only in protection from a state of emergency in cells exposed to ER stress,
but also in physiological processes such as normal bone formation.

Our studies also provide an insight into the regulation of the Collal
promoter. We showed that OASIS activates the 2.3-kb Collal promoter
through the UPRE-like sequence. Previously, the 2.3-kb promoter of
Collal was demonstrated to have two regulatory regions for its expres-
sion in osteoblasts?. One of these regions is important for its specific
expression in osteoblasts, the other is important for its high expression.
The molecules that act on these regulatory regions have not yet been
identified. Interestingly, as the UPRE-like sequence that OASIS acts on
is included in the latter region, it could be this putative cis-element that
is responsible for the high expression of Collal. It is possible that OASIS
activity is synchronized with that of putative transcription factor(s) that
act on the Collal promoter region important for specific expression, and
so regulates the osteoblast-specific expression of Collal.

OASIS - osteoblasts contained a large number of abnormally enlarged
rough ER. Bone matrix proteins, including procollagen and Ocn, were
abundantly accumulated in the lumen. It remains unclear why osteoblasts
in OASIS™- mice reveal abnormal expansion of rough ER. BBF2H7, an ER
stress transducer, is structurally very similar to OASIS. BBF2H7 promotes
the transcription of Sec23a, which encodes a component of coat protein
complex II vesicle and has a role in the transport of secretory proteins
from the ER to the Golgi'®. Proliferating BBF2H7-"~ chondrocytes showed
expansion of the ER similar to that of OASIS™ osteoblasts. They also
contained cartilage matrix proteins such as Col2 and cartilage oligomeric
matrix protein in the ER. However, OASIS does not activate transcription
of Sec23a (Supplementary Information, Fig. 5b), and Sec23a could not
rescue the OASIS™- phenotype in vitro (Fig. 3b, 5f). Therefore, it is pos-
sible that target genes of OASIS other than Collal could have roles in the
ER-to-Golgi transport of bone matrix proteins. Unknown target genes of
OASIS need to be identified to clarify the precise mechanisms responsible
for the abnormal expansion of rough ER seen in OASIS™- osteoblasts.

CREBH, BBF2H7 and AIbZIP/Tisp40 have similar structures to that
of OASIS, and their expression levels show tissue- or cell type-specific
patterns®%, These proteins may function as tissue-specific ER stress
transducers that convert ER stress to the transcription of target genes for
development, differentiation, maturation or other important cell type-spe-
cific events in various tissues. Further studies are needed to evaluate the
detailed signalling pathways of the new ER-resident transcription factors
to better understand the diversity of the ER stress response in animals. [

METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/naturecellbiology/.

Note: Supplementary Information is available on the Nature Cell Biology website.
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METHODS

Generation of OASIS™ mice. A targeting vector containing a neomycin resist-
ant gene (shown in Supplementary Information, Fig. 1a) was used to generate
OASIS+. The OASIS targeting vector was electroporated into embryonic stem
(ES) cells derived from 129/Sv (D3). Homologous recombination was identi-
fied by genomic PCR and Southern blot analysis. The primers used for genomic
PCR were: 5- CCCTCTCCAAGCCTCACTGAGG -3’ (common forward),
5’- TACCCTGCTGTAAGGGGCTTGTGG -3’ (wild-type reverse) and 5'-
TCCATCTTGTTCAATGGCCGATCC -3’ (targeting reverse). Germline transmis-
sion of the mutant allele was achieved using C57BL/6 mice. In all studies comparing
wild-type and OASIS* mice, sex-matched littermates derived from mating OASIS+
animals were used. All experiments were performed with the consent of the Animal
Care and Use Committees of Miyazaki University and Osaka University.

Cell culture materials, transfection and infection. MC3T3-E1 osteoblast-
like cells and RD-C6 cells derived from the clavaria of Runx2-deficient mice
were grown in alpha modified Eagle’s medium (Gibco BRL) supplemented with
10% fetal calf serum. Cells were transfected with each expression plasmid using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s recommenda-
tions. Primary cultures of osteoblasts were prepared from the calvaria of postnatal
day (P) 3-4 wild-type and OASIS”-mice. The calvaria were digested with 0.1%
collagenase (Wako Pure Chemical Industries) and 0.2% dispase (Gibco). Primary
osteoblasts were grown in alpha modified Eagle’s medium supplemented with
10% fetal calf serum at a density of 1.5 x 10° cells per well in 12-well plates. The
medium was changed every 3 days and on the day of assays, to create identical
conditions in each dish. To quantify the total number of progenitors: total colony
forming units-fibroblasts (CFU-F; methylene blue-positive colonies), colony
forming units-alkaline phosphatase (CFU-ALP; ALP-positive colonies), and col-
ony forming units-osteoblasts (CFU-O; von Kossa-positive colonies) of primary
cultures of bone marrow stromal cells (MSCs) were collected from long bones
of 1.5-month-old mice. MSCs were plated in alpha modified Eagle’s medium
supplemented with 10% fetal calf serum at a density of 1 x 10° nucleated cells per
well in 6-well plates. On the first media exchange, basal media was additionally
supplemented with ascorbic acid (50 ug ml™') and B-glycerophosphate (10 mM)
and cells were cultured for 18-21 days. For Van Gieson staining of hydroxyapatite,
primary osteoblasts were grown on Cellyard hydroxyapatite scaffolds (Pentax) at
a density of 1.5 x 10° cells per well in 24-well plates. We used thapsigargin (1 uM),
brefeldin A (1 pg ml™), and tunicamycin (3 pug ml™; Sigma-Aldrich) as ER stres-
sors for the indicated times, and recombinant human BMP2 (100 ng ml™; Sigma)
for osteoblast maturation. For mineralization analysis, primary osteoblasts were
stimulated by ascorbic acid (50 ug ml™), B-glycerophosphate (2 mM), and BMP2
(100 ng ml™) for a week. Von Kossa staining was performed using von Kossa
kit (Cosmo Bio LSL) according to the manufacturer’s protocol. Alkaline phos-
phatase (ALP), van Gieson and alizarin red S staining were performed according
to standard protocols. To quantify matrix mineralization, alizarin red S-stained
cultures were incubated with cetylpyridinium chloride (100 mM). The absorbance
of released alizarin red S was measured at 570 nm. ALP activities were measured
using Labassay ALP kit (Wako). The intensities of van Gieson staining were meas-
ured using Scion Image software (Scion). For osteoclast differentiation in vitro,
spleen cells were isolated from C57BL/6 mice (Nihon SLC Co.) and incubated
with M-CSF (30 ng ml™') and sSRANKL (100 ng ml™) for 6 days. For generation
of adenovirus, the recombinant adenoviruses carrying mouse OASIS, Runx2,
dominant-negative Runx2, BBF2H7 or sec23a were constructed by homologous
recombination between the expression cosmid cassette and the parental virus
genome in HEK293 cells, as described previously’®?.

RT-PCR and in situ hybridization. Total RNA was isolated from cells or bone
tissue using a RNeasy Mini kit (Qiagen) according to the manufacturer’s proto-
col. First-strand cDNA was synthesized in a 40 pl reaction volume using a ran-
dom primer (Takara) and Moloney murine leukaemia virus reverse transcriptase
(Invitrogen). PCR was performed in a total volume of 30 ul containing 0.8 uM
of each primer, 0.2 mM dNTPs, 3 U Tag DNA polymerase and 10xPCR buffer
(Promega) using each specific primer set (supplement table). The PCR products
were resolved by electrophoresis through a 4.8% acrylamide gel. The density of
each band was quantified using Scion Image software (Scion). For in situ hybridiza-
tion, skeletons of tibiae at P4 were fixed in 4% paraformaldehyde (PFA) and then
decalcified with Morse’s solution overnight at 4 °C. In situ hybridization was carried
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out on 10-pm frozen sections. Sections were digested with proteinase K, fixed in
4% paraformaldehyde for 10 min followed by acetylation, and then hybridized in
hybridization buffer with probes overnight at 60 °C. The OASIS probe has been
described previously®. Digoxigenin-labelled antisense and sense probes were syn-
thesized from linearized plasmids with DIG RNA labeling mix (Roche).

Western blotting, extraction and ELISA. For western blotting analysis, proteins
were extracted from cells or calvaria using cell extraction buffer containing 0.05 M
Tris-HCl at pH 8.0, 0.15 M NaCl, 5.0 mM EDTA, 1% NP-40 and a protease inhibi-
tor cocktail (MBL) at 4 °C. After centrifugation, soluble protein in the extract was
quantified. Samples were loaded onto 8% sodium dodecyl sulfate~polyacrylamide
gels. Protein-equivalent samples were subjected to western blotting. A mouse
monoclonal antibody secreting hybridoma line was established by fusing splenic
cells immunized with mouse recombinant OASIS (17-253 amino acids) and the
SP2/0-Agl4 mouse myeloma cell line. A mouse monoclonal antibody against
OASIS (1:1,000) was then purified from hybridoma culture supernatant using a
MAbTrap kit (GE Healthcare). Anti-p actin (Sigma; 1:5,000) and anti-OPN (Santa
Cruz Biotechnology, Inc.; 1:200) antibodies were used. The extraction procedure
for collagen was performed as described previously®. The density of each band
was quantified using Scion Image software. For measurement of OPG levels in
supernatants of primary cultured osteoblasts, we used mouse OPG ELISA kit
(R&D Systems).

Histomorphometric analysis, radiographs, uCT analysis and measurement of
bone mineral density. Histomorphometric analysis, radiographs, uCT analysis
and measurement of bone mineral density were performed using 12-week-old
wild-type and OASIS™ male mice. Calcein double labelling of tibiae in wild-
type and OASIS” mice was performed with calcein injections (16 mg kg™ body
weight) at 6-day intervals. Left tibiae were fixed in 70% ethanol, and the un-
decalcified bones embedded in glycolmethacrylate. Sections 3-pm thick were cut
longitudinally in the proximal region of the tibia and stained with toluidine blue.
Histomorphometry was performed with a semiautomatic image analysing sys-
tem (Measure6; Systemsupply) linked to a light microscope. Histomorphometric
measurements were made at x400 using a minimum of 27-37 optical fields in
the secondary spongiosa area from the growth plate-metaphyseal junction.
Trabecular BV/TV (bone volume/tissue volume), Tb.Th (trabecular thickness),
and Th.N (trabecular number) were calculated. Nomenclature, symbols, and units
used are those recommended by the Nomenclature Committee of the American
Society for Bone and Mineral Research. Radiographs were obtained using a soft
X-ray apparatus (TRS-1005, Sofron). uCT analyses were performed by using a
micro-CT system (Scan Xmate-A090S). Bone mineral densities were measured
using DCS-600EX (Aloka).

Histological staining, immunostaining and electron microscopy. For histologi-
cal analysis, skeletons were fixed in 4% paraformaldehyde and then decalcified
with 10% EDTA. Hematoxylin-eosin and van Gieson staining were performed
using 6-pm paraffin sections, according to standard protocols. Immunostaining
procedures were performed as described previously’. An anti-osteocalcin anti-
body (1:100) was obtained from Santa Cruz Biotechnology, Inc. Rabbit antibodies
against the C-propeptide of the type I collagen chain (LF41; 1:200; ref. 31) were
provided by L. W. Fisher (National Institutes of Health, Bethesda, MD, USA). An
anti-OASIS antibody was used at a 1:100 dilution. For electron microscopy, bone
tissue was fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (Agar
Scientific Ltd) for 48 h at 4 °C, decalcified in a 10% ethylenediaminetetraacetic
acid-Na2 (EDTA-Na2) at pH 7.4 for about 4 weeks at 4 °C, post-fixed in 2%
osmium tetroxide in 0.1 M cacodylate buffer, dehydrated, infiltrated and embed-
ded in EPONS812. Ultra-thin sections were stained with uranyl acetate and lead cit-
rate and examined using a Hitachi 7100 electron microscope operated at 80kV.

Reporter plasmids and luciferase assay. Mouse Collal promoter 2.3 kb (-2323
to + 97 bp) were inserted into a pGL3-basic vector (Promega; pGL3-Collal
promoter, 2.3 bp). All plasmids for Collal promoter mutants were generated
by a PCR-based approach using the pGL3-Collal promoter (2.3 kb) as a tem-
plate. We used the Match program in the gene regulation database (http://www.
gene-regulation.com/pub/programs.html) to find the UPRE (unfolded protein
response element, TGACGTGG) like sequence (-1591 to -1584 bp in Collal
promoter region). MC3T3-E1 cells plated onto 24-well plates were transfected
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with a reporter plasmid (0.2 ug) carrying the firefly luciferase gene and the ref-
erence plasmid pRL-SV40 (0.02 pg) carrying the Renilla luciferase gene under
the control of the SV40 enhancer and promoter (Promega) with 0.2 pg of each
plasmid expressing effector proteins>*2 After 30 h, cells were lysed in Passive
Lysis Buffer (200 ul; Promega). Firefly luciferase and Renilla luciferase activities
were measured in cell lysates (10 pl) using the Dual-Luciferase Reporter Assay
System (Promega) and a luminometer (Berthold Technologies). Relative activity
was defined as the ratio of firefly luciferase activity to that of Renilla luciferase.
Values are the means from six independent experiments.

Electrophoretic mobility shift and Chromatin immunoprecipitation
assays. Electrophoretic mobility shift assay was performed as described pre-
viously®. The sequences of the oligonucleotides used in the binding were:
5’-AGCTGCCCACGGCCAGCGACGTGGCTCCCTCCCCTTCTGT-3’
(UPRE-wt) and 5-AGCTGCCCACGGCCAGCGAaGgGGCTCCCTCCCCT-
TCTGT-3' (UPRE-mt) (lower-case letters indicate mutations). For supershift
experiments, samples were treated with an anti-Flag antibody at 4 °C for 1 hbefore
incubation with a radiolabelled probe. Chromatin immunoprecipitation (ChIP)
assay was performed as described previously®. The primers used for the endogenous

METHODS

mouse Collal promoter were: 5’-CATTGCTGTCTCCAGCTCTGCTTC-3’ (for-
ward) and 5-TCCAAACCATCCAAGATTCCATTG-3’ (reverse), yielding a 245-
bp product. PCR products were electrophoresed in a 4.8% polyacrylamide gel.

Microarray analysis. Experimental sample RNAs were isolated using RNeasy
(Qiagen) and analysed using Mouse 385K Array (MM8 60mer expr) and Mouse
Genome 430 2.0 Array (Affymetrix) by NimbleGen Systems, Inc. and Miyazaki
Prefectural Industrial Support Foundation, respectively.

Accession number of microarray data. The complete microarray data are available
in Gene Expression Omnibus (GEQ; accession number, GSE18062).
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Figure S1 Generation and phenotype of OAS/S-/- mice. (a) Structure of the
genomic OASIS locus, targeting vector, and targeted allele after homologous
recombination (two sets of primers were used to distinguish mutant from WT
loci; probes were used for genomic Southern blotting). (b) Southern blot analysis
of tails digested with the indicated enzyme and PCR genotyping. Each band is
detected in the expected manner. (c) Western blotting of OASIS using lysates
from primary cultured osteoblasts. OASIS is expressed as full-length (OA-full)
and cleaved fragments (OA-N) in primary osteoblasts, but is not detected in
primary osteoblasts from OAS/S-/- mice. (d) Representative body weight plotted
against age in OASIS+/+ (WT) and -/- littermates. OAS/S-/- mice were born at the
expected Mendelian ratios, viable, and had no histological evidence of internal
organ dysfunction including the brain; however, both male and female OAS/S-/-
mice exhibit growth retardation. OAS/S+/- mice displayed no obvious anatomical
or histological abnormalities compared with WT. (e) Osteoid measurements
reveal osteoid surface (0S/BS), osteoid volume (OV/BY), and osteoid thickness_l

(0.Th) were significantly decreased in OAS/S-/- (mean + SD, N = 5, **p<0.01,
*p<0.05; ttest). (f) Reductions in the mineral apposition rate (MAR) and
mineralizing surface (MS/BS) with the decrease of the osteoblast surface (Ob.S/
BS) in OAS/S-/- versus WT {mean £ SD, N =5, **p < 0.01, *p<0.05; t-test).
(g) Total colony forming units-fibroblasts (CFU-F), colony forming units-alkaline
phosphatase (CFU-ALP), and colony forming units-osteoblasts (CFU-O) in

bone marrow stromal cell cultures of WT and OAS/S-/- mice (mean = SD,

N=4, *p<0.05; t-test). (h) Histomorphometric analysis reveals that a similarly
eroded surface (ES/BS) and osteoclast surface (0c.S/BS) are not significantly
changed in OAS/S-/- mice compared with WT (mean + SD, N = 5). (i) OPG
and RANKL levels in primary osteoblasts. Left; measurements of OPG in
supernatants of WT and OAS/S-/- osteoblast cultures. OPG are not significantly
changed in OAS/S-/- osteoblasts compared with WT (mean + SD, N = 4). Right;
RT-PCR analysis of OPG and RANKL mRNAs. There are no differences in the
egipressions of OPG and RANKL between WT and OAS/S-/- osteoblasts.
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Figure S$2 Electron microscopic analysis in tibiae of 4-month-old WT and ~ Bar = 3 um), osteoclasts (scale Bar = 6 um), and chondrocytes (scale
0ASIS-/- mice. No structural changes are observed in osteocytes (scale Bar = 6 um) in OAS/S-/- mice.
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Figure S3 Comparison of gene expressions in bone tissues between up-regulated in calvaria of OASIS-/- mice. (b) /n situ hybridization
WT and OAS/S-/- mice at postnatal 4 days (P4). (a) RT-PCR analysis of analysis of Ocn and Opn using P4 WT and OASIS-/- tibiae (scale Bar =
P4 calvaria from WT and OAS/S-/- mice. Collal and Coll1a2 mRNAs 200 pm). (c) RT-PCR analysis of various genes in cultured osteoblasts
are down-regulated, and Osteocalcin (Ocn), Osteopontin (Opn), Bone from WT and OAS/S-/- mice. Right panel, quantitative analysis of RT-PCR
sialoprotein (Bsp), and Alkaline phosphatase (Alp) mRNAs are (mean = SD, N = 3, **p<0.01; t-test).
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Figure S4 ER stress response in OAS/S-/- osteoblasts. (a) RT-PCR analysis
of P4 calvaria in WT and OAS/S-/- mice. The indicated UPR-related genes
in OASIS-/- calvaria are not changed compared with those of WT. A right
panel shows the quantitative analysis of RT-PCR (mean = SD, N = 3).

(b) In situ hybridization analysis of BiPand CHOP in WT and OAS/S-/-
tibiae at P4. There are no differences in the expressions of BiP and CHOP
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between WT and OAS/S-/- tibia (scale Bar = 200 um). (¢) RT-PCR analysis of
UPR-related genes in primary cultured osteoblasts in WT and OAS/S-/- mice.
Osteoblasts were exposed to 3 pg mi'! tunicamycin (Tm) for the indicated
time, and mRNA was then extracted to examine the inductive level of each
gene. The induction of each gene is almost the same in WT and OAS/S-/-
osteoblasts.
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Figure S5 Alterations of genes in MC3T3-E1 cells infected with adenovirus
expressing OAS/S and immunostaining of OASIS in primary osteoblasts.

(a) Western blotting of lysates from MC3T3-E1 cells infected with each
adenovirus using anti-OASIS antibody. OA-C1 and C2 are the adenovirus
indicated as expressing OAS/S clonel and clone2, respectively. The expression
levels of OASIS in infected cells are shown. (b) RT-PCR analysis of bone
formation-related genes and ER stress-related genes in MC3T3-E1 cells
infected with adenovirus expressing OAS/S. The expression levels of these

BFA BMP2 -I-

genes were not affected. (c) Indirect immunofluorescence with anti-OASIS
antibodies showing the subcellular localization of OASIS. Hoechst staining
showing the nucleus. Cells were treated with 1 uM thapsigargin (TG) or 1 ug
mi'! brefeldin A (BFA) for 4 h. For BMP2 treatments, cells were cultured with
100 ng mi'l BMP2 for 5 days. Note that the immunoreactivities of OASIS are
detected in the perinuclear area and also weak signals in nucleus under normal
conditions. By contrast, OASIS signals accumulate in the nucleus after ER
stress or treatments with BMP2 (scale Bar = 10 um). -/-; OAS/S-/- osteoblasts.
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Figure S6 Putative mechanisms responsible for bone formation by OASIS in osteoblasts.
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Figure S7 Full scans of key figures
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SUPPLEMENTARY INFORMATION

Supplement table

OASIS-fwd CCTTGTGCCTGTCAAGATGGAG
OASIS-rev GCAGCAGCCATGGCAGAGGAG

osteocalcin-fwd AAGCAGGAGGGCAATAAGGT
osteocalcin-rev AGCTGCTGTGACATCCATAC

beta-actin-fwd TCCTCCCTGGAGAAGAGCTAC
beta-actin-rev TCCTGCTTGCTGATCCACAT

. TRAP-fwd AAATCACTCTTTAAGACCAG
TRAP-rev TTATTGAATAGCAGTGACAG

procollagen 1a1-fwd CCCCAACCCTGGAAACAGAC

procollagen 1a1-rev GGTCACGTTCAGTTGGTCAAAGG

procollagen 1a2-fwd GCAATCGGGATCAGTACGAA
procollagen 1a2-rev CTTTCACGCCTTTGAAGCCA

OPN-fwd TCACCATTCGGATGAGTCTG
OPN-rev ACTTGTGGCTCTGATGTTCC

ALP-fwd GCCCTCTCCAAGACATATA
ALP-rev CCATGATCACGTCGATATCC

Runx2-fwd CCGCACGACAACCGCACCAT
Runx2-rev CGCTCCGGCCCACAAATCTC

Osterix-fwd CTGGGGAAAGGAGGCACAAAGAAG
Osterix-rev GGGTTAAGGGGAGCAAAGTCAGAT

osteonectin-fwd ATTTGAGGACGGTGCAGAGG
osteonectin-rev TCTCGTCCAGCTCACACACCT

HSP47-fwd ACCACAGGATGGTGGACAACCGT
HSP47-rev ATCTCGCATCTTGTCTCCCTTGGG

P3H1-fwd GTGCAGGCAGATGACCTGGT
P3H1-rev TCACGCTGCTGACGGCAGCT

BiP-fwd GTTTGCTGAGGAAGACAAAAAGCTC
BiP-rev CACTTCCATAGAGTTTGCTGATAAT

CHOP-fwd GTCCAGCTGGGAGCTGGAAG
CHOP-rev CTGACTGGAATCTGGAGAG

XBP1-fwd ACACGCTTGGGAATGGACAC
XBP1-rev CCATGGGAAGATGTTCTGGG

ATF4-fwd GGACAGATTGGATGTTGGAGAAAATG
ATF4-rev GGAGATGGCCAATTGGGTTCAC

PDI-fwd CAAGATCAAGCCCCACCTGAT
PDI-rev AGTTCGCCCCAACCAGTACTT

ERdj4-fwd CCCCAGTGTCAAACTGTACCAG
ERdj4-rev AGCGTTTCCAATTTTCCATAAATT

EDEM-fwd TGGGTTGGAAAGCAGAGTGGC
EDEM-rev TCCATTCCTACATGGAGGTAGAAGGG

PERK-fwd TCTTGGTTGGGTCTGATGAAT
PERK-rev GATGTTCTTGCTGTAGTGGGGG

ATF6-fwd GGATTTGATGCCTTGGGAGTCAGAC
ATF6-rev ATTTTTTTCTTTGGAGTCAGTCCAT

BSP-fwd AACAATCCGTGCCACTCA
BSP-rev GGAGGGGGCTTCACTGAT

OPG-fwd AACCCCAGAGCGAAACACAGT
OPG-rev GGCTCTCCATCAAGGCAAGAA

RANKL-fwd CCAGCATCAAAATCCCAAGTT
RANKL-rev TCAAGGTTCTCAGTGGCACAT

Sec23a-fwd GACCTACCACCCATCCAGTACGAG
Sec23a-rev CTGCATGGACTCCTTCAGAGCCTG

Sec23b-fwd CAGGAGATGCTGGGCCTGACCAAGTC
Sec23b-rev CCACAGATCTTCCACTGACTTGTG
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