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Chondromedulin I (ChM-I) was supposed from its limited expression in cartilage and its functions in
cultured chondrocytes as a major regulator in cartilage development. Here, we generated mice deficient in
ChM-I by targeted disruption of the ChM-! gene. No overt abnormality was detected in endochondral bone
formation during embryogenesis and cartilage development during growth stages of ChM-1"/~ mice. However,
a significant increase in bone mineral density with lowered bone resorption with respect to formation was
unexpectedly found in adult ChM-I"'~ mice. Thus, the present study established that ChM-I is a bone

remodeling factor.

Endochondral bone development during embryogenesis and
longitudinal bone growth in growing vertebrates require con-
tinuous cartilage growth (18). Proliferating chondrocytes orig-
inate from a region of resting chondrocytes, differentiate first
into prehypertrophic chondrocytes and then into hypertrophic
chondrocytes able to secrete the cartilage matrix. Through
invasion by blood vessels, the calcified cartilage and vascular
matrix are gradually replaced by bone matrix with the recruit-
ment of osteoclasts and osteoblasts that mediate bone resorp-
tion and formation and eventual bone remodeling (1, 30).
Thus, in bone growth, blood vessel invasion into cartilage is
pivotal to the process of endochondral bone formation.

Distinet classes of factors are thought to play cognate roles
in the spatiotemporal regulation of the complicated yet se-
quential processes of cartilage differentiation and bone forma-
tion, particularly in angiogenic events. Fibroblast growth fac-
tor-2 {5, 31), transforming growth factor B (3), and vascular
endothelial growth factor {4) are expressed in cartilage and
have been identified as strong angiogenic agents. However,
these factors are also present in avascular cartilage and in
surrounding vascular regions. These findings raise the possi-
bility that the actions of angiogenic factors may be suppressed
by the inhibitory action of a specific factor in avascular carti-
lage. While tissue inhibitors of matrix metalloproteinase 1 and
2 have been identified from cartilage as possible angiogenesis
inhibitors, they are also expressed in other tissues (20). The
search for a cartilage-specific inhibitor of angiogenesis led to
the identification of chondromodulin I (ChM-I), initially iso-
lated from bovine epiphyseal cartilage as a factor with growth-
promoting activity on cultured chondrocytes (10). ChM-1 was
found to be a potent stimulator of proteoglycan synthesis in
growth plate chondrocytes and of chondrocyte colony forma-
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tion in agarose (12). However, ChM-I inhibited cultured vas-
cular endothelial cell tube morphogenesis and growth (8, 9).
Thus, the physiological significance of ChM-I during endo-
chondral bone formation as a bifunctional factor of chondro-
cyte growth and angiogenesis inhibition was suggested from
distinct lines of evidence in vitro (27). However, due to the lack
of mice deficient in ChM-I, there has been no information
regarding the physiological role of ChM-L

In the present study, we disrupted the murine CiM-I gene by
homologous recombination to generate ChM-I knockout
(ChM-I""") mice. Homozygous CAM-I"'" mice were born
without overt abnormalities and grew normally. Unexpectedly,
ChM-I~'~ mice exhibited no aberrations in endochondral bone
formation during embryogenesis or in cartilage development
during growth stages. However, a significant increase in bone
mineral density was observed in 12-week-old CAM-I~'" mice.
Analyses of bone formation and resorption indicators revealed
that bone minerals accumulated in CAM-I~'~ mice due to
lowered bone resorption with respect to formation. Thus, our
study revealed that the physiological role of ChM-1 appears to
be involved in the stimulation of bone remodeling through
control of osteoclast and osteoblast functions rather than in
cartilage development in intact animals.

MATERIALS AND METHODS

Gene targeting. A TT2 embryonic stem (ES) cell (34) genomic library was
screened with a mouse ChM-1 cDNA probe (24). A 9-kb fragment of mouse
ChM-I containing the coding exons 1 to 3 was used to construct a targeting
vector. A stop mutation was introduced at the beginning of the ChM-I coding
region, and 3.5-kb fragment containing exon 3 was replaced with a phosphoglyc-
erate kinase-neomycin cassette. TT2 ES cells were transfected with a linearized
targeting vector (25 ug per 1.0 X 107 cells) by using a Bio-Rad Gene Pulser 11 at
250 V and 500 uF and grown under G418 selection as described previousty (23,
36). Targeted ES cell clones wete identified by Southern blot analysis with probe
A and probe NEO (Fig. 1A) and were aggregated with CD-1 single 8-cell
embryos to generate chimeras as described previously (23, 36). Chimeras were
crossed with CS7BL/6 female mice to produce germ line transmission of the
targeted allele. Offspring were genotyped either by Southern blotting with probe
A or by PCR with the three specific primers P1 (5"-TTGGTTGATGCTTCAG
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FIG. 1. Disruption of the mouse ChM-I gene. (A) Schematic representation of the ChM-I gene locus (top), gene targeting vector (middle), and
the recombinated locus (bottom).The digested fragments detected by probe A, probe B, and probe NEQ are indicated by bars. (B) Southern blot
analysis of targeted ES clones. The targeting frequency was 0.3%. The presence of the 4.5-kb BarmrH1 fragment indicates proper targeting of the
ChM-I locus, and the 3-kb EcoRYV fragment indicates the introduction of the stop mutation. {C) Southern blot analysis of tail DNA from the
offspring of heterozygous mates with probe A as described for panel B. (D) PCR genotyping of embryos at €13.5 of heterozygous matings with three
primers (P1, P2, Pneo) as indicated in panel A. Primer 1 and primer 2 were used to detect the wild-type (WT) allele (amplification of a 452-bp
fragment). Primer 2 and primer NEQ were used to detect the targeted allele (amplification of a 351-bp fragment). (E) Northern blot analysis af
RNA from ChM-F*/* and ChM-I"'~ mice in the top panel. The bottom panel shows ethidium bromide (EiBr) staining of the RNA used.
(F) Western blot analysis confirming the absence of ChM-I protein with an anti-rhChM-I polyclonal antibody. The top panel shows the
immunoreactivity after hybridization with anti-ChM-I antibody, The bottom panel shows Coomassie brilliant blue staining of the SDS-polyacryl-

amide gel electrophoresis gel.
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TGTG-3), P2 (§'-CTTGTGCACAGACCAGAACAA-Y'), and Pneo (5'-CCG
CTTCCTCGTGCTTTACGG-3"). Temperature cycling conditions were as fol-
lows: denaturation at 95°C for 2 min followed by 35 cycles of 95°C for 1 min, 54°C
for 1 min, and 72°C for 1.5 min,

Northern blot analysis. Total RNA was prepared from rib cartilage of 3- to
4-week-old ChM-I"'* or ChM-I"/~ mice by a single-step method (35). Total
RNA (15 ug) was separated by electrophoresis on a 1% agarose formaldehyde
gel and transferred ono a Nytran filter with Turboblotter (Schleicher and
Schuell), The filter was then hybridized with a *?P-labeled probe that is an 822-bp
EcoRI1 frapment from nuclectides 628 to 1449 of the ChM-I ¢cDNA. After
hybridization, the filter was washed at 55°C for 30 min in 1x SSPE (1X SSPE is
0.18 M NaCl, 10 mM NaH,PO,, and 1 mM EDTA [pH?.7])-0.1% sodium
dodecyl sulfate (SDS) once, then washed at 55°C for 30 min in 0.1%X SSPE-0.1%
SDS twice, The filter was exposed to BIOMAX film (Eastman Kodak} at —80°C.

Western blot analysis, Whole ribs from 3-week-old mice were homegenized in
extraction buffer {20 mM MES [2-(N-morpholinc)ethanesulfonic acid]-NaOH
[pH 6.0], 0.1 M aminocaproate, 6 M guanidium chioride} at 4°C and centrifuged
at 10,000 % g. The supernatant was diluted with 2 volumes of distilled water and
applied (o a butyl-toyopear! 650 affinity column OSOH. The column was washed
three times with distilled water. Bound proteins were eluted by 70% ethanol and
dried. The dried materials (8 pg) were dissolved in Laemmli buffer, etectropho-
resed by SD$-15% polyacrylamide gel electropheresis, and blotted onto an
Immobilon-P membrane (Millipore). Bands that were immunoreactive with an
anti-ChM-I polyclonal antibedy for the C-terminal peptides of the mature form
of human ChM-], corresponding to the Asp?® to Val®* residues, which is a
highly censerved region among species (26), were stained by using enhanced
chemiluminescence methods {(Amersham Biosciences).

Morphology and histological analyses. For cleared skeletal preparations (23),
embryos from embryonic day 13.5 (€13.5) were fixed in 99.5% ethanol for 4 days
and transferred 1o acetone. After 3 days, they were rinsed with water and stained
for 10 days in a staining solution consisting of 1 volume of 0.1% Alizarin red S
(Sigma) in 95% ethanol, 1 volume of 0.3% Alcian blue 8GX (Sigma) in 70%
ethanol, 1 volume of 100% acetic acid, and 17 volumes of ethanol, After rinsing
with 96% ethanol, specimens were kept in 20% plycerol-t% KOH a1 room
temperature until the skeletons became clearly visible. For hematoxylin-fast
green-safranin O staining, bones were fixed in 4% paraformaldehyde overnight
and decalcified in Morse's solution {109 [wi/vol] sodium citrate, 22.5% [vol/vol]
formic acid) overnight prior to embedding in paraffin, For Villanueva Goldner,
toluidine blue, and tartartic acid resistance alkaline phosphatase {TRAP) stain-
ing, tibiae were embedded in glycolmethacrylate without decalcification (36) (see
below).

Bone radiographic analysis and histomorphometry. For radiographic analysis,
femora from male weight-matched mice were dissected free of soft tissues and
subjected to radiographic analysis with a soft X-ray apparatus {model CMB-2;
SOFTEX) (36). Bone mineral density was measured by dual energy X-ray ab-
sorptiometry with a bone mineral analyzer (P1XImus2; GE Medical Systems).
For in vivo fluorescent Fabeling (21), a single intraperitoneal injection of calcein
(1.6 mg/kg of body weight) was administrated at days 0 and 4. Mice were
sacrificed at day 5. Tibiae were fixed in 99.5% ethanol and embedded in glycol-
methacrylate without decalcification. Longitudinal serial sections (7 pm thick}
were prepared with a microtome {model 2050, Reichert Jung). The sections were
stained with Villanueva Goldner to discriminate between mineralized and un-
mineralized bone and to identify cellular components (36). Images were visual-
ized by fluorescent microscopy. Histomorphometry of bone sections was per-
formed for at least eight optical fields of the secondary spongiosa with a
semiautomated system for bone analysis (Osteoplan II; Carl Zeiss) at 200-fold
magnification (17). All sections were examined blind, Nomenclature, symbols,
and units are those recommended by the Nomenclature Committee of the
American Society for Bone and Mineral Research (22).

Reverse transcription-PCR analysis. For the isolation osteoblasts for primary
culture, calvaria from newborn CS7BL/6 mice were dissected into pieces with
scissors and cultured in a-minimal essential medium (a-MEM) containing 10%
heat-inactivated fetal bovine serum (FBS) at 37°C in 5% CO,. Afier the cells
were grown to subconfluence, total cellular RNA was extracted as previously
described (35). Femora and tibiae were dissected free of adherent tissues and
epiphyseal cartilage, and the bone marrow was flushed out. The total RNA of the
bone was prepared from several mice (12-week-old mice). For isolation of oste-
oclasts, primary calvarial osteoblasts (1.5 x 10° celis/dish) and bone marrow cells
(107 cells/dish) were cocultured in a-MEM supplemented with 10% FBS, 1a,25-
dihydroxy vitamin D3 (10~% M) and prostaglandin E, (107° M) in 100-mm-
diameter dishes precoated with type 1 collagen gel (cell matrix type-TA; Nitta
Gelatin) (28). Osteoclasts were formed within 7 days in the coculture, and
differentiated osteoclasts were collected as described previously (16). The puri-
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fied osteaclasts in this preparation were subjected to total RNA extraction,
First-strand cDNA was syathesized from total RNA with oligo(dT) 5 1s primer
with the Super Seript Il preamplification system (Life Technalogies) and sub-
jected to PCR amplification with Ex Taq polymerase (TaKaRa) and the specific
pair of primers mChM-If (in exon 5} (5"-CTTAAGCCCATGTATCCAAA-3")
and mChM-It (in exen 7) (5-CCAGTGGTTCACAGATCTTC-3"). Tempera-
ture cycling conditions were as follows: denaturation at 96°C for 3 min followed
by 30 cycles of 96°C for 30s, 60°C for 1 min, and 72°C for 30s.

In vitre ostecclastopenesis. Bone marrow macrophages were isolated from
whole tibial bone marrow of 12-week-old mice (# = 3) and cultured in &-MEM
containing 10% heat-inactivated FBS at 37°C in 5% CO, (16). After 24 h in
culture, the nonadherent cells were collected and replaced in a 96-well plate (2
X 10° cellshvell) in a-MEM supplemented with 10% heat-inactivated FBS at
37°C in 5% COQ, in the presence of 100 ng of recombinant human macrophage
colony-stimulating factor (rhM-CSF) (leukoprol; Kyowa Hakko Kogyo)/ml. Cells
were stimulated with 100 ng of soluble recombinant human receptor activator of
nuclear factor-xB ligand (rhRANKL,; Pepro Teck EC Ltd.)yml on day 4 in the
presence of 100 ng of thM-CSF/ml. Cells were fixed and stained for TRAP as
described previously (29) on day 9 or 10. TRAP-positive multinucleated cells
containing three or more nuclei were counted as osteoclasts under microscopic
examination. The results were expressed as the means * standard deviations of
four wells.

Serum and wrinary indicators. Blood from 12-week-old male mice was col-
lected by heart puncture under nembutal {Dainippon Pharmaceutical Co.) an-
esthesia. The levels of calcium, phosphorus, and alkatine phosphatase activity in
serum were measured by using a calclum HR kit (Wako), inorganic phosphorus
11 kit (Wako), and liquitech alkaline phosphatase kit (Roche Diagnostic), re-
spectively, with an autoanalyzer (type 7170; Hitachi} (36). The levels of osteo-
calcin in serum were measured by using the competitive radicimmunoassay kit by
Biomedical Technologies, Inc. The urinary excretion of deoxypyridinoline cross-
finks, a marker of bene resorption (32), was measured in urine samples by using
the Pyriliks-D enzyme-linked immunosorbent assay (Metra Biosystems). Results
were expressed in nanomoles per millimele of urinary creatining (Cr), as mea-
sured by a standard colorimetric technique with an autoanalyzer (type 7170;
Hitachi).

RESULTS

Generation of targeted ChM-I-null mice. We disrupted the
murine ChM-I gene in ES cells by homologous recombination
to generate ChM-I~'~ mice. The targeting vector (Fig. 1A) was
constructed to introduce a stop codon at Cys-21, and a 3.5-kb
genomic fragment containing exon 3 was replaced by a phos-
phoglycerate kinase-ncomycin cassette. No overt abnormalities
were found in CRM-I*'~ mice, and crossbreeding of ChM-*/~
mice produced normal numbers of pups of all three possible
genotypes (Fig. 1C) with the expected Mendelian distribution
(61 -+/+ mice, 128 +/— mice, and 56 —/— mice, for a total of
245 offspring) (Fig. 1B and C). Northern blot analysis of rib
cartilage from normal mice with a cDNA probe encoding the
mature form of ChM-I protein detected a single 1.7-kb tran-
script. No transcripts were found in CAM-I""" mice, confirm-
ing the disruption of the ChAM-I gene (Fig. 1E). Western blot
analysis of whole-rib extracts from ChM-I~'~ mice with an
antibody against the mature ChM-I protein also confirmed the
absence of the ChM-I protein (Fig. 1F).

ChM:-1 is not required for cartilage development and endo-
chondral bone formation. CRM-I—'~ mice grew normally with
no discernible physical defects and with normal fertility. As
ChM-I had been implicated in cartilage development, endo-
chondral bone formation, and morphogenesis of the eye, care-
ful histological examination of these tissues from ChM-I~'~
mouse embryos and mice at various growth stages was per-
formed. However, we failed to defect any abnormalities in
cartilage formation (Fig. 2A), first ossification (Fig. 2B} in
ChM-I~'~ fetuses, and secondary ossification in ChM-I~'~
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FIG. 2. No abnormality in cartilage development and endochondral bone formation of CAM-I7/~ mice. (A) Alizarin red and Alcian blue staining of €13.5 embryos. Bar, 2 mm. (B) Safranin
O-fast green-hematoxylin staining of proximal growth plate of tibize from €18.5 embryos. Bar, 0.1 mm. h, hypertrophic zone; p, proliferating zone; r, resting zone. (C) Safranin O-fast
green-hematoxylin staining of epiphyses from 1-week-old mice. Bar, 0.5 mm. (D) Safranin O-fast green-hematexylin staining of epiphyses from 3-week-old mice, Bar, 0.5 mm. In all panels,
no overt difference was detected between CAM-I*'* and ChM-I~'~ mice.



MouL. CELL. BioL.

NAKAMICHI ET AL.

640

Boene mineral

density

{mg/om?)

n=10

-f-

+/

E et

_ ;‘»‘ T

s o
g

(OS/BS, %)

F Osteold surface

E Bone volume
(BVITV, %)

®

c s
I®
u
5

- .Mm._\

o © w

o™~ -

K

n=6
o
1
-/-

(Oc.SMBS, %)

15
10
5
H

I Osteoclast number J Osteoclast surface
{N.Oc/B.Pm, 1006mm}

H Ostecblast surface
(Ob.S/BS, %}

. mm}

Osteoid mlctﬂm'
(O.Th

G

n=8

o |~

¥

6 O O o

2 8 8 8 8§ ©

o N = e

© 1

3 * T
+
o
+

w2 W o

- =

n=8
1
-/

+/+

IV -298



VoL. 23, 2003

mice at 1 and 3 weeks old (Fig. 2C and D), in agreement with
normal growth of ChM-I~'~ mice.

Mice homozygous for the ChM-I mutation exhibit increased
bone mineral density. Unexpectedly, a significant increase in
bone mineral density was observed in 12-week-old ChAM-I~/~
mice but not in CAM-1*'™ mice. Also, the radiographic mineral
density of the femur in mutant mice was approximately 10%
higher than in wild-type mice (Fig. 3A and B). Histomorpho-
metric analyses confirmed that trabecular bone volumes (bone
volume per tissue volume) in mutant mice were 2.5-fold higher
than in wild-type mice (Fig. 3C and E). However, no significant
differences in bone or body size and shape were observed
between ChM-I~'~ and wild-type mice. Osteoid surfaces {os-
teoid surface per bone surface) in mutant mice were 54%
lower than in wild-type mice (Fig. 3F), but the osteoid thick-
ness value in mutant mice was equivalent to that in wild-type
mice (Fig. 3G). Indeed, the expression of the ChM-1 gene was
detected in the primary culture osteoblasts and total bone,
though their expression levels appear to be much lower than
those in cartilage (Fig. 4).

As it was possible that the observed increase in bone mineral
density was related to bone remodeling (2), we studied bone
formation and resorption in terms of osteoblast and osteoclast
function. TRAP-positive mature osteoclast and chondroclast
numbers were reduced in ChM-I~'~ mice (Fig. 3D). This was
in agrcement with the results of histomorphometry analyses
that showed that the numbers of bone osteoclasts (osteoclast
number per bone perimeter) and surface osteoclasts (oste-
oclast surface per bone surface) in CAM-/~'~ mice were 33 and
34% lower than in wild-type mice, respectively (Fig. 3H and I).
Eroded surface (eroded surface per bone surface) values,
which represent osteoclast activity, were also significantly de-
creased in ChM-1~'" mice (Fig. 3J). In addition, osteoblast
surface {(osteoblast surface per bone surface) values, a reliable
histomorphometric indicator of active osteoblast numbers,
were significantly reduced to approximately 60% by ChM-J
inactivation (Fig. 3K). Reflecting the reduced osteoclast and/or
chondroclast activity in ChM-I"'~ mice, more cartilaginous
matrix remained in the first spongiosa of tibiae in the CAM-
1™/~ mice than in wild-type mice (Fig. 3C, right).

Loss of ChM-I affects bone metabolism. We then estimated
the bone formation rate directly by using calcein double-label-
ing of the mineralized matrix (22). Both the mineral apposition
rate {MAR) and bone formation rate {BFR) (BFR per bone
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FIG. 4. ChM-1 mRNA expression in bone. The top panel shows the
ChM-I transcripts. The bottom panel shows glyceraldehydes-3-phos-
phate dehydrogenase (GAPDH) transcripts. Primary calvarial osteo-
blasts from newborn wild-type mice were cultured as described in
Materials and Methods. Bones from wild-type 12-week-old mice were
prepared as described in Materials and Methods. Osteoclasts were
purified from coculture bone marrow cells with calvarial osteoblasts.
Rib cartilage from 4-week-old wild-type mice was dissected free of
adherent soft tissues. Reverse transcription-PCRs performed in the
absence of reverse transcriptase (—RT) failed to detect any transcripts
(representative lane shown).

surface) were significantly decreased in ChM-I~'~ mice (Fig.
5A, B, and C). Reduced levels in serum of markers for osteo-
blastic function (alkaline phosphatase activity and osteocalcin)
(Fig. 5E and F) and no alteration in serum minerals (Fig. 5G,
H) supported the hypothesis that bone formation activity was
reduced by CAM-I inactivation. Total urinary deoxypyridino-
line levels, a marker of bone resorption, were measured by
enzyme-linked immunosorbent assay; however, no statistical
difference was observed between wild-type and ChM-I~'~ mice
(Fig. 5D). Moreover, in vitro osteoclastogenesis with donor
bone marrow macrophages from mutant and wild-type mice
revealed that ChM-I inactivation appears to cause no abnor-
mality in osteoclastogenesis (Fig. 6). Our results indicated that
the increased bone mineral density in CAM-I~'" mice ap-
peared to be due to lowered bone resorption with respect to
bone formation. Thus, the present study established that
ChM-I is likely to be a bone remodeling factor rather than
being involved in chondrocyte development.

FIG. 3. Increased bone mineral density in ChM-I~/~ mice (12 weeks of age). (A and B) Radiological analyses of fcmora. (A) Plain X-ray images
of femora. (B) Bone mineral density of femora measured by dual-energy X-ray absorptiometry, Bars represent means * standard errors for
wild-type (black bars) and mutant (white bars) mice. **, P < (.01 between the two groups. Statistical differences between groups were assessed
by Student's ¢ test. (C and D) Histological analyses of proximal tibiae. (C) Undecalcified plastic sections were stained with toluidine blue, which
stains cartilage violet and bone clear. The panels on the right are higher magnifications of the boxed areas in the panels on the left. Bars, 0.5 mm
(left) and 0.1 mm (right). (D) Undecalcified plastic sections were stained with TRAP, which stains mature chondroclasts (arrowheads) and
osteoclasts {arrows) red. Bar, 0.1 mm. (E to K) Static bone histomorphometric analyses of trabecular bones in proximal tibiae from 12-week-old
mice. (E) Percent bone volume per tissue volume (BV/TV) represents the ratio of bone volume to tissue volume and estimates bone mass. Percent
osteoid surface per bone surface (OS/BS) (F) and osteoid thickness {0.Th) (G) represent the proportion and thickness of bone surface covered
with unmineralized matrix, respectively. (H) Percent osteoblast surface per bone surface (Ob.S/BS) represents the proportion of bone surface
covered with osteoblasts. Osteoclast number per bone perimeter (N.Oc¢/B.Pm) (1) and percent osteoclast surface per bone surface (0c.5/BS)
(J) estimate bone resorplion as osteoclast number and surface, respectively, divided by bone surface. (K) Eroded surface represents the function
of osteoclasts. ES/BS, eroded surface per bone surface. Bars represent means * standard errors for wild-type (black bars) and mutant (white bars)
mice. Asterisks indicate statistically significant differences between the two groups. *, **, and *** indicate P values of <0.05, <0.01, <0.005,
respectively.

IV - 299



642 NAKAMICHI ET AL.

MoL. CELL. BioL.

A B C
Mineral apposition rate Bone formation rate
(MAR, mcm/day) (BFR/ BS, mmd/cmzlyear) +/+ -/
2.5¢ n=6 25~ n=6
2 20
1.5 * 15
T *
1 10 T
0.5 5
0 0
-/ -fm
E  Amkaline F G H
:Jxr::nr: OEPD phosphatase Ostsocalcin Calclum Phosphorus
activity
{nmolimmot Cr) Uy (ng/mi) {mgla1) {mgsdl)
25, 250 200, 10.01 i
20 200 1€0 pia 8.0 = 6l x
15} 150 ey 120} 6.0
4}
10} 100 80} 4.0
5} 50 40} 2.0 2t
Py ray Ly oy Ly rey Ly e 0= /-
(n=12)} (n=12) (n=12) (n=18) {n=11) (n=11) (n=5)  (n=7) (n=11)  {n=15)

FIG. 5. Dynamic histomorphometric and serum biochemical parameters of bone metabolism in ChM-I*"* and CAM-i~'~ mice (12 weeks of
age). MAR (A) and BFR (B) are using sections from animals that were double-labeled with calcein in vivo. MAR and BFR measure the amount
of bone that is mineralized or deposited per time unit and are based on the measurement of the distance between the two fluorescent labels.
{C) Two calcein-labeled mineralization fronts of tibiae trabecular bones from CAM-I™"* and ChM-I"'~ mice were visualized by fluorescent
micrography. (D) Urinary deoxypyridinoline (DPD) excretion in 12-week-old wild-type and ChM-I™"~ mice. (E) Alkaline phosphatase activity in
serum, (F) Osteocalcin level in serum, (G) Calcium level in serum, (H) Phosphorus level in serum, Bars represent means * standard errors for
wild-type (black bars) and mutant {white bars) mice. Asterisks indicate statistically significant differences between the two groups (*, P < 0.05;

**, P < 001, *** P < 0.005).

DISCUSSION

ChM-1 is a 25-kDa glycoprotein generated from a larger
transmembrane precursor after posttranslational modification
and proteolytic cleavage at a processing signal site (10). ChM-I
was originally purified from bovine epiphyseal cartilage as a
growth factor that stimulated ancherage-independent growth
of chondrocytes in agarose (8) and induced proteoglycan syn-
thesis (8). However, ChM-I also possesses inhibitory activity on
the growth and tube morphogenesis of cultured vascufar en-
dothelial cells, Due to its bifunctional activities in vitro, it was
thought that ChM-I might play a pivotal role in endochondral
bone development during embryogenesis and in postnatal car-
tilage growth in vivo (27). However, our present observations
with ChM-F~'~ mice showed that ChM-I was not essential for
normal cartilage formation and development. Indeed, our

study revealed that ChM-I is more likely to be involved in
normal bone remodeling, probably through regulating oste-
oclast and osteoblast numbers and functions. Detailed analysis
of bones from ChM-I"'~ mice showed that bone resorption
was lower in comparison to bone formation, leading to in-
creased bone mineral density and insufficient bone turnover.
Considering the marked cartilage phenotypes of mice defi-
cient for angiogenic factors (6, 11, 33) or their inhibitors (7,
14), with which ChM-I was considered an equally potent factor
in the cell culture systems (8, 9), the normal development of
cartilage at embryonic and postnatal stages in ChM-I~'~ mice
was unexpected. Furthermore, no overt abnormalities were
found in tests for rib fracture healing in adult ChM-I~'~ mice
{(data not shown). It is possible that a functionally redundant
factor may compensate for the lack of ChM-I activity in ChM-
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FIG. 6. In vitro osteoclastogenesis is not attached to ChM-I inac-
tivation. Bone marrow macrophages were isolated from tibial bone
marrow of 12-week-old mice and were induced to osteoclast formation
by stimulation with 100 ng of M-CSF/ml and 100 ng of soluble
rhRANKL/mI as described in Materials and Methods. TRAP-positive
multinucleated cells (MNCs) per well were counted. Data are means +
standard deviations for four wells. WT, wild type; KO, knockout; N.S.,
not significant.

I~ mice. While tenomodulin was once assumed to mimic
ChM-I action in cartilage development, it was recently shown
that its expression patterns do not overlap with that of ChM-I
in cartilage (25). Moreover, tenomodulin expression was not
affected by ChM-I inactivation in mice (data not shown). Thus,
taken together, our study suggested the possible existence of a
functionally redundant factor for ChM-I in chondrocytes.

As the only reported activity for ChM-1 involved the stimu-
lation of osteoblast proliferation and differentiation (19},
which docs not appear to explain the bone phenotype of the
ChM-I"'" mice, the function of ChM-I in osteoclasts remains
elusive. However, given the increased bone mineral density in
ChM-I~'~ mice, ChM-I expression in osteoblasts at low levels
may regulate the expression of receptors or ligands that control
the proliferation and/or differentiation of both osteoblasts and
osteoclasts. In this respect, as decreased numbers of TRAP-
positive mature osteoclasts were observed in CAM-F~/~ mice,
the possibility of the involvement of ChM-I in the RANKL-
receptor activator of nuclear factor kB system of osteoclasto-
genesis (13, 15) is of interest and remains to be tested.
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Pluripotent mesenchymal stem cells in bone marrow dif-
ferentiate into adipocytes, osteoblasts and other cellst2,
Balanced cytodifferentiation of stem cells is essential for
the formation and maintenance of bone marrow; however,
the mechanisms that control this balance remain largely
unknown. Whereas cytokines such as interleukin-1 {IL-1)
and tumour-necrosis factor-o. {TNF-) inhibit adipogene-
sis?4, the ligand-induced transcription factor peroxisome
proliferator-activated receptor-y® (PPAR-y), is a key induc-
er of adipogenesis. Therefore, regulatory coupling
between cytokine- and PPAR-ymediated signals might
occur during adipogenesis. Here we show that the ligand-
induced transactivation function of PPAR-v is suppressed
by IL-1 and TNF-c;, and that this suppression is mediated
through NF-«<B activated by the TAK1/TAB1/NF-xB-induc-
ing kinase (NIK) cascade®?, a downstream cascade asso-
ciated with IL-1 and TNF-c: signalling. Unlike suppression of
the PPAR-y transactivation function by mitogen-activated
protein kinase-induced growth factor signalling through
phosphorylation of the A/B domain'®, NF-«xB blocks PPAR-
v binding to DNA by forming a complex with PPAR-y and its
AF-1-specific co-activator PGC-2. Our results suggest that
expression of IL-1 and TNF-a in bone marrow may alter the
fate of pluripotent mesenchymal stem cells, directing cel-
lular differentiation towards osteoblasts rather than
adipocytes by suppressing PPAR-y function through NF-«xB
activated by the TAK1/TAB1/NIK cascade.

marrow pluripotent mesenchymal stem cells in vive and in

vitro*, By contrast, PPAR-v functions as a key inducer of adipo-
genesis*. Consistent with these reports®>*'%, we found that adipogen-
esis in ST2 cells, 4 mesenchymal cell line derived from mouse bone
marrow, could be induced, as assessed by the observation of lipid-
accumulating cells and the expression of adipocyte-associated differ-
entiation markers such as AP2 and lipoprotein lipase (LPL}, by treat-
ment with low concentrations of the PPAR-yligand troglitazone and
that this adipogenesis could be prevented by IL-1 or TNF-o. (Fig. 1a,
d). Consequently, $T2 cells treated with both troglitazone and
cytokines differentiated into ostecblasts expressing both alkaline

The cytokines IL-1 and TNF-ct suppress adipogenesis in bone
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phosphatase (a marker of differentiation), a protein (Fig. 1b) and
mRNA (Fig. 1d)",

This suppressive activity of cytokines was also observed when
adipogenesis was weakly induced by the synthetic glucocorticoid
dexamethasone (Fig. La). Troglitazone induced adipogenesis in pri-
mary cultured bone marrow cells of wild-type mice, and dexam-
ethasone induced adipogenesis less strongly; however, the potency of
both ligands was considerably reduced in PPAR-v*~ cells’ (Fig. 1¢),
suggesting that PPAR-y is crucial for adipogenesis in bone marrow
stern cells. The inhibitory action of TNF- in troglitazone-induced
adipogenesis was abolished in primary cultured bone marrow cells
from mice lacking both TNF receptors I and IT (TNF-RIZ1I; ref. 12
and Fig. 1¢).

The inhibitory effects of cytokines on adipogenesis in both ST2
and primary cultured cells (Fig. 1a, ¢} suggested that the ligand-
induced transactivation function of the PPAR-y might be sup-
pressed by these cytokines. To investigate this, we first examined
whether cytokine treatment over short time periods (12 h) caused
a reduction in both the expression and the transactivation function
of PPAR-Y using a transient expression assay with PPAR-y and
retinoid-X receptor-or (RXR-¢t) expression vectors and a luciferase
reporter plasmid containing a consensus binding site (PPAR-
response element; PPRE) for the PPAR-Y/RXR-a heterodimer',
The transactivation function of troglitazone-bound PPAR-y was
suppressed markedly in ST2 cells treated with either IL-1 or TNF-
o, whereas the transactivation functions of dexamethasone-bound
glucocorticoid receptor (GR} and C/EBP-[ were not suppressed by
either cytokine (Fig.2a). The expression of both PPAR-y and
C/EBP-f seemed to be unchanged by cytokine treatment (Fig. 1d).

Because the cell membrane receptors for IL-1 and TNF-& can
activate several downstream signalling cascades®®, we examined the
activity of several mitogen-activated protein kinase (MAPK) cas-
cades (MKK3, MKKé6, MKK7, TAK1). Overexpression of TAK!
(refs 7-9}, a MAPK kinase kinase (MAP3K), mimicked cytokine
activity but only in the presence of TAB1, an activator of TAK1 (ref.
9 and Fig. 2b). By contrast, we did not detect suppressed PPAR-y
function in ST2 cells in the other MAPK cascades tested (MKK3,
MEKK§6 and MKK7; Fig. 2¢). Consistent with the observation that
TAK1/TABl is a downstream factor of TNF-o¢ and IL-1 sig-
nalling®$, a kinase-negative form of TAK1 (TAK1***} abrogated

NATURE CELL BIOLOGY |VOL 5| MARCH 2003 |www.nature.com/naturecellbiology
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Figure 1 IL-1 and TNF-« inhibit troglitazone-induced adipogenesis.

a, Inhibition of trogfitazone- or dexamethasone-induced adipogenesis by IL-1 or TNF-
a. Weak treatment (for 1 week) using the synthetic PPAR+y ligand troglitazone (Tro)
or dexamethasone (DEX), but not all-trans retinoic acid (ATRA), induces adipogene-
sis in ST2 ¢ells. The presence of either IL-1 or TNF-u prevents this adipogenesis.
Differentiated adipocytes were detected by the accumulation of lipid, which was
stained red with Oil-Red-0. b, Combined treatment of cytokines and troglitazone
induces osteoblastogenesis in ST2 cells. Cells were treated with cytokines and

the suppressive effect of TAK1/TAB1, TNF-o and IL-1 on PPAR-y
transactivation.

We next examined NIK, a NF-kB-inducing kinase activated
through phosphorylation by TAKI/TAB? (which are activated in
turn by TNF-o and IL-1)"*%, for its ability to suppress PPAR-y
transactivation, Suppression mediated by NIK was clearly
observed, but this suppression was abrogated when a dominant-
negative form of NIK (NIKS®%¥; ref. 7) was expressed (Fig. 2d).
NIKS®-%7 also abrogated the suppressive effects of TAK1/TABI and
IL-1 or TNF-e treatment in ST2 cells (Fig. 2d). Consistent with
these results, RNA-mediated interference (RNAi) of TAK1 and NIK
expression effectively abrogated the suppressive effects of IL-1 or
TNF-otin 8T cells (Fig. 2¢).

In accordance with the role of NIK in PPAR-Y transactivation,
troglitazone-induced adipogenesis did not take place in stable
transformants of the ST2 line expressing NIK (Fig. 2f), similar to
what was observed in ST2 cells treated with TNF-ax or IL-1 (Fig. 1a),
By contrast, troglitazone-induced adipogenesis, even in the presence
of cytokines, was observed after RNAi of TAK! or NIK expression
{Fig. 2h). As expected, adipogenesis in cell lines expressing the domi-
nant-negative NIK®**7 mutant was still troglitazone-sensitive; how-
ever, these NIK mutants failed to prevent the suppression of PPAR-y
transactivation through phosphorylation of Ser 112 in the A/B
domain by a MAPK (ERK2}) activated by the growth factor/Ras cas-
cade (refs 10, 16 and Fig. 2g).

To determine whether the PPAR-y transactivation function was
suppressed by the TAKI/TABI/NIK-mediated cascade or by the

NATURE CELL BIOLOGY IVOL 5| MARCH 2003 |www.nature.com/naturecellbiclogy

troglitazone as in a, and differentiated osteoblasts were stained by alkatine phos-
phatase. ¢, Adipocyte differentiation of wildtype, PPAR-y~ and TNF-RI-"-II-"- mouse
bene marrow, Primary cultured bone marrow cells derived from the corresponding
mice were treated with troglitazone or dexamethasone with or without TNF-t.

d, Differentiation of STZ cells by troglitazone-expressed adipocyte-associated differ-
entiation markers. Cells treated with cytokines and troglitazone for the indicated
times were analysed both by northern blot for differentiation markers of adipocytes
{aP2, LPL) and ostechblasts (ALP) and by western blct.

prevention of serine phosphorylation in the PPAR-y A/B
domain’'¢, we tested mutants in which each of the serines (Ser 8,
Ser 118, Ser 274) was replaced with alanine, because analyses of the
PPAR-y deletion mutants suggested that the suppression of PPAR-
7 function by cytokines was mediated by the AF-1 site in the A/B
domain, and not by the AF-2 site in the carboxy terminus (data not
shown). No difference in suppression was found between the wild-
type and mutated receptors (Fig. 2g), suggesting that a distinct
mechanism independent of serine phosphorylation in the PPAR-y
A/B domain is responsible for suppressing the PPAR-v transactiva-
tion function. Highly sitnilar effects of cytokines and NF-«B signal
inducers on the PPAR-Y transactivation function were also seen
using 293T cells, a human embryonic kidney cell line (data not
shown).

To explore this molecular mechanism further, we examined the
role of downstream factors of the TAKI/TAB1/NIK cascade,
Overexpression of IKK-or and IKK-P3, and treatment with H,0,
activated NF-kB*, which then effectively suppressed the transacti-
vation function of ligand-bound PPAR-y in ST2 cells (Fig. 3a). Ina
co-immunoprecipitation assay with antibodies specific for PPAR-y
(refs 13 14), and for p50 or p65 from the NF-xB complex, we
detected an association between endogenous NF-kB complex and
endogenous troglitazone-bound PPAR-y in ST2 cells, but only
when cells were treated with either TNF-a or IL-1 (Fig. 3b), or
when TAK1, TAB1 or NIK was overexpressed (data not shown).

Neither dexamethasone-bound GR (Fig. 3b) nor C/EBP-8 {data
not shown} showed this cytokine-induced 2ssociation with NF-kB;
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Figure 2 TAK1/TAB1/NIK mediates suppression of PPAR-y function.

a, The trogitazone-induced transactivation function of PPAR-yis suppressed by IL-1
and TNF. ST2 cells were transfected with the indicated expression vectors plus
mouse acyl-CoA-PPRE-tk, GRE-tk or C/EBP-REtK luciferase reporter plasmids and
incubated for 16 h with the indicated cytokines in the absence or presence of cog-
nate ligand. Similar results were obtained with 293T cell lines (not shown).

b, Suppression of PPAR+y transactivation function by TAK1/TABL. ST2 cells were
transfected with the indicated expression vectors plus the PPREk luciferase
reporter plasmid and incubated with the indicated cytokines for 16 h. ¢, Other MAP
kinase cascades do not suppress PPAR-y function. d, Suppression of PPAR-y trans-
activation function by NTK, NIKE?*%4? is a dominant-negative form of NIK.

e, Suppression of PPAR-y transactivation function by IL-1 or TNF-« is abrogated by

thus, it seemed unlikely that the inhibited PPAR-Y transactivation
function alone was responsible for the suppression of PPAR-Y func-
tion by NF-xB. We therefore tested the DNA-binding activity of
endogenous PPAR-Y/RXR-ur heterodimers by electrophoretic
mobility shift assay (EMSA) using nuclear extracts from cytokine-
treated cells. Both cytokine treatment (Fig. 3¢} and overexpression
of downstream factors and NF-xB (Fig. 3d) caused a considerable
reduction in the ability of PPAR-Y/RXR-o heterodimers to bind to

226

IV -

RNA;j of either NIK or TAK1. ST2 cells were cotransfected with the NIK or TAK]
RNAi vectors, and luciferase activity was assayed. Reduced expression of endoge-
nous NIK and TAK] was confirmed by RT-PCR (top!. £, Inhibition of adipogenesis by
NIK. ST2 stable transformants were established using the indicated NIK or
NIK523-347 axpression vectors. Exogenous gene transcripts (control, 257 bp; NIK,
521 bp; NIK623-247 887 bp) were detected by RT-PCR. DNA molecular markers are
shown in the left panels, Troglitazone-induced adipogenesis in stable transformants
are shown in the right panels, g, The TAK1/TAB1 cascade potently inhibits phos-
phorylation-deficient mutants of PPAR-y. The PPAR-y mutants (S8A, 1124, S2744A)
were transfected along with NIK, NIKS?*%7 or Ras*12 into §T2 cells. h, Inhibitory
actions of cytokines are abolished by TAKL or NIK RNAi. The RNAi vectors were
transfected into ST2 cells and troglitazone-induced adipogenesis was examined.

a consensus DNA-binding site {acyl-CoA-PPRE) in ST2 cells and
293T cells (data not shown), suggesting that PPAR-y/RXR-t asso-
ciates directly with NE-kB in cell nuclei. By contrast, cytokine treat-
ment did not clearly inhibit DNA binding by GR in either cell line
(data not shown).

We examined this association further with in vitre translated
proteins and glutathione S-transferase {GST) fusion proteins
(Fig. 3e, f). DNA binding by PPAR-y/RXR-x was inhibited both by
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Figure 3 NF-xB prevents DNA binding by the PPAR-y/RXR-x heterodimer.
a, PPAR+y function is suppressed by NIK-activated NF-xB. Vectors expressing the

indicated signal inducers, which function downstream of NIK, were transfected into

ST2 celt lines. b, NF-«B associates with PPAR-y in the nucleus. Endogenous ligand-

bound PPAR-y and endogenous NF-xB complex were coimmunoprecipitated with anti-

bodies against p65 or p50 {left) only when the cells were treated with cytokines,

Cytokine treatment induced the association of PPAR-y with the NF-kB complex in the

nucleus. No endogenous GR was coimmunoprecipitated with the p65 or p50 anti-

bodies [right). ¢, NF-xB-mediated inhibition of DNA binding by PPAR-yis activated by

cytokine signalling or H;O, treatment. EMSA was done with nuclear extracts from

letters

ST2 cells transfected with the Indicated expression vectors and treated with TNFo
(0.1 0or 1 ngmth IL1(1.0 or 10 ng miY) or H,0, (0.1 or 1 mM). Expression of
PPAR-y was monitored by western blot using an antibody against PPAR-y. A super-
shift in the DNA-bound PPAR/RXR- hetercdimer {lane 14} is indicated.
d, Suppression of PPAR-y DNA binding by NF-xB. [xBa?*3% is a constitutive degra-
dationresistant mutant that inhibits NF-«B signalling®. e, Suppression of PPAR-y DNA
binding by NF-«kB in vitro. I vitro translated p50, p65, PPAR-y and RXR-c: were used
for EMSA as described in ¢. f, The NF-xB-interacting domain of PPAR+y., GST fusion
proteins of PPAR-y deletion mutants were expressed in bacteria and used in GST
pull-down assays with in vitro translated NF-«B.
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Figure 4 Cytokine-induced association of PPAR-y, NF-xB and PGC-2. a, NFxB
associates with PGC-2. Exogenous Flag-PGC-2 and endogenous NF-xB complex
were coimmunoprecipitated with antibodies against p65 or pS0. b, Cytokme-
dependent association of NF-kB with PGC-2 and PPAR+y. ST2 cells transfected with
Flag-PGC-2 and HA-PPAR-y expression vectors were subjected to immunoprecipita-
tion with antibodies against Ftag, followed by antibodies against HA. NF-xB was co-
immunoprecipitated with PGC-2 and PPAR-y only when the cells were treated with
cytokines. ¢, PGC-2 RNA attenuates the cytokineinduced association of PPAR-
¥/RXR with NF-kB. ST2 cells transfected with the PGC-2 RNAi vector were subjected

NE-XB and by p65 alone (Fig. 3e). The DNA-binding C domain of
PPAR-y was identified as a p65-interacting region (Fig. 3f), and a
Rel-homology region (residues 49-298) in p65 (ref. 17) seemed to
interact directly with PPAR-vy (data not shown) by GST pull-down
assay. Accordingly, a p65*-** deletion mutant retained its function
as an inhibitor of PPAR-y (Fig. 3a), despite lacking the core DNA-
binding domain®.

We studied the molecular mechanism of the recruitment of NF-
kB to PPAR-7 in bone marrow cell nuclei by examining potential
PPAR-y co-activators and co-repressors. Endogenous NF-xB did not
associate directly with p160 family proteins {SRC-1/TIF2/AIB1)'>',
DRIP205/TRAP220 (ref, 13) or NCoR/SMRT {data not shown), but
it did associate directly with PGC-2, a PPAR-y AF-1-specific co-
activator (ref. 18 and Fig. 4a). This cytokine-induced interaction
was detected when the complex was immunoprecipitated sequen-
tially with PGC-2 and then PPAR-y (Fig. 4b, ¢), suggesting that NF-
KB associates with PGC-2-bound PPAR-y. PGC-2 also interacted
directly with NF-xB and PPAR-y in the GST pull-down assay (Fig.
4d). Note that expression of the PGC-2 gene was unchanged by any
treatment (Fig. 4¢) and that the troglitazone-induced adipogenesis
was attenuated by RNAi of PGC-2 expression (Fig. 4f}. These find-
ings suggest that NF-xB translocating into the nuclei is preferential-
ly recruited to PPAR-y through direct association with PGC-2,
forming a complex that inhibits DNA binding by PPAR-Y.

228

to immunoprecipitation with antibodies against p65 or p530. d, PGC-2 interacts with
NF-xB in vitro. Interaction of PGC-2 with either NF-xB (pS0, p65) or PPAR-y was
examined by a GST pull-down assay. e, Cytokines and PPAR+y ligand do not regulate
PGC-2 expression in $T2 cells. Cells were treated with cytokines and troglitazone
for 1 week and analysed by northern blot. f, PGC-2 RNAI attenuates troglitazone-
induced adipogenesis in ST2 cells. Cells were transfected with PGC-2 RNA vectors
and treated with troglitazone to induce adipogenesis. Reduced expression of
endogenous PGC-2 was confirmed by northern blet.

We next tested whether the suppression of PPAR-y function by
the TAK!/TAB1/NIK cascade reflects physiological events in the
transcriptional regulation of PPAR-Y target genes™'®, Induction of
the early response gene encoding c-Cbl-associated protein (CAP)
in response to the PPAR-y ligand'® was blocked by treatment with
TNF-o or IL-1 (Fig. 5a). Consistent with these results, chromatin
immunoprecipitation (ChIP} analysis'® showed that troglitazone-
induced histone {H4) acetylation around PPRE in the CAP gene
promoter by PPAR-y was abrogated by cytokine treatment
(Fig. 5b). In addition, cytokine treatment blocked DNA binding by
PPAR-v, but not by GR and C/EBP-P (ref. 21 and Fig. Sb, bottom).
Thus, these findings indicate that TNF-& and IL-1 signalling sup-
press the expression of endogenous target genes for PPAR-y
through NF-kB-mediated blocking of the binding of PPRE by
endogenous PPAR-Y/RXR-0¢ heterodimers, thereby exerting an
inhibitory effect on adipogenesis.

Among the cytokines expressed in bone marrow, TNF-ot and IL-
1, which act as principal inducers of osteoclastogenesis from pro-
genitor cells of monocyte/macrophage lineage, are known to
inhibit adipogenesis*, directing bone marrow stem cells towards
osteoblastogenesis and the formation of trabecular bone?. But the
molecular mechanisms by which these cytokines inhibit adipogen-
ests remain unclear. Given the wide acceptance of PPAR-y as a prin-
cipal inducer of adipogenesis®, and the development of numerous
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Figure 5 Blocking PPAR-y function inhibits adipogenesis through the NIK
cascade. a, Treatment with TNF-w or IL-1 prevents troglitazone-induced expression
of an early response target gene of PPAR-y. ST2 cells were treated with cytokines
for the indicated times and total RNA was analysed by northern blot for the gene
encoding CAP. Representative results at 8 h of treatment are shown at the top.
Densitornetric analysis of CAP expression is shown below. b, Cytokine treatment
inhibits troglitazone-induced histone acetylation and PPAR+y DNA binding in the pro-
moter of CAP. A ChIP assay®® was done on cells treated with cytokines for 12 h.
The PPRE-containing region (~1110 to -801} in the CAP promoter'®, the GREcon-
taining region {-528 to —110} in the PEPCK promoter or the C/EBP-RE-containing
region {-361 to -73) in the PPAR-y2 promoter” were amplified by PCR. Note that
TNF-x and IL-1 inhibit the troglitazone-induced acetylation of histone H4 and the
binding of PPAR+y to the CAP promoter, clearly indicating that these cytokines inhib-
it the function of troglitazone-bound PPAR-y on the PPRE. By contrast, no inhibition
of the binding of GR or C/EBP-p to the target gene promoters was observed on
cytokine treatment.

synthetic PPAR-y ligands for the treatment of diabetes and the
modulation of adipogenesis?’, we chose to investigate the effect of
cytokines on PPAR-y function.

Our results show that, of the signalling cascades downstream of
TNF-ot and IL-1, the TAKI/TABI/NIK cascade suppresses PPAR-y
function by preventing PPAR-y binding to DNA through an associa-
tion with NF-xB that is coupled to the suppression of AF-1 function;
this suggests that these cytokines reduce PPAR-v function in pluripo-
tent bone marrow stem cells, although the other signalling cascades™
that activate NF-xB may also contribute to the PPAR-y suppression.
Together with studies showing that the activation of PPAR-y sig-
nalling in the progenitor cells of lineage monocyte/macrophage
inhibits osteoclastogenesis by suppressing NF-xB function®, it is
likely that the suppression of PPAR-y function increases the sensitiv-
ity of stem cells to other cytodifferentiation factors, thereby inducing
the development of cell types other than adipocytes, such as
osteoblasts and osteoclasts"*%,

In the nuclews, translocated NF-xB seems to interact directly
both with the DNA-binding domain of PPAR-y and with PGC-2
bound to AF-1 in the A/B domain of PPAR-y, and the resultant
complex blocks the binding of PPAR-yYRXR-ot hetercdimers to tar-
get gene promoters. Because the functions of PPAR-y AF-1 and
PGC-2 have important roles in fat cell differentiation, this interac-
tion with NF-xB may also interfere with their adipogenic func-
tions. Although NF-xB is reported to associate with many other
nuclear receptors, NF-xB seems to be recruited preferentially to
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PPAR-y, at least in bone marrow stem cells, by its interaction with
PGC-2, because the physical interaction of PGC-2 with PPAR-y is
highly selective among nuclear receptors's. Previous reports have
shown that NF-xB function is inhibited by PPAR-y ligands, includ-
ing troglitazone, which act as anti-inflammatory agents®¥. It
therefore seems that complexes formed by ligand-bound PPAR-y,
NF-xB and unknown factors lead to mutual inactivation of both
classes of transcription regulatory factor, probably by suppressing
their functions.

In this respect, it would be interesting to examine whether
nuclear receptor co-repressors (for example, NCoR and SMRT) are
included in this complex, because findings in NeoR knockout
mice® have raised the possibility that such co-repressors are
recruited to both ligand-bound PPAR-y and to unliganded PPAR-y
and suppress transcription by associating with histone deacetly-
lases?, resulting in chromatin in an inactive state. The identifica-
tion of other components in the PPAR-y-NF-kB complexes would
be of interest, because it would increase our understanding of cou-
pled transcriptional regulation mediated by distinct classes of reg-
ulatory factor located in the same complex. |

Methods

Plasmid construction

‘We inserted full-length PPAR-y cDNA or Flag-PGC-2 cDNA inta pcDNA3 {Invitrogen, Carlsbad,
CA)*I%, Full-length p50 and the ps5 mutant cDNAs were inserted into pcDNA3 vectors (Invitrogen).
TAKI, TAK ™, TABL, NIK, NIKM# MKK3, MKK3KK, MEKKS, MKK6KK, MKK7Z, IKK-a, [KK-,
[KK-gt*4A, 1KB-t and 1KB-t'™** have been described™, A PPRE {3 X acyl-CoA-PPRE), a glucocerti-
coid response element (GRE), a C/EBP response element {C/ERP-RE)* and an 8 x GAL4-binding ele-
ment (17M8) were inserted into the luciferase pGL3-basic vector (Promega, Madison, W1} as eeporter
plasmids. The bacterial GST fusion protein expression vector for GST-bound fragmenis of FPAR
{residues 1-506, 1-138, 1-203, 1-311, 204-506, 312-506 and 139-311) and PGC-2 (refs |3, 18) were
inserted into the pGEX 4T-1 vector {Amersham Pharmacia, Piscataway, NJ). We generated RNAI con-
structs (NIK, +34 to +33; TAKL, +84 to +103; PGC-2, =14 +6) in an mU6-pro vector!®,

Cell culture

ST2 stromal cells derived from mouse bone marrow were cultured in ¢-MEM medium containing
10% fetal bovine serum (FBS) and treated with TNF-w {1 ng ml™'}, IL-1 (10 ng mlI™'), H.O, (1 mM),
troglitazene {1 pM}), dexamethasone (0.1 M), all-tratts retinoic acid (10 nM) er comlvinations there-
of, After 7 d, lipid accumulation was assessed by staining with Oil-Red-O 1o detect adipocytes. We
derived NIK and NIK***7 stable transformants by transfecting the ST2 cell line, Primary cuttared
bone marrow cells were obtained from femoral and tibia cells of wild-type. PPAR-y~ or TNF-RI*11
mice™'? by flushing with a-MEM, and contaminated red blood cells were haemolysed in 0.017 M Tris-
HCI (pH 7.5) buffer containing 0.8% ammonium chloride. We rinsed cell suspensions in PBS twice
and cultured them in a-MEM with 10% FBS at 37 °C,

Transfection and luciferase assay

Cells at 40-50% confluence were teansfected in 12-well petri dishes by Lipofectamine regent (Gibco-
BRL, Grand [sland, NY). The total amount of DNA was adjusted to 1.0 g by adding empty vector, We
determined luciferase activity by using the Luciferase Assay System {Promega, Madison, W1). As a ref-
erence plasmid to normalize transfection efficiency, 25 ng of pRL-CMV plasmid {Promega) was co-
transfected in all experiments' %,

Co-immunoprecipitation and western blotting

The transfected ST2 <ells were washed twice in ice-cold PBS, collected, resuspended in 1 nsl of ice-cold
lysis buffer (10 mM Tris-HCI (pH 7.5}, 1% Nonidet P-40, 0.15 M NaCl and 1 mM EDTA) and éncubat-
ed for 30 min on ice. After centrifugation, supernatants were used as whole-cell extracts for immuno-
precipitation with antibodies against either p30 or p65 (Santa Cruz Biotechnology, Santa Cruz, CA},
followed by western blatting with antibodies specific for human PPAR-y (H-100; Santa Cruz
Biotechnology, Santa Cruz, CAYY, GR (ABR, Golden, CO). Flag {anti-Fiag munoclonal antibody;
Sigma, St Louis, MI) or haemagglutinin A (HA3 MBL, Nagoya, Japan),

Alkaline phosphatase staining

For histochemical staining of alkaline phosphatase™, cells were fixed for 10 min with 3.7% formaldehyde
at reom temperature. After washing the cells in PBS, we incubated them for 20 min at room temperature
with a mixture of 0.1 mg mI™ naphthol AS-MX phosphate {5igma}, 0.5% N.N-dimethylformamide,

2 mM MgCl, and 0.6 mg ml** of fast blue BB salt (Sigma, $t Louis, M[}in (.1 M Tris-HCI {pH &.3).

GST pull-down assay

Human PPAR-¥, PGC-2 and the deletion mutants were expressed as GST fusion proteins in Escherichia
coli a5 described™ and bound to glutathione-conjugared Sepharose 4B beads (Amersham Pharmacia),
In vitro translated NF-xB proteins were incubated with the beads in NET-N buffer {0.5% Nonidet P-
49, 20 mM Tris-HCl (pH 7.5}, 200 mM NaCl, 1 mM EDTA) cantaining 1 mM phenyl methylsulphenyl
fluoride. We separated the bound proteins by 7.5% SDS-PAGE, lightly stained them with Coomasie
brilliant blue 1o verify ¢qual amounts of fusion proteins ang then visualized them by amtoradiography,

EMSA

Nuclear extracts were prepared from transfecred $T2 cells 30 min after cytokine treatment. Binding
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reactions using ac-CoA-PPRE as a DNA probe were done on ice for 30 min in binding buficr

(10 mM HEPES {pH 7.9}, 100 mM KCI, 7.5% glycerol, | mM dithiothreitol and 0.1% Nonidet P-40},
2 pg poly (d[-dC) and 10 pg of bovine serum albumin in a final volume of 25 pl. An antibody against
PPAR-¥? (ABR} was added 1o detect a supershift. Labelled PPRE DNA fragments were added to the
binding mixtures. and further incubated for 20 min at room temperature. Whole reaction mixtures
125 pl) were Joaded onto 5.0% polyacrvlamide gels in Tris-acetate-EDTA buffer and separated by elec-
trophoresis at 4 °C. We dried gels on filter paper and exposed them to X-ray film®,

Northern blot analysis

Total cellular RNA was isolated from ST2 cells by [sogen {Wako, Osaka, Japan). and 20 pg of RNA was
used for northern blot analysis with cDNAs for CAP, PPAR-y, C/EBP-B, aP2, LPL, alkaline phos.
phatase, PGC-2 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH} used as probes' ™,

ChIP assay

We cultured ST2 cells for 2 d in the presence or absence of troglitazone or dexamethasone with or
withaut cvtokines and used the ChIP Assay Kit {Upstate Biotechnology, Lake Placid, NY) with an
antibody™ against acetylated histone H4, the K-100 antibody against human PPAR-y, an antibody
against GR antibody or antibadics against C/EEP-{ (Santa Cruv. Biotechnology, Santa Crux, CA). For
amplification by polymerase chain reaction (PCR), we used the primer pair 5-GTCAACTTGA-
CACAGGCTAA-3 (-1110 10 109t} 2nd 5 -TTAGACTTCCACAACGCTGCT-3" (~819 to — 801 ) in the
CAP gene promoter region for PPRE™, 5-GTAACACACCCCAGCTAACT-3" {-328 te -509) and

5. ATCATAGCCATGGTCAGCAC-3' {~129 10 ~110) in the phosphoenclpyruvate carboxykinase
{PEPCK) gene promoter region for GRE and 5°-GCCACTGGTGTG-TATTTTAC-3 {~36] to ~342)
and 5 -CAAATATTTGGGAGAGGTGGG-3" (=93 10 =73) in the PPAR-Y2 gene promoter region for
C/ERP-RE™. Optimal PCR canditions for semi-quantitative measurement were 24 cycles of 305 at

96 °C, 15 5 a1 58 °C, and | min at 72 °C, PCR products were visualized on 2% agarose/Tris-Acetate-
EDTA (TAE) gels™.
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factor (WSTF). WINAC has ATP-dependent chromatin-
remodeling activity and contains both SWI/SNF com-
ponents and DNA replication-related factors. The lat-
ter might explain a WINAC requirement for normal
S phase progression. WINAC mediates the recruitment
of unliganded VDR to VDR target sites in promoters,
while subsequent binding of coregulators requires li-
gand binding. This recruitment order exemplifies that
an interaction of a sequence-specific regulator with a
chromatin-remodeling complex can organize nucleo-
somal arrays at specific local sites in order to make
promoters accessible for coregulators. Furthermore,
overexpressicen of WSTF could restore the impaired
recruitment of VDR to vitamin D regulated promoters
in fibroblasts from Williams syndrome patients. This
suggests that WINAC dysfunction contributes to
Williams syndrome, which could therefore be consid-
ered, at least in part, a chromatin-remodeling factor
disease.

Introduction

Lipophilic ligands, such as fat-soluble vitamins A/D and
thyroid/steroid hormones, exert their actions through
transcriptional control of particular sets of target genes
by direct binding and consequent activation of their
cognate nuclear receptors (NRs) (Mangelsdorf et al.,
1995). NRs form a superfamily and act as ligand-induc-
ible regulators. From their functional and structural simi-
larities, NR proteins are divided into five functional do-
mains, designated A to E. The ligand binding domain
(LBD) is located in the C-terminal E domain. The most
conserved domain, C, is located in the NR center and
serves as the DNA binding domain to specifically recog-
nize and directly bind to their cognate ligand response
elements in the target promoters. The LBD also harhors
ligand-inducible transactivation function (AF-2). Upon
ligand binding, NRs control transcription through ligand-
dependent associations with a number of coregulators
and coregulator complexes (Glass and Rosenfeld, 2000).

At transcriptional initiation sites in promoters, distinct
classes of multiprotein complexes are thought to be
indispensable for controlling transcription of sequence-
specific regulators (Emerson, 2002; Narlikar et al., 2002).
These complexes modify the chromatin configuration in
ahighly regulated manner, like nucleosome rearrangement,
and bridge the functions between regulators and basal
transcription factors, along with RNA polymerase Il. Two
major classes of chromatin-modifying complexes have
been well characterized and their anchoring to the pro-
moters presumably requires enzyme-catalyzed modifi-
cations of histone taits in chromatin (Hassan et al., 2002).
One class contains several discrete subfamilies of tran-
scription coregulatory complexes with either histone
acetylase (HAT) or histone deacetylase (HDAC) activities
to covalentty modify histones through acetylation. In NR
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ligand-induced transactivation processes, the com-
plexes containing HDAC first act to corepress transacti-
vation of unliganded NRs, while upon ligand binding,
two HAT complexes, p160/CBP and TRRAP/GCNS, co-
activate the NR function, like the other non-HAT DRIP/
TRAP/SMCC coactivator complexes (Onate et al., 1995;
Kamei et al., 1996; Rachez et al., 1998; Gu et al., 1999;
Yanagisawa et al., 2002).

Another class of complexes uses ATP hydrolysis to
rearrange nucleocsomal arrays in a noncovalent manner
and render chromosomal DNA accessible for sequence-
specific regulators (Narlikar et al.,, 2002). These ATP-
dependent chromatin-remodeling complexes act on
transcription, DNA repair, and DNA replication and have
been classified into subfamilies based on the major ca-
talytic components with ATPase activity, SWI2/SNF2,
ISWI, and Mi-2 (Fyodorov and Kadonaga, 2001; Yasui
et al., 2002). These ATPases are highly conserved from
yeast to humans and each forms a functionally similar,
but distinct complex with a combination of specific com-
ponents. However, the roles of most of the other compo-
nents, except the catalytic subunits in chromatin remod-
eling, remain largely unknown {Narlikar et al., 2002).

Accumulating evidence revealed that both the chro-
matin-remodeling complexes and the coregulatory
complexes cooperatively support transactivation of se-
quence-specific regulators like NRs {Glass and Rosen-
feld, 2000; Emerson, 2002; Narlikar et al,, 2002). How-
ever, the underlying molecular basis of the functional
interplay among the complexes and the order of their
recruitment through regulators to the promoters in con-
trolling transcription at the specific loca! sites on the
promoters are largely unknown.

Williams syndrome (WS) is a rare autosomal dominant
hereditary disorder with multipte symptoms, including
typically congenital vascular lesion, elfin face, mental
retardation, and growth deficiency {Lu et al., 1998). Tran-
sient appearance of infantile aberrant vitamin D metabo-
lism and hypercalcemia in the WS patients was also
documented (Taylor et al., 1982; Garabedian et al., 1985).
This syndrome is associated with genetic deletions at
chromosome 7q 11.23, and several candidate genes in
the deleted regions have been mapped from their mRNA
expression levels (Hoogenraad et al., 2002). One gene,
the Williams syndrome transcription factor (WSTF), has
been suspected to be a candidate responsible for the
diverse WS disorders {Lu et al., 1998; Peoples et al.,
1998). This possibility is raised by the fact that WSTF is
highly homologous to hACF1 as one of the WAC family
proteins (Jones et al., 2000). Also, hACF1 is a partner
of hSNF2h {a Drosophila ISWI homolog) to form well-
characterized [SWl-based chromatin-remodeling com-
plexes {(Poot et al., 2000).

To search a chromatin-modifying complex to account
for the ligand-independent occupancy of VDR in the
target promoters, we purified from MCF7 cells a human
multiprotein complex named “WINAC”. The analysis of
WINAC represents not only a molecular mechanism that
a direct and selective interaction of a sequence-specific
regulator with a chromatin-remodeling complex, but
also the relationship between the function of WINAC
and Williams syndrome disorders.

Results

Purification of a WSTF-Containing Multiprotein
Complex Interacting with the VDR

Ligand Binding Domain

To identify a coregulator complex for nuclear receptors,
Hela cell nuclear extracts were incubated with a chime-
ric VDR-DEF region protein {(VDR-DEF) fused to glutathi-
one-S-transferase (GST), in the presence or absence of
1a,25(0H)2D3 (Figure 1A). Proteins associated with VDR
were collected under a milder washing condition (Ya-
nagisawa et al. 2002) than that in the previous report
(Rachez et al., 1998). Proteins that interacted with VDR-
DEF were separated by SDS-PAGE and silver stained
(Figure 1B). Mass spectrometry and the apparent molec-
ular weights of the different proteins associated with
the VDR-DEF in a ligand-dependent way led to the iden-
tification of several known components of the DRIP/
TRAP/SMCC complex (Figure 1B), in agreement with
previous observations (Rachez et al., 1998; Gu et al.,
1999; Yanagisawa et al., 2002}, One of the ligand-inde-
pendent VDR-specific interactants was the Williams
syndrome transcription factor (WSTF)/WBSCRY/BAZ1B
{Lu et al., 1998; Peoples et al., 1998; Jones et al., 2000)
{Figure 1B), and the WSTF protein was detected indeed
in native HelLa cells (Figure 1C).

By Western blotting with specific antibodies, the NR
coactivators, TRAP220 and TIF2, were detected only
when VDR and ERax were liganded (Figure 1B). Unlike
these factors, no ligand dependency, but VDR-selective
interaction was found in WSTF (Figure 1B}). By a GST
pull-down assay, the physical and constitutive interac-
tion of recombinant WSTF in vitro was observed for
VDR-DEF irrespective of ligand binding, but not de-
tected for ERx LBD (Figure 1D). In coimmunoprecipi-
tations using the nuclear extracts of transfected MCF7
cells, WSTF appeared to interact with both unliganded
and liganded VDR, while ligand-dependent recruitment
of TRAP220 and TIF2 were expectedly seen for VDR as
well as ERa (Yanagisawa et al., 2002) (Figure 1E).

To purify a WSTF-containing complex, we established
a MCF7 stable transformant overexpressing FLAG-
tagged WSTF. With the nuclear extracts of the stable
transformants, WSTF containing complexes were iso-
fated by multistep purification using the GST-VDR col-
umn and an anti-FLAG affinity resin column (Figure 2A).
On the glycerol density gradient (Figure 2B, upper im-
age), the purified complexes with a molecular weight of
greater than 670 kDa bound to the GST-VDR column
and these large molecular weight fractions contained
WSTF, indicating that WSTF forms a stable nuclear com-
plex. The fractions containing FLAG-tagged WSTF were
then applied on the anti-FLAG affinity column to isolate
the complex.

Identification of a WSTF Complex

With the mass fingerprinting, we identified all the com-
ponents of the purified complex containing WSTF (Fig-
ure 2C), and designated this complex as WINAC (WSTF
Including Nucleosome Assembly Complex). WINAC sta-
ble formation was further supported by coimmunopreci-
pitation with 2 CAF-1p150 antibody {Figure 2C). WINAC
consists of at least 13 components, but unexpectedly
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Figure 1. Purification and ldentification of Hurnan Proteins Interacting with 14,25(CH)2D3, Unbound and Bound VDR

{A) Purification sc¢heme for VDR interacting proteins. The eluted fraction from P11 phosphocellulose column was incubated with immobilized
GST-VDR(DEF) in the absence or presence of 1«,25(0H)2D3(D3,10°% M),

(B) Identification of ligand-independent and -dependent VDR interacting proteins. In the upper image, fractions were subjected to SDS-PAGE,
followed by silver staining. Total HeLa S3 nuclear extract [NE] (lane 1), a fraction eluted from the P11 column [p11] {lane 2}, fractions from
GST [GST] {lane 3), unliganded- and liganded-GST-ERa(DEF)} columns [ERa{—)}ERa(+)] (lanes 4 and 5), unliganded- and liganded-GST-
VDR(DEF) columns [VDR{-};VDR(+)] were examined by mass spectrometry and identified proteins are indicated at the right side of the image.
The lower image shows Weastern blot analysis using specific antibodies shown in the image.

(C) Protein expression in cultured cells. Westem blotting with antibodies against WSTF or VDR was performead with indicated cell lines (3 x
10° cellsflana).

(D) Direct and ligand-independent interaction of WSTF with VDR in vitro. WSTF, TIF2, and TRAP220 were translated in vitro and incubated
with a receptor-GST chimeric protein immobilized on glutathione-Sepharose beads in the presence or absence of the cognate ligands.

(E) 1,25{0OH)2D3-independent interaction between VDR and WSTF in vivo. The upper image displays the Western blot of the total cell extracts
(Yanagisawa et al., 2002} to verify expression. The lower image shows the Westaem blot of the Immuncprecipitates by anti-FLAG M2-affinity
resin to detect the receptor,
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Figure 2. Purification and Identification of a Human WSTF-Containing Multiprotein Complex “WINAC"

{A} Purification scheme of WINAC from MCF7 stable transformants (Yanagisawa et al., 2002).

{B) Fractionation of purified complexes on glycerol density gradient. In the lower image, Western blot analysis of each fraction using specific
antibodies is shown.

{C) The purified complex was subjected to SDS-PAGE, followed by silver staining and identified by mass spectrometry (left image). The right
image shows the reimmunoprecipitation (Re-IP) of purified WINAC by the anti-CAF-1 p150 antibody.

(D) Westem blot analysis of WINAC. Westermn blot analysis was performed to compare nuclear extracts {lane 1), mock MCF? {lane 2), and
FLAG-WSTF stable transformants containing WINAC (lane 3) with specific antibodies.

(E) Detection of endogenous WINAC components by Westem blotting.

contains neither hSNF2h nor the components of known components share with the SWI2/SNF2-based com-
ISWI-based complexes (Figure 2C). Rather, the SWI/ plexes (Nardikar et al., 2002). However, we could not
SNF type ATPases (Brgl and hBrm) and several BAF detect BAF180, which is specific to one of the hSWI/
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