FOR
PDL CELL PROGENITORS AND PDL
CELLS

To identify specific markers for PDL cell
progenitors and PDL cells, we established the
KK-Periome database as a collection of 617
clusters of expressed sequence tags (ESTs) highly
expressed in human PDL (Nishida et al., 2007).
These EST clusters were derived from short
single-pass sequence reads of 11,520 randomly
selected clones from the human PDL ¢cDNA library
and were considered invaluable for identifying
particular genes and unique gene expression
patterns during PDL development. For the identi-
fication of specific markers for PDL cell progeni-
tors and PDL cells from the KK-Periome database,
screening of candidate genes was performed using
two different criteria of functional classification
and expression pattern (Fig. 2). As ECM compo-
nents are considered to be involved in the
determination of cell specificity (Engler et al.,
2006; Scadden, 2006), we hypothesized that the
DF and the PDL are each composed of specific
ECM proteins, and that these unique matrices
could serve as specific markers for PDL cell
progenitors or PDL cells. As a result of functional
classification, we obtained 38 ECM clusters from
KK-Periome database, which include type I col-
lagen o 2, Secreted proteins acidic, cystein-rich
(SPARC)/osteonectin, collagen type III, periostin,
lumican, type I collagen o I chain, osteopontin,
decorin, fibronectin, and PLAP-1/asporin as
the ten most highly expressed transcripts.
Most of the ECM proteins present here for the

J. Exp. Zool. (Mol. Dev. Evol.)

human periodontal ligament (hPDL)
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cDNA library
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EST database
Analysis of periodontal ligament transcriptome
The KK-Periome database

1l

Genes for ECM components

iy

Periodontal ligament

Dental follicle {PDL)

(DF)

Screening by in situ hybridization
using mouse DF and PDL

U

Specific marker for DF or PDL

Fig. 2. Strategy for creating a transcriptome database for
PDL (KK-Periome database) and a screening marker for PDL
cell progenitors and PDL cells. The KK-Periome database was
established following the expressed sequence tag (EST)
sequence analysis of the human PDL cDNA library. Genes
for ECM components including collagen type XI o 1, SPARC-
like 1, tenascin-N, collagen type XV o 1, hyaluronan and
proteoglycan link protein 1, vitrin, type XVI collagen o 1,
SPARC-related modular calcium binding 2, granulin, fibulin 5,
F-spondin, nidogen 1, and leprecan 1 were isolated and specific
marker for PDL cell progenitors and PDL were screened by in
situ hybridization analysis of mouse DF and PDL. PDL,
periodontal ligament; ECM, extracellular matrix; DF, dental
follicle.

characterization of the PDL are ubiquitous mole-
cules although the PDL has a unique structure
and function (Yamada et al., 2001). Therefore, we
next screened ECM proteins that had not pre-
viously been reported in PDL according to a
PubMed search, and 13 ECM clusters were
obtained as candidates, including the genes for
collagen type XI o 1, SPARC-like 1, tenascin-N,
collagen type XV a 1, hyaluronan and proteoglycan
link protein 1, vitrin, type XVI collagen o 1,
SPARC-related modular calcium binding 2, gran-
ulin, fibulin 5, F-spondin, nidogen 1, and leprecan
1. We next investigated temporal and spatial
expression patterns of these 13 candidate genes
using in situ hybridization analysis with mouse
DF and PDL tissues. As a result, two genes
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(F-spondin and tenascin-N) were identified as
candidate markers for the DF and the PDL,
respectively. Interestingly, F-spondin was initially
expressed in the DF at the cap stage and became
progressively more evident in the DF at the bell
stage. In addition, no expression of F-spondin was
observed in other types of cells in the tooth germ,
including DP, dental epithelium, odontoblasts, or
ameloblasts. However, expression of F-spondin in
DF was significantly down-regulated after birth
and completely absent in the PDL of adult
mice. Unlike F-spondin, expression of tenascin-N
was not detected in DF cells of the developing
tooth germ in the embryo, but was strongly
induced in adult PDL. Although PDL contained
several types of cells including PDL cells, epithe-
lial cells of Malassez, endothelial cells, osteoblast
progenitors, and cementoblast progenitors
(McCulloch et al., 2000), the expression of tenas-
cin-N is restricted to adult PDL cells. Based on
these observations, F-spondin and tenascin-N may
serve as specific markers for DF or PDL, respec-
tively (Fig. 3).

F-SPONDIN AND TENASCIN-N AS
MARKERS FOR PDL CELL PROGENITORS
AND PDL CELLS

F-spondin is a component of the ECM, which is
known to be present in the embryonic floor plate
of vertebrates (Klar et al.,, ’92; Tzarfati-Majar
et al., 2001) and the caudal somite of birds (Debby-
Brafman et al., ’99), apparently playing a dual role
in the patterning of the nervous system. F-spondin
promotes the adhesion and the outgrowth of
axons, but inhibits the adhesion of neural crest
cells. As F-spondin-knockout mice or transgenic
mice expressing F-spondin specifically in PDL are
not available, the precise function of F-spondin
during PDL development is unclear. However,
transient expression of F-spondin in DF strongly
suggests the involvement of PDL development,
rather than the maintenance of adult PDL func-
tion such as withstanding force of mastication.
F-spondin was highly expressed in a human
cementoblast cell line, and overexpression induced
the up-regulation of cementoblast/osteoblast mar-

Fig. 3. Expression of F-spondin and tenascin-N during PDL development. In situ hybridization analyses of F-spondin (A
and B) and tenascin-N (C and D) in the late bell stage of tooth germ (A and C) and adult molar (B and D) are shown. Note that F-
spondin is intensely expressed in DF (A, arrowhead), whereas expression is significantly down-regulated in PDL (B, arrow). In
contrast, tenascin-N (Tnn) is strongly expressed in the PDL (D, arrow), but not expressed in the DF (C, asterisk). Bar, 50 um.
Reprinted from Nishida et al. 2007. Transcriptome database KK-Periome for periodontal ligament development: expression
profiles of the extracellular matrix genes. Gene 404:70-79 with permission from Elsevier. PDL, periodontal ligament; DF, dental

follicle.
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ker gene such as bone sialoprotein and osteocalcin
(Kitagawa et al., 2006). Moreover, F-spondin
protein was detected in the cementum matrix.
Contrasting with these results, we found high
levels of F-spondin mRNA in the DF and dramatic
decreases in the adult PDL suggesting that
F-spondin may involve in the formation of DF.

Tenascin-N is a novel member of the tenascin
family of proteins, which are expressed in the
brain, kidneys, and spleen of adult animals.
Unlike other tenascins, tenascin-N is highly
expressed in neurons of the central nervous
system (Neidhardt et al., 2003). Interestingly,
the expression of tenascin-N was strongly up-
regulated in the adult PDL, whereas no expression
was observed in the DF. Periostin has been used as
a marker for distinguishing PDL from adjacent
connective tissues such as bone and gingiva in
adult tissue (Horiuchi et al., ’'99; Kruzynska-
Frejtag et al., 2004). The expression of periostin
was detected in both adult PDL and DF in the
developing tooth germ. In contrast to periostin,
tenascin-N was specifically expressed in adult PDL
(Nishida et al., 2007). In addition, the expression
patterning of PLAP-1/asporin resembled that of
periostin during PDL development (Yamada et al.,
2007). Tenascin-N was thus considered to serve as
a distinct marker of differentiated PDL cells.
Furthermore, tenascin-N was detected in the
costal perichondrocytes that eventually form the
ligament tissue suggesting that the expression
may be associated with the formation of ligamen-
tous tissues (Nishida et al., 2007).

CONCLUSION

PDL development requires PDL cell progenitors
present in the DF during tooth germ development
(Cho and Garant, 2000). Although stem/progenitor
cells capable of forming PDL have been identified
(Seo et al., 2004; Yokoi et al., 2007; Fujii et al.,
2008), the precise differentiation mechanisms of
these cells remain unclear owing to the unavail-
ability of markers for PDL cell progenitors and
PDL cells. A combination of the transcriptome
database for the human PDL (KK-Periome data-
base) and in situ hybridization analysis helped to
identify F-spondin and tenascin-N as specific
markers for PDL cell progenitor or PDL cells,
respectively (Fig. 4). Although functional roles of
F-spondin and tenascin-N are unclear, develop-
ment of the PDL is apparently associated with
changes in the expression of these proteins. To
investigate whether these molecules are involved
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PDL cells markers

osteoblast

Fig. 4. F-spondin and tenascin-N as markers for PDL cell
progenitors or PDL cells. F-spondin is specifically expressed in
DF, whereas the expression is significantly down-regulated in
PDL. In contrast, expression of tenascin-N is strongly induced
in the PDL. We thus proposed F-spondin and tenascin-N as
markers for PDL cell progenitors or PDL cells. PDL, period-
ontal ligament; DF, dental follicle.

in PDL formation, development of functional
assay system either in vitro or using transgenic
mice is necessary. However, further screening of
the KK-Periome database may provide more novel
marker genes that are useful for analyzing the
molecular mechanisms of PDL development and
identification of eventual therapeutic targets for
the treatment of periodontal disease.
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Regulation of endoplasmic reticulum stress response
by a BBF2H7-mediated Sec23a pathway is essential

for chondrogenesis

Atsushi Saito'?, Shin-ichiro Hino'*, Tomohiko Murakami!, Soshi Kanemoto!, Shinichi Kondo!, Masahiro Saitoh?,
Riko Nishimura?, Toshiyuki Yoneda?, Tatsuya Furuichi?, Shiro Ikegawa®, Masahito Ikawa*, Masaru Okabe* and

Kazunori Imaizumi'®

Many tissues have a specific signal transduction system

for endoplasmic reticulum (ER) dysfunction; however, the
mechanisms underlying the ER stress response in cartilage
remain unclear. BBF2H7 (BBF2 human homologue on
chromosome 7), an ER-resident basic leucine zipper transcription
factor, is activated in response to ER stress® and is highly
expressed in chondrocytes. In this study, we generated Bbf2h7+
mice to assess the in vivo function of BBF2H7. The mice showed
severe chondrodysplasia and died by suffocation shortly after
birth because of an immature chest cavity. The cartilage showed
a lack of typical columnar structure in the proliferating zone

and a decrease in the size of the hypertrophic zone, resuiting

in a significant reduction of extracellular matrix proteins.
Interestingly, proliferating chondrocytes showed abnormally
expanded ER, containing aggregated type 1l collagen (Col2)

and cartilage oligomeric matrix protein (COMP). We identified
Sec23a, which encodes a coat protein complex Il component
responsible for protein transport from the ER to the Golgi??, as a
target of BBF2H7, which directly bound to a CRE-like sequence
in the promoter region of Sec23a to activate its transcription.
When Sec23a was introduced to Bbf2h7+ chondrocytes, the
impaired transport and secretion of cartilage matrix proteins was
totally restored, indicating that by activating protein secretion the’
BBF2H7-Sec23a pathway has a crucial role in chondrogenesis.
Our findings provide a new link by which ER stress is converted to
signalling for the activation of ER-to-Golgi trafficking.

The ER s a critical cellular compartment in which protein folding occurs
before proteins are transported to the extracellular surface or to different
intracellular organelles. A number of cellular stress conditions lead to

the accumulation of unfolded or misfolded proteins in the ER lumen.
Eukaryotic cells can clear unfolded proteins to avoid cellular damage.
This system is termed the unfolded protein response (UPR)**. ER stress
transducers have important roles in UPR signal transduction. In mam-
malian cells, the three major transducers of the UPR are PERK (PKR-like
endoplasmic reticulum kinase), IRE1 (inositol-requiring 1) and ATF6
(activating transcription factor 6). These transducers sense unfolded
proteins in the ER lumen and transduce signals to the nucleus.

Recently, several new members of the CREB/ATF family that have a
transmembrane domain, which allows them to associate with the ER,
were identified. They are structurally similar to ATF6, and all possess a
transcription-activation domain and abZIP domain (Fig. 1a). These new
members include OASIS®’, CREBH??, AIbZIP (also known as CREB3l4
or Tisp40; refs 10, 11), Luman'® and BBF2H7 (ref. 1). Previously, we dem-
onstrated that BBF2H?7 is cleaved at the membrane region by regulated
intramembrane proteolysis (RIP) in response to ER stress, and has roles
in protection from ER stress'. Although BBF2H7 is widely expressed in
many tissues and organs, the most intense signals were detected in the
proliferating zone of the cartilage in developing long bones (Fig. 1b).
To assess the role of BBF2H7 in vivo, we generated Bbf2h7-- mice by
homologous recombination (Supplementary Information, Fig. S1).
Although Bbf2h7-- mice were generated at the expected Mendelian
ratios at the embryonic stage (Supplementary Information, Fig. Sle),
they had short limbs, a protruding tongue, a distended belly (Fig. 1c)
and died by suffocation shortly after birth because of an immature chest
cavity. Skeletal preparations showed extremely short limbs, hypoplasia of
craniofacial bones and a reduction in the cartilage extracellular matrix
(ECM) proteins in limbs, vertebrae and ribs (Fig. 1d). Long bones of
Bbf2h7-- mice were shorter than those of wild-type mice, although their
structures were intact.
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Figure 1 Bbf2h7-- mice show severe chondrodysplasia. (a) Peptide
features of mouse BBF2H7, OASIS and ATF6. (b) /n situ hybridization
for Bbf2h7 and Type Il collagen (Col2, a proliferating zone marker) in

the humerus at embryonic day (E) 18.5. The right panels show higher
magnification of the boxed areas in the left panels. Bbf2h7 expression
was almost restricted to the proliferating zone of the cartilage. Scale
bars, 50 um (left), 10 um (right). (¢, d) Gross morphology (c) and skeletal
preparations stained with alcian blue and alizarin red (d), at E18.5.

Hematoxylin-eosin -stained sections of Bbf2h7 " cartilage showed alack
of typical columnar structure in the proliferating zone with a decreased
number of chondrocytes and a decrease in the size of the hypertrophic
zone, although the resting zone was intact (Fig. le, f; Supplementary
Information, Fig. S2a). In the proliferating zone of Bbf2h7”~ mice,
chondrocytes showed disrupted arrangement, had a circular form and
contained many vacuolar structures in the cytosol (Fig. le, f, bottom
panels). However, these cells showed positive signals for proliferating cell
nuclear antigen (PCNA) staining, indicating that chondrocytes in this
zone are actually proliferating (Supplementary Information, Fig. S2b).
Toluidine blue staining showed a drastic reduction of ECM proteins in
the epiphyseal cartilage of Bbf2h7”~ mice compared with that of wild-
type mice (Fig. 1g, h). Thus, Bbf2h7 deficiency causes the disruption of
epiphyseal cartilage, in particular, in the proliferating zone where it is
associated with a significant reduction in ECM proteins.

We next examined the expression patterns of zone-specific markers'*'*
in Bbf2h7-"- mice by in situ hybridization (Fig. 1i). The expression levels

(e-h) Histology of cartilage in tibia at E18.5. Hematoxylin-eosin (HE)
staining of wild-type (e) and Bbf2h7-* mice (f). Bottom panels show
higher magnifications of the boxes in e and f. Toluidine blue staining
of wild-type (g) and Bbf2h7+* (h) mice. Scale bars, 50 um. (i) /n situ
hybridization for zone-specific markers in humerus at E18.5. Scale bar,
50 um. PZ, proliferating zone; HZ, hypertrophic zone; TB, trabecular
bone; RZ, resting zone; WT, wild type; —/-, Bbf2h7-- ; Agn, Aggrecan;
Col10, type X collagen.

of these markers in Bbf2h7~ mice were almost similar to those in wild-
type mice, except for that of type X collagen (Col10), which was signifi-
cantly reduced (Fig. 1i; Supplementary Information, Fig. S2¢), indicating
adecrease in mature hypertrophic chondrocytes. The signals of Ihh and
Pthr1 were diffusely detected in the proliferating zone. Their expres-
sion patterns were different from those of wild-type mice, which were
preferentially observed in the pre-hypertrophic zone. Taken together,
these results indicate that the organization of the hypertrophic zone is
disturbed in Bbf2h7"- mice.

Electron microscopic analysis of wild-type mice showed proliferating
chondrocytes contained well-developed, organized rough ER (Fig. 2a).
In Bbf2h7" mice, the rough ER was abnormally expanded and included
material in the lumen. Moreover, the collagen fibril network surrounding
the chondrocytes was irregular and the amount of collagen was consid-
erably reduced (Fig. 2a, bottom panels). We carried out immunohisto-
chemistry using the proliferating zone of the humerus in Bbf2h7”- mice.
In wild-type mice, immunoreactivities of the ECM proteins Col2 (ref. 15)
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Figure 2 Col2 and cartilage oligomeric matrix protein (COMP) are
accumulated in the ER lumen in Bbf2h7-deficient mice. (a) Electron
microscopy images of proliferating chondrocytes (top) and cartilage matrix
of the proliferating zone (bottom) of humerus at E18.5. Arrows show rough
ER. In Bbf2h77 mice, the rough ER was abnormally expanded and included

and COMP'® were mainly observed in the extracellular space of chondro-
cytes (Fig. 2b, h). In contrast, in Bbf2h7”- mice, these immunoreactivities
were scarcely detected in the extracellular space, but were accumulated
in the intracellular space, appearing as differently sized aggregates
(Fig. 2e, k). Double staining with KDEL, an ER marker, showed that the
aggregates of Col2 and COMP were accumulated in the ER (Fig. 2g, m),
indicating that secretion of ECM proteins from chondrocytes in the

NATURE CELL BIOLOGY VOLUME 11 | NUMBER 10 | OCTOBER 2009
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material in the lumen. Scale bars, 1 um. (b-m) Immunohistochemistry
analysis of Col2 and COMP in the proliferating zone in humerus at E18.5.
KDEL is an ER marker. Note that Col2 and COMP are accumulated within
cells, and are scarcely detected in the extracellular space, in Bbf2h7- mice.
Scale bars, 10 um. WT, wild type; —/~, Bbf2h7-".

proliferating zone is prevented in Bbf2h7”- mice, and that this defect in
protein secretion could lead to the disruption of the ECM network in
cartilage, and of cartilage zone formation. Morphological changes in other
tissues, including pancreatic beta cells, could not be detected in Bbf2h7-
mice at the embryonic stage (Supplementary Information, Fig. S3).

We further investigated the effects of Bbf2h7 deficiency on the forma-
tion of epiphyseal cartilage using micromass culture of mesenchymal cells
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Figure 3 Expression of chondrocyte differentiation markers and ER stress-
related genes in cultured cells. (a—f) Mesenchymal cells were maintained

as micromass cultures for the number of days indicated. (a) Cells were
stained with alcian blue (for cartilage matrix proteins) and alizarin red (for
mineralization). Bbf2h7- cells showed significantly lower extracellular
matrix (ECM) protein secretion and mineralization than wild-type cells. Scale
bar, 1 mm. (b) Quantification of absorbance from cells stained with alcian
blue (left) and alizarin red (right). Data are mean +s.d., n=5, *P< 0.001
(Student’s t-test). (c) RT-PCR analysis of chondrocyte differentiation markers
in micromass cultures. In Bbf2h7+ cells, the expression of these markers
was continued until the late phase of the culture. The samples of Sox9 were
run as part of the same experiment on the same gel. (d) Quantitative analysis

prepared at embryonic day (E) 11.5. Alcian blue and alizarin red stainings
in Bbf2h7- cells were much weaker than those in wild-type cells, at each
time point (Fig. 3a, b). Expression of Bbf2h7 mRNA showed an induc-
tion peak that was maintained from day 4 to 7 of the culture (Fig. 3c, d).

- " ,

BaroH7 ¥ I

B-actin } e -.-—.-{

62

of Bbf2h7, Col2 and Comp mRNA expression. (e) RT-PCR analysis of ER
stress-related genes in micromass culture. Mild ER stress was transiently
induced in chondrocytes during their differentiation. In Bbf2h7- cells, ER
stress was increased compared with that in wild-type cells, and the induction
was prolonged until day 13 of the culture. (f) Quantitative analysis of Bip,
Pdiand Grp94 mRNA expression. (g-i) Expression of ER stress-related genes
in primary cultured chondrocytes infected with an adenovirus expressing
Sox9 or an empty vector (Mock), as determined by RT-PCR (g) and western
blotting (i) . Note that Bbf2h7, Bip, Pdi and Grp94 were slightly upregulated
and the active, amino-terminal form of BBF2H7 (p60 BBF2H7) was
generated by Sox9. (h) Quantitative analysis of Bbf2h7, Bip, Pdiand Grp94
mRNA expression. WT, wild type; -/-, Bbf2h7--; Mock, empty vector.

In Bbf2h7"" cells, expression of Col2, Comp, Agn, Sox9, Runx2, Ihh and
Pthrl continued until a late phase of the culture, although expression
levels were almost equal to those in wild-type cells (Fig. 3c, d), indi-
cating that chondrocyte differentiation is delayed and that this involves
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Figure 4 Sec23a is a target of BBF2H7. (a) RT-PCR analysis using primary
cultured chondrocytes. Introduction of p60 BBF2H7 into Bbf2h7-
chondrocytes rescued Sec23a expression. Note that OASIS, which is a
transcription factor and has a similar structure to BBF2H7, could not rescue
Sec23a expression. (b) Western blotting analysis of Sec23a in mesenchymal
cells maintained as a micromass culture. Note that expression of Sec23a
proteins at the indicated time points was synchronized with that of BBF2H7.
(c) Quantitative analysis of Sec23a, full-length BBF2H7 and p60 BBF2H7
protein expression. (d) Western blotting analysis using lysates extracted
from wild-type (left) and Bbf2h 7+ (right) primary cultured chondrocytes
exposed to thapsigargin (1 uM; an ER stressor). (e) The mouse Sec23a
promoter region and reporter plasmids. (f) Reporter assays using full-length
1.0-kb and 0.6-kb Sec23a promoters. ATDC5 cells were transfected with

reduced secretion of cartilage ECM proteins in Bbf2h7” cells. The results
were consistent with in vivo findings from the epiphyseal cartilage in
Bbf2h7-~ mice. Chondrocyte differentiation requires the attachment of
chondrocytes to Col2, in developing bone'”'*. Thus, pertubation of nor-
mal chondrocyte differentiation and cartilage zone formation could be
caused by decreased secretion of ECM proteins in Bbf2h7-- mice.

All the ER stress-related genes that we examined were slightly
upregulated at days 4 and 7 in micromass culture of wild-type cells
(Fig. 3e, f), and chaperone molecules, BiP, PDI and GRP9%4, were
also upregulated (data not shown), indicating that mild ER stress is
transiently induced in chondrocytes during their normal differen-
tiation. The expression of ER stress-regulated genes and chaperone
molecules in Bbf2h7-~ cells was increased compared with that in

the indicated constructs and the reporter plasmid pGL3-Sec23a promoter
(1.0-kb or 0.6-kb) attached to a luciferase gene. The relative luciferase
activities in the cells were determined. Data are mean +s.d., n=5,

*P < 0.001(Student’s t-test). (g) Reporter assays of ACRE and mutCRE using
ATDC5 cells (mean + s.d., n= 3, *P < 0.001(student’s t-test). (h) Gel shift
assay shows that the binding of p60 BBF2H7 and the CRE-like sequence
was abolished by a competitor (lane 3), and a supershift by an anti-BBF2H7
antibody (lane 5) was detected. (i) Chromatin immunoprecipitation assay
using primary cultured chondrocytes treated with thapsigargin (1 uM). Top
panel, schematic representation of the mouse Sec23a promoter and the
primer sites. Bottom panel, immunoprecipitation of chromatin with the
indicated antibodies. Tg, thapsigargin; Luc, luciferase gene; mt, mutant; IP,
immunoprecipitate; WT, wild type; —/-, Bbf2h7-; Mock, empty vector.

wild-type cells, and the induction was prolonged until day 13. In the
rib cartilage, expression of the ER stress-related genes was also higher
in Bbf2h7"- than in wild-type mice (Supplementary Information,
Fig. S4). Thus, Bbf2h7 deficiency causes severe ER stress in chondro-
cytes, which could be induced by the accumulation of ECM proteins
in the ER lumen.

Sox9, which is essential for chondrocyte differentiation'*", was
highly expressed at days 4 and 7 in the micromass culture (Fig. 3c).
Sox9 expression at these time points could facilitate synthesis of various
proteins for chondrocyte differentiation and could induce ER stress in
chondrocytes. Reverse transcription (RT)-PCR showed that Bbf2h7,
Bip, Pdi and Grp94 were slightly, but significantly, upregulated by Sox9
(Fig. 3g, h). An active form of BBF2H7, p60 BBF2H7, was obtained
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Figure 5 The introduction of Sec23a in Bbf2h7+ cells improves secretion of
ECM proteins. (a) Mesenchymal cells prepared from wild-type and Bbf2h7-
mice were maintained as micromass cultures for four days, and stained with
alcian blue. Infection of Bbf2h7- cells with an adenovirus expressing p60
BBF2H7 or Sec23a improved the secretion of ECM proteins. Scale bar,

1 mm. (b) Quantification of absorbance from cells stained by alcian blue.
The introduction of OASIS could not rescue the secretion of ECM proteins in
Bbf2h7* cells. Data are mean + s.d. n= 5, except for Bbf2h7-* p50 OASIS
n=3, *P<0.001 Student’s t-test. (c) Western blotting of Col2 and COMP
using lysates extracted from primary cultured chondrocytes in wild-type and
Bbf2h7- mice. Note that the lack of intracellular accumulation of Col2 and
COMP, which are secreted into the media by introduction of p60 BBF2H7 or

in response to Sox9 expression by western blotting analysis (Fig. 3i).
Therefore, Sox9 could induce mild ER stress and activate BBF2H7 dur-
ing chondrocyte differentiation.

© 2009 Macmillan Publisi\?
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Sec23a into the chondrocytes. (d-r) Double-immunofluorescence of Sec31a
and calnexin (an ER marker) in primary cultured chondrocytes of wild-type
and Bbf2h7- mice. Arrowheads show punctates of Sec31a recruited to
the ER exit site. Scale bars, 20 um. (s) Electron microscopic images of
primary cultured chondrocytes from wild-type and Bbf2h7+ mice. Arrows
show rough ER. Note disordered parallel stacks of flattened cisternae in
Bbf2h7+ chondrocytes infected with Sec23a. Scale bars, 0.5 um. (t)
Two-dimensional analysis of rough ER area using electron micrographs.
The introduction of OASIS could not improve the size of the rough ER in
Bbf2h7" chondrocytes. Mean + s.d., n = 20, except for Bbf2h7* OASIS
n=>5; **P<0.05, ***P<0.01 (Student's t-test). WT, wild type; -/,
Bbf2h7+; Mock, empty vector.

We compared gene expressions in primary cultured chondrocytes
prepared from the rib cartilage of wild-type and Bbf2h7"~ mice at E18.5
using a microarray. Various genes associated with the protein secretory
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pathway and ER biogenesis were significantly downregulated in Bbf2h7-
/- chondrocytes (Supplementary Information, Fig. S5a). Among these
genes, which are directly or indirectly controlled by BBF2H?7, Sec23a
was the most downregulated. RT-PCR showed that Sec23a was 80%
downregulated, but the expression of the other genes encoding com-
ponents of the COPII vesicle was not changed (Fig. 4a). Western blot-
ting (Supplementary Information, Fig. S5b) and immunofluorescence
(Supplementary Information, Fig. S5c) also showed that Sec23a is signifi-
cantly decreased in Bbf2h 77~ chondrocytes. We infected primary cultured
chondrocytes prepared from Bbf2h7-- mice with an adenovirus express-
ing p60 BBF2H?7. Sec23a was significantly upregulated by overexpression
of p60 BBF2H?7, but expression of the other genes, including compo-
nents of the COPII vesicle, were not affected (Fig. 4a; Supplementary
Information, Fig. S5d). An active form of OASIS (p50 OASIS), which is
structurally very similar to BBF2H7 and is expressed in osteoblasts and
astrocytes®, could not induce Sec23a expression, indicating that Sec23a
induction by BBF2H7 is specific.

In a micromass culture at day 1, Sec23a expression was relatively
low (Fig. 4b, c). This signal markedly increased from day 2 to 6, before
decreasing. The expression pattern of Sec23a was very similar to that
of BBF2H7 (Fig. 4b, c). As BBF2H7 is activated in response to ER
stress', if Sec23a is a direct target of BBF2H7, Sec23a should be induced
in chondrocytes undergoing ER stress. Indeed, in primary cultured
chondrocytes of wild-type mice, Sec23a was markedly induced dur-
ing ER stress, which was synchronized with the activation of BBF2H7
(Fig. 4d). In contrast, the induction of Sec23a was significantly attenu-
ated in Bbf2h77- chondrocytes. These findings strongly indicate that
Sec23a is a direct target of BBF2H7.

To identify the cis-acting element in the Sec23a promoter region
that is responsive to BBF2H7, we searched within 2-kb upstream of the
Sec23a transcription start site, using the TFSEARCH (http://mbs.cbrc.
jp/research/db/TFSEARCH.html). We found a CRE (cAMP-respon-
sive element)-like sequence (5-TAACGTAA-3’, -805 to -798 base
pairs) that is conserved among human, mouse and rat. We previously
reported that BBF2H7 can bind to CRE (5"-TGACGTTT-3") and pro-
mote transcription’. We performed reporter assays using a reporter
gene carrying a 1-kb and a 0.6-kb promoter region of Sec23a (Fig. 4e).
In cells transfected with a 1-kb reporter construct, reporter activity
was significantly induced by introduction of an expression vector for
full-length BBF2H7 or p60 BBF2H7 (Fig. 4f). However, reporter activ-
ity was rarely induced by BBF2H7 in cells transfected with a 0.6-kb
reporter construct. Moreover, reporter activity in cells transfected
with 1.0-kb Sec23a promoter region lacking, or containing a mutated,
CRE-like sequence (ACRE and mutCRE, respectively) was dramati-
cally reduced (Fig. 4g).

To confirm that BBF2H7 directly binds to the CRE-like sequence, we
performed electrophoretic mobility shift assays (EMSAs). p60 BBF2H7
bound to the CRE-like sequence (Fig. 4h). This binding was abolished by
incubation with a 100-fold excess of unlabelled competitors, but not by
mutated competitors. The addition of an anti-BBF2H7 antibody caused a
supershift (Fig. 4h). Furthermore, we carried out a chromatin immuno-
precipitation (ChIP) assay (Fig. 4i). A high level of BBF2H7 binding to
the endogenous Sec23a promoter was detected in chondrocytes exposed
to ER stress. We conclude that BBF2H?7 directly binds to the CRE-like
sequence within the Sec23a promoter region and facilitates its transcrip-
tion, in chondrocytes.

LETTERS

Sec23a has crucial roles in COPII vesicle formation and anterograde
transport of cargo proteins from the ER to the Golgi’. Therefore, abnor-
mal cartilage formation involving disturbed secretion of ECM proteins
and aggregation of Col2 and COMP in the ER lumen in Bbf2h7-- mice
could be associated with decreased Sec23a expression, in chondrocytes. In
micromass-cultured Bbf2h7~~ cells infected with an adenovirus expressing
p60 BBF2H?7 or Sec23a, secretion of ECM proteins significantly increased
and alcian blue ECM-positive contents recovered to the level of those in
wild-type cells (Fig. 5a, b). In primary cultured Bbf2h7-- chondrocytes
infected with p60 BBF2H7 or Sec23a, the intracellular accumulation
of Col2 and COMP completely ceased, and these ECM proteins were
secreted into the media as with wild-type chondrocytes (Fig. 5¢).

Sec23a recruits other components of the COPII vesicle, including Sec31,
and completes the complex before transporting secretory proteins from
the ER to the Golgi**. A mutation of Sec23a causes cranio-lenticulo-sutural
dysplasia (CLSD), which is characterized by a malformed craniofacial
structure involving chondrodysplasia, and cataracts®. The mutation
reduces the affinity of the Sec13-Sec31 complex®. Hence, we examined
the localization of Sec31 in primary cultured chondrocytes of Bbf2h7-/-
mice. Sec31a showed a punctate localization surrounding the ER, which
is assumed to recruit to the exit site of the ER membrane in wild-type
chondrocytes (Fig. 5d, f). In Bbf2h7-- chondrocytes, Sec31a was diffusely
localized in the cytosol and the punctate localization surrounding the ER
was not observed (Fig. 5g, i). This mislocalization of Sec31a was rescued
by the overexpression of p60 BBF2H7 (Fig. 5m, o) or Sec23a (Fig. 5p, r).

Inaddition to the disturbance of ECM protein secretion, drastic expan-
sion of the rough ER was observed in Bbf2h77- chondrocytes (Fig. 2a). We
examined ultrastructural changes of rough ER in Bbf2h7-- chondrocytes
infected with p60 BBF2H?7 or Sec23a (Fig. 5s). The two-dimensional size
of the rough ER in Bbf2h7-- chondrocytes infected with p60 BBF2H7 or
Sec23a was obtained (Fig. 5s,t). However, Bbf2h7-- chondrocytes infected
with Sec23a showed disordered parallel stacks of flattened cisternae that
were not completely rescued, this was in contrast to the effect of p60
BBF2H7 introduction. As shown in the microarray data, many other
genes, including ER biogenesis-related genes, are also under BBF2H7
control. Therefore, those genes could also be necessary for the complete
rescue of Bbf2h7- chondrocytes. Taken together, these results indicate
that perturbance of ER to Golgi trafficking and reduced secretion of
ECM proteins are directly due to Bbf2h7 deficiency and that a BBF2H7-
mediated Sec23a pathway is essential for the ER stress-coupled vesicle
transport system in chondrocytes.

Sec23b, which is paralogous to Sec23a, functions commutatively with
Sec23a to prevent disruption of the secretory pathway. The localization
of Sec23b in tissue is different from that of Sec23a*'. The expression level
of Sec23b in chondrocytes is very low; it is much higher in fibroblasts
(Supplementary Information, Fig. S6a). In Bbf2h7-- fibroblasts, the ER
showed only a slight expansion of its lumen (Supplementary Information,
Fig. S6b). Therefore, Sec23b is presumed to be sufficient to compensate
for the downregulation of Sec23a in Bbf2h7-- fibroblasts. The severe
pathology in the cartilage of Bbf2h7-- mice could be explained by insuf-
ficient availability of Sec23b to provide normal Sec23 function.

ER stress markers are mildly upregulated during chondrocyte dif-
ferentiation in micromass cultures and primary cultures of chondro-
cytes. Moreover, BBF2H?7 is highly cleaved at its membrane region
in response to stimulation of differentiation by Sox9, indicating that
ER stress is induced during normal chondrocyte differentiation.
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