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1997; Stewart et al. 2004) was limited to the boundary of
proliferative and hypertrophic zones in the wild-type
growth plate {Fig. 3A, a-p57%%2%}, whereas in KMI the
pS7¥ P expressing cells were broadly and sporadically
scattered in the intermediate layer, suggesting a loss of
synchronized withdrawal from the cell cycle of the chon-
drocytes. Hence, the intermediate layer chondrocytes
were abnormal cells that had ceased proliferation but
had not started hypertrophic differentiation.

To examine whether ¢GKII has an important role gen-
erally for endochondral ossification, we compared the
healing process of bone fracture produced by a transverse
osteotomy and stabilized with an intramedullary nail at
the midshaft of tibiae of wild type and KMI {Shimoaka et
al. 2004). X-ray analysis 2 wk after the fracture showed
substantial calcified callus formation in wild type,
which was rarely seen in KMI (Fig. 3B, X-ray). Time
course analyses of the calcified area and the bone min-
eral content (BMC} of the callus measured by a bone
densitometer revealed the impairment of endochondral
ossification in KMI at 2 wk and thereafter (Fig. 3C]. His-
tological analysis at 2 wk confirmed that endochondral
ossification was present in the wild-type fracture callus;
in KMI, however, massive uncalcified cartilagenous cal-
lus remained, although intramembranous ossification
from the periosteum was normally seen {Fig. 3B, HE).
When distributions of hypertrophic and proliferating
chondrocytes were examined by the COL10 immuno-
staining and the BrdU uptake, respectively, the two kinds
of cells were located adjacent to each other in the wild-
type callus, indicating the tight coupling between prolif-
eration and hypertrophic differentiation in this model as
well {Fig. 3B, a-COL10 and BrdU). In the EMI callus,
there was an intermediate laver with an accumulation of
abnormal cells that were stained by neither marker (Fig.
3B, black bars), as observed in the growth plate.

Taking these histological findings together, the cessa-
tion of proliferation and the start of hypertrophic differ-
entiation, which were tightly coupled under normal con-
ditions, were dissociated in both the growth plate and
the fracture callus of KMI. The ¢GKIH dysfunction was
therefore shown to impair the synchronized switching
from proliferation to hypertrophic differentiation of
chondrocytes in the endochondral ossification.

Functions of cultured chondrocytes from KMI
growth plate

To investigate the mechanism underlying the abnormal-
ity of chondrocytes due to the cGKI deficiency, ex vivo
cultures of primary chondrocytes isclated from the
proximal growth plates of the wild-type and KMI tibiae
were performed. We first compared the time course of
cell proliferation determined by the growth curve for 8 d,
and found no significant difference between wild-type
and KMI chondrocytes (Fig. 4A). However, after 5 d of
culture when the chondrocytes became confluent, the
cell shape by the phase contrast image was different be-
tween wild type and KMI: The former was hexagonal
whereas the latter showed a spindle-shape appearance
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(Fig. 4B). ALP staining revealed that the KMI chondro-
cytes were less differentiated than wild type. In addition,
a real-time RT-PCR analysis revealed that the expres-
sion of COL10, a marker for hypertrophic differentiation,
was down-regulated in cultured KMI chondrocytes com-
pared to wild-type chondrocytes. To confirm the contri-
bution of ¢GKI to these abnormalities, cGKII was intro-
duced into cultured KMI chondrocytes using an adeno-
virus vector carrying the ¢GKII gene {Ax-cGKII). As a
result, the suppression of all of these differentiation
markers in the KMI culture was restored to those similar
to the wild-type culture, although introduction of the
same adenovirus vector without the cGKIT gence (Ax-vec-
tor} did not affect them (Fig. 4B).

‘We next examined the involvement of ¢GKII in the
putative signalings which regulate hypertrophic differen-
tiation of chondrocytes {Fig. 4C,D). PTH/PTHP via the
cAMP-dependent protein kinase {PKA) is known to be a
major signal in the inhibition of chondrocyte hypertro-
phy {Chung and Kronenberg 2000). PTH(P and PTH/
PTHIP receptor levels were similar between the wild-
type and KMI cultures, and PTH/PTH1P signaling deter-
mined by the dose-response effect of PTH on cAMP
accumulation was not enhanced in the KMI chondrocyte
culture compared to the wild-type culture, indicating
that the impaired differentiation of the KMI chondro-
cytes is not due to a defect of the inhibition by ¢GKII on
the PTH/PTHYP signaling {Fig. 4C}. C-type natriuretic
peptide [CNP} is also known to be a positive regulator of
endochondral ossification and a putative ligand for cGEIl
(Chusho et al. 2001; Miyazawa et al. 2002). Addition of
CNP failed to rescue either the impaired ALP activity or
the COL10 expression in the KMI chondrocyte culture
{Fig. 4D}, indicating that ¢GKII plays a role in CNP-me-
diated chondrocyte differentiation. On the other hand,
BMP-2 potently increased these differentiation markers,
suggesting that the BMP signaling molecules Smads and
Runx2 may be independent of the ¢GKII signaling (Fig.
4D)|. These results demonstrate that ¢GKII is not in-
volved in the two major signalings of chondrocyte hy-
pertrophy: PTH/PTH:P and BMP.

¢GKII as an attenuator of Sox9 function

We further examined the involvement of ¢GKI in the
function of Sox9, a transcription factor that is known to
be essential for chondrogenic differentiation of mesen-
chymal cells [de Crombrugghe et al. 2001). Sox9 also
functions as a potent inhibitor of the hypertrophic dif-
ferentiation of chondrocytes [Akiyama et al. 2002), and
the expression disappears at the hypertrophic zone in the
growth plate {Huang et al. 2000). In line with previous
studies, our immunohistochemical study confirmed the
lack of Sox9 localization in the hypertrophic zone of the
wild-type growth plate; however, nuclear localization of
S50x9 was clearly visible in the abnormal intermediate
layer of the KMI growth plate {Fig. 5A).

To assess the possible interaction between cGKII and
Sox9, we performed transfection experiments with plas-
mids encoding ¢GKII and/or Sox9 in ceil culture sys-
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tems. Initially, to know the effects of cGKII and Sox9 on
the hypertrophic differentiation of chondrocytes, we ex-
amined the COL10 expression in cultured mouse chon-
drogenic ATDCS cells (Fig. 5B; Shukunami et al. 1996).
In the monolayer culture, the baseline of the COL10
level was low and little altered by the Sox9 transfection;
however, in the three-dimensional culture, ATDCS cells
differentiated into hypertrophic chondrocytes with
COLI1Q expression in the presence of insulin, as reported
previously {Seki et al. 2003). The Sox9 transfection was
confirmed to reduce the COL10 mRNA level, and the
cotransfection with ¢GKII restored it to the control level.
In addition, transfection with Sox9 was also confirmed
to show an ~10-fold increase in the type I collagen
{COL2) mRNA level in human nonchondrogenic hepa-
toma HuH-7 cells, and cotransfection with ¢GKII signifi-
cantly suppressed the Sox9-induced COL2 expression
(Fig. 5C}. These results suggest a novel function of cGKI
as an attenuator of the Sox9 actions: inhibition of hyper-
trophic differentiation and stimulation of chondrogenic
differentiation. We further examined the effects of mu-
tated cGKIT; one derived from KMI {¢GKII-KMI) and the
other lacking the entire kinase domain [cGKII-Akinase)
in the respective cultures {Fig. 5B,C). Neither of the mu-
tant cGKIIs restored the Sox9-inhibited COL10 level nor
suppressed the Sox9-induced COL2, implicating that the
kinase activity of ¢GKII was indispensable for the at-
tenuation of the Sox9 function. Hence, we next exam-

ined the involvement of phosphorylation of S0x9 in the
action of ¢cGKIL The consensus amino acid sequence for
phosphorylation by ¢GKII is RRXS/TX where either S or
T is the phosphorylation site {Hofmann 1995), and a
single consensus sequence was detected at Ser 181 [S181})
in the human Sox9. Immunoblot analysis with a phos-
phorylation-specific antibody revealed that the ¢GXII co-
transfection stimulated the phosphorylation of trans-
fected Sox9 at 5181 in HuH-7 cells {Fig. 5D, top panel).
To learn the functional relevance of the Sox9 phosphory-
lation by ¢GKII, we generated a phosphorylation-defi-
cient Sox9 vector {Sox93'*!'4} by introducing serine-to-
alanine substitutions at S181. The Sox9%'#'4 transfec-
tion induced the COL2 expression to a level similar to
that of the wild-type Sox9 in HuH-7 cells {Fig. 5D, bot-
tom panel). Interestingly, the cGKII cotransfection de-
creased the COL2 induction by the Sox9%'®'4 similarly
to that by the wild-type Sox9, indicating that the phos-
phorylation of Sox9 itself is dispensable for the attenua-
tion of the Sox9 function by cGKIL

To ¢larify the mechanism underlying the attenuation
of the Sox9 signaling by ¢cGKII, we examined the subcel-
lular localization of Sox9. Fluorescent images of Hela
cells transfected with the plasmid encoding GFP-Sox9
revealed that So0x9 is predominantly localized in the
nucleus, in agreement with previous reports [Fig. 6A;
Huang et al. 2001). When c¢GKII was cotransfected, Sox9
became localized not only in the nucleus, but 2lso in the
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Figure 5. Regulation of S0x9 function and phosphorylation by ¢GKI. (A} Immunohistochemical stainings with an anti-Sox9 antibody
in the growth plates of the proximal tibiae of wild type [WT) and KMI at 10 wk of age. Inset boxes in the middle two panels indicate
the regions of the respective right panels. Blue, black, red, and green bars indicate layers of proliferative zone, abnormal intermediate
zone, hypertrophic zone, and primary spongiosa, respectively. Bar, 50 pm. (B} COL10 mRNA levels by the transfection with the
plasmid encoding Sox9 determined by real-time quantitative RT-PCR in cultured ATDCS cells cotransfected with the empty vector
(control), the expression vectors of ¢GKII {1, 3 and 10 pg), ¢cGKII-EMI {10 pg), and ¢GKIO-Akinase {10 pg) in the monolayer culture
(Mono} and three-dimensional alginate beads culture (3D} in the chondrogenic medium with insulin. Data are mean (bars) + S.E.M.
{error bars) of six wells/group. {#} P < 0.01, significant inhibition by Sox9. (*) P < 0.01, significant stimulation by ¢GKIL [C} Induction
of COL2 mRNA by the Sox9 transfection determined by real-time quantitative RT-PCR in cultured HuH-7 cells cotransfected with
the empty vector [control), the expression vectors of wild-type ¢eGKII (cGKII), the mutated ¢GEII lacking exons 4 and 5 {¢GKII-KMI),
and that lacking the kinase domain {cGKIT-Akinase}. Data are mean {bars) + SEM (error bars) of six wells/group. {#} P < 0.01, significant
stimulation by Sox%. {*] P < 0.01, significant inhibition by ¢GKI. [D, top) Immunoblotting with an anti-phosho-Sox9 antibody [«
pSox?) in cultured HuH-7 cells transfected with wild-type Sox9 or phosphorylation-deficient Sox9 [Sox9518'4), Blottings with anti-B-
actin {e-actin) were used as loading control. {Bottom] Induction of COL2 mRINA by the transfection with Sox9 or S0x9%'5'4 determined
by real-time quantitative RT-PCR in cultured HuH-7 cells in combination with the ¢GKII expression vector {+) or the empty vector
{-). Data are mean (bars) =+ 5.E.M. {error bars) of six wells/group. [#} P < 0.01, significant stimulation by Sox9. (*) P < 0.0}, significant

inhibition by ¢GKII,

cytoplasm. Addition of leptomycin B, an inhibitor of
CRM-1-dependent nuelear export (Gasca er al. 2002),
failed to restore the altered localization of Sox9, suggest-
ing that ¢GKH attenuated the nuclear entry of Sox9
rather than enhanced its export from the nucleus. As
cGKII also altered the subcellular localization of phos-
phorylation-deficient Sox? {Sox9%!'#14) in a similar man-
ner, phosphorylation at §181 was shown to be dispens-
able for this regulatory mechanism, Interestingly, the
subcellular localization of Sox5 and Sox6, critical part-
ners of $ox9, was not affected by ¢GKII {Fig. 6A). The
altered subcellular localization of Sox9 was confirmed by
an immunoblot analysis: the c¢GKII cotransfection in-
creased the Sox9 protein level in the cytoplasmic frac-
tion although it decreased that in the nuclear fraction
[Fig. 6B). To determine whether or not the attenuated
Sox9 signaling by c¢GKI was attributable to the de-
creased nuclear entry of Sox9, we fused Sox9 with §V40-
derived nuclear localization signal [Sox9-3xINLS),
thereby forcing Sox9 to localize in the nucleus. The
¢GKII cotransfection was unable to keep the Sox9 in the
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cytoplasm in HeLa cells {Fig. 6C, left panel). In this con-
dition, the inhibitory effect of ¢cGKI on the Sox%-in-
duced COL2 expression was greatly alleviated, indicat-
ing that ¢GKII attenuated the Sox9 function mainly, if
not exclusively, by interfering with its nuclear entry (Fig.
6C, right panel]. To further examine the change of So0x?
subcellular localization in the KMI chondrocytes, we ad-
enovirally transduced cultured primary chondrocytes
from wild-type and KMI growth plates with GFP-S0x9.
Treatment with the cGMP analog 8-bromo-cGMP inhib-
ited nuclear entry of Sox9 in wild-type cells, whereas it
did not in KMI cells. CNP, a putative upstream molecule
of cGKII, showed a similar effect on the Sox9 subcellular
localization in wild-type cells, but not in KMI cells {Fig,
6D). Finally, we examined the effects of the silencing of
Sox9 through RNA interference (RNAi} on the cultured
growth plate chondrocytes from KMI (Fig. 6E}. The im-
paired differentiation of KMI chondrocytes determined
by the ALP staining and the COL10 mRNA level was
reversed by the retrovirus-mediated introduction of Sox9
RNAi. Taken together, these results demonstrate that
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the ¢GKII dysfunction in KMI impaired the hypertrophic
differentiation of chondrocytes through enhancement of
the Sox9 signaling.

Discussion

Although postproliferative chondrocytes immediately
unidergo hypertrophic differentiation during endochon-
dral ossification, little has been known about the mo-
lecular mechanism that couples the cessation of prolif-
eration and the start of hypertrophy. The present study
for the first time identified a novel role of ¢GKII as a
molecular switch for the coupling. The study began with
the identification of a mutation in the ¢GKII gene caus-
ing the longitudinal growth retardation of a rat dwarf
model, KMI. Analyses of the growth plate and the bone
fracture callus of KMI revealed that the cessation of pro-
liferation and the start of hypertrophic differentiation of
chondrocytes were dissociated. Cultures of KMI chon-
drocytes confirmed that the ¢GKII dysfunction impairs
the synchronized switching from proliferation to hyper-
trophic differentiation. This KMI chondrocyte abnormal-

ity may be due to the sustained activity of Sox9, as cGKII
was shown to function as an attenuator of Sox9 mainly
by inhibiting its nuclear entry.

Physiological function of cGKII

In mammalian cells, at least three receptors for cGMP
are present, that is, c¢GMP-regulated PDEs, cyclic
nucleotide-gated cation channels, and ¢GKs (Ruth 1999).
Mammalian ¢GKs exist as two isoforms, cGKI and ¢GKI
(Hofmann et al. 2000). Whereas the ¢GKI is expressed at
high levels in all types of smooth muscle, platelets, and
cerebellar cells, cGKII is expressed in the intestinal mu-
¢osa, juxtaglomerular cells of the kidney, and chondro-
cytes (Pleifer et al. 1996). The widespread expression of
c¢GKs is mimrored by the diversity of their functions,
which establish these enzymes as major mediators of the
cGMP signaling cascade. Studies on the ablation of the
genes disclosed the pivotal tasks of these enzymes under
in vivo conditions {Pfeifer et al. 1996, 1998). cGKII-defi-
cient (cGKIT-) mice were reported to develop dwarfism
postnatally, which was caused by a severe defect in en-
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dochondral ossification at the growth plates {Pfeifer et al.
1996]. Although the phenotypes were quite similar to
those of KM, the abnormal population of chondrocytes
in the cGKII~/~ growth plate was though to constitute a
hypertrophic zone with patches of nonhypertrophic cells
intermingled with hypertrophic chondrocytes. Our more
detailed histological examination of the KMI growth
plate clearly showed that these cells were postmitotic
but nonhypertrophic chondrocytes. Further examina-
tions of the c(ZKII~ growth plate would probably reveal
similar findings confirming the unique role of ¢cGKH in
the coupling of chondrocyte proliferation and differen-
tiation.

¢GKII and CNP signaling

CNP is a positive regulator of endochondral ossification
through the intracellular accumulation of ¢cGMP, which
activates different signaling mediators such as cyclic
nucleotide phosphodiesterases, cGMP-regulated ion
channels, and ¢GKs (Fowkes and McAxrdle 2000). Among
them, ¢GKIT is reported to play 4 critical role in the CNP
action on endochondral ossification, because targeted ex-
pression of CNP in the growth plate chondrocytes failed
to rescue the skeletal defect of cGKII-/~ mice {Miyazawa
et al. 2002). This notion was supported by the present
findings that CNP neither reverses the impaired differ-
entiation {Fig. 4D) nor inhibits the Sox% nuclear entry
(Fig. 6D) in cultured KMI chondrocytes. However, there
is a marked difference between CNP~/~ and cGKI-/-
mice in the histology of the growth plate (Pfeifer et al.
1996; Chusho et al. 2001} the growth plate of the former
is reduced in height with the chondrocytes arranged in a
regular columnar array, whereas that of the latter is in-
creased in height. This may indicate the involvement of
other signaling pathway(s) in the CNP-mediated endo-
chondral essification. I fact, a recent report showed that
targeted overexpression of CNP in chondrocytes pre-
vented the shortening of achondroplastic bones through
inhibition of the mitogen-activated protein (MAP] ki-
nase pathway of activated fibroblast growth factor recep-
tor 3 signaling in the growth plate (Yasoda et al. 2004). In
addition, the possibility of the involvement of ¢cGKI can-
not be ruled out, although no skeletal abnormality has
been reported in cGKI™/~ mice (Pleifer et al. 1998). Tt
would be helpful to investigate whether mice doubly de-
ficient for ¢GKI and ¢GKII mimic the phenotype of
CNP~/~ mice.

cGKIl and PTH/PTH!P signaling

Targeted expression of a constitutively active PTH/
PTHrP receptor delays endochondral ossification
through ligand-independent constitutive cAMP accumu-
lation and the subsequent cAMP-dependent protein ki-
nase {cAK) activation (Schipani et al. 1997). The growth
plate histology of the transgenic mice expressing a con-
stitutively active PTH/PTHrP receptor is characterized
by the irregular and broadened zone lacking the COL10
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expression, which is similar to that of KM! and cGKII~/~
mice. In the present study, however, neither the expres-
sion levels of PTHrP and PTH/PTHIP receptor nor the
cAMP accurnulation by PTH stimulation was enhanced
in the cultured KMI chondrocytes. It is therefore specu-
lated that the ¢GKIl and PTH/PTH:P/cAK signaling
pathways independently coordinate to control the rate of
chondrocytic differentiation as an accelerator and a de-
celerator, respectively.

Regulation of Sox9 actions by ¢GKII

In addition to its essential roles in early mesenchymal
condensation and development of premature chondro-
cytes, Sox9 is reported to prevent hypertrophic differen-
tiation of chondrocytes {de Crombrugghe et al. 2001;
Akiyama et al. 2002). Although the present findings
demonstrated that ¢cGKII maintains the hypertrophy by
attenuating the Sox9 activity, the molecular mechanism
remains to be clarified in more detail. The fact that
¢GKII lacking the kinase activity did not suppress the
Sox9 function suggests that phosphorylation by ¢GKII is
required for the regulation of Sox9 activity. Although
¢GKIl enhanced the phosphorylation of Sox9 at 5181,
which has been known to be a phosphorylation target for
PKA signaling {Huang et al. 2000}, the attenuation of
Sox?® by ¢GKII was not dependent on the phosphoryla-
tion at this site [Fig. 5D}. Along with S§181, Ser 64 {S64} is
also known to be a phosphorylation target for PKA
(Huang et al. 2000}; however, this site does not contain
the consensus sequence for phosphorylation by ¢GKI
(RRXS/TX). In addition, ¢cGKII suppressed the COL2 in-
duction in cultured HuH-7 cells transfected with a phos-
phorylation-deficient Sox9 vector at this site [Sox95%44)
as with the wild-type Sox9 or Sox9%'¥'* (data not
shown), indicating that the direct phosphorylation of
Sox9 is dispensable for its attenuation by ¢GKII. Several
lines of evidence indicated that transcriptional factors of
the Sox family are regulated by subcellular distribution
{Sudbeck and Scherer 1997; Harley et al. 2003). The pres-
ent findings also indicate that ¢cGKII attenuates the Sox9
function at least in part by inhibiting its nuclear entry.
Because this ¢GKII effect was seen in cells transfected
with the phosphorylation-deficient Sox9, the phosphory-
lation and the nuclear entry of Sox9 were independent,
although both were affected by cGKII. Hence, there seem
to be other phosphorylation target molecules that medi-
ate ¢GKII signaling. Sox genes including Sox9 require
partner molecules that enhance or suppress transcrip-
tional activities. For example, Sox5 and Sox6 coopera-
tively work with Sox9 and activate several cartilage ma-
trix genes (Lefebvre and deCrombugghe 1998); however,
our computer search found no amino acid sequence in
Sox5 or Soxé for a ¢GKII phosphorylation site like S181
in Sox9. Furthermore, our results revealed that their sub-
cellular localizations were not altered by cGKII [Fig. 6A),
suggesting that it is unlikely that Sox5 and Sox6 are the
direct target of ¢cGKIL It was recently revealed that the
dimerization of Sox9 is critical for its several target
genes. Sox9 contains 4 dimerization domain and binds



cooperatively as a dimer in the presence of the DNA
enhancer element in genes involved in chondrocyte dif-
ferentiation, such as COL9, COLI11, and CD-Rap {Sock
et al. 2003). Because in vitro-transcripted Sox9 was un-
able to form a DNA-dependent dimer {Lefebvre et al.
1998}, there must be cofactor(s} that mediate the dimer-
ization of Sox9. Although phosphorylation of these part-
ner molecules remains to be resolved, one of these mol-
ecules might be a direct or indirect phosphorylational
target of cGKIL

¢GKI, a2 molecular switch from proliferation to hyper-
trophic differentiation of chondrocytes, could be 2 novel
therapeutic target for disorders of skeletal growth and
regeneration. Because cGKII is an intracellular kinase,
we are planning to apply the gene transfer system that
we are now intensively working on (Itaka et al. 2002} for
bone regenerative medicine. Otherwise, a small com-
pound that modulates cGKH activity in vivo would be a
good candidate for a new therapeutic drug.

Materials and methods

Genetic mapping

Heterozygous (BN x EMI-mri/mri) Fl rats were backcrossed to
KMI-mri/mri homozygous rats to obtain backeross progeny (241
homozygotes among 475 backcross progeny). Animals ‘were
genotyped with SSLP markers [Rat Genome Database, http://
rgd mew.edu}. The segregation patterns of the markers were
analyzed with the Map Manager computer program. The rat.
motse-human comparative map was constructed based on the
data obtained from the following databases: RatMap {http://
ratmap.gen.gu.se), Mouse Genome Informatics (htep:/fwww.
informatics jax.org), and University of California at Santa Cruz
Genorne Browser (hitp://genome ucsc.edu).

Positional candidate cloning of the mri locus

Total RNA from rat intestine was prepared and subjected to
RT-PCR using specific primers to amplify overlapping products
that cover the coding region of the rat ¢GKIT gene. Genomic
DINA was isclated from rat liver, and interexon PCR was carried
out with primers as follows: 5-CTTATCACAGACGCCCT
GAATAAGAAC-3' and 5'-CACTTCCAAGCAGTCAATAAT
CTTGGT-3". The amplified pruducts were sequenced using ABI
PRISM 310 Genetic Analyzer {Applied Biosystems).

Animals were genotyped with primers as follows: common
forward, 5-TGTATTTTCCCGTCCGACAC-3"; wild-type re-
verse, 5'-TCCTTCGATGCCACCGTAAT-3"; and KMI reverse,
5. CAGAGTACGCTAGGTTCCAAGG-3".

In vitro kinase assay

Wild-type and KMI brain extracts (40 pg) were prepared using
T-PER {Pierce]. Kinase activity was determined by the phos-
phorylation of biotinylated substrate peptide {250 M, Biotynyl-
RKISASEFDRPLR-OH, Bachem) in the presence of PKI [2 pM,
Sigma) and 8-bromo-cGMP {100 pM) for 30 min at 30°C using
the AUSA Universal Protein Kinase Assay Kit {TRANSBIO).

Histological analysis

Tissues were fixed in 4% paraformaldehyde and decalcified in
10% EDTA, if necessary, then embedded in paraffin and cut into
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6-um sections. Hematoxylin eosin {HE] staining and von Kossa
staining were done according to the standard procedure. For
enzyme histochemistry, ALP was visualized using X-phosphate
and NBT (Roche]. For immunohistochemistry, sections were
incubated with primary antibody at 4°C overnight. Primary an-
tibodies were purchased frorn Santa Cruz Biotechnology. Signal
was detected with HRP-conjugated secondary antibody. For
fluorescent visualization, a secondary antibody conjugated with
Alexa 488 (Molecular Probes) was used.

Int vivo BrdU labeling

Animals were injected intraperitoneally with BrdU {Sigma), 25
ng per gram body weight 2 h prior to sacrifice. Incorporated
BrdU was detected using a BrdU immunostaining kit (Roche).

Fracture model

A fracture was generated on the mid-part of the tibiae of 10-
week-old animals (n = 10/group), Animals were sacrificed 2 wk
after the surgery. Fracture callus was quantitated as described
{Shimoaka et al. 2004).

Analysis of growth plate chondrocytes

Growth plate chondrocytes were isolated from the tibiae of
4.week-old animals as described (Klaus et al. 1991). Cells were
cultured in Dubecco’s Modified Eagle’s Medium (DMEM]
supplemented with 10% fetal bovine serum {FBS). For cellular
proliferation assay, 1 x 10° cells were plated on a 6-cm dish and
counted after designated periods. To assess differentiation, cells
were incubated for a designated period with hBMP-2 (100 ng/
mk) and CNP {100 nM) when needed. They were stained for
ALP, and ALP activity was quantitated as described {Shimoaka
et al. 2004). RNA was isolated and subjected to semiquantita-
tive RT-PCR analysis. Primer information will be provided
upon request.

Plasmids and viral vectors

¢DNA of rat ¢cGKI [nucleotides 48-2333) was ligaced into
pcDNA4HisA (Invitrogen). A PCR-amplified fragment [nucleo-
tides 48-1403) was used to construct the cGKII-Akinase vec-
tor. Full-length human Sox5, Soxé, and Sox? were ligated into
pEGFPCI (Clontech] to generate GFP-tagged plasmids. To cre-
ate amino acid change {S181A and $64A), GFP-Sox9 plasmid
was subjected to site-directed mutagencsis using the inverse
PCR technique. To construct nuclear-localizing GFP-S0x9 vee-
tor (Sox9-3xNLS), a three-tandem repeat of SV40-derived
nuclear localizing signal was ligated into pEGFPCL. All con-
structs were verified by sequencing. ¢GKII and GFP-Sox? ad-
cnovirus vectors were constructed using the Adeno-X Expres-
sion System {BD Biosciences}, according to the manufacturer’s
protocol, RNAi sequence was designed for the rat Sox9 gene
[nucleotides 190-219, AB073720.1] as described (Kawasaki and
Taira 2003 and ligated into piGENEtRNA vector [iGENE
Therapeutics). RNAi sequence combined with promotor was
then inserted into pMx vector [Kitamura 1998), and retroviral
vector was generated using plat-E cells (Morita et al. 2000}

Cell culture and transient transfection

HuH-7 and HeLa were cultured in DMEM supplemented with
10% FBS. ATDCS was maintained as described {Shukunami et
al. 1996). For transient transfection, a total of 1 pgplasmid DNA
was transfected using FuGENES6 (Rochel. In cotransfection, all

GENES & DEVELOPMENT 2427



Chikuda et al.

plasmids were added in an equal ratio. 8-bromo-cGMP {100 nM,
BioMol!} was added 4 h after transfection. Total RNA was iso-
lated 72 h after transfection and subjected to real-time PCR
analysis. For fluorescent detection, Hela cells were transiently
transfected and fluorescent irnages were taken 24 h after trans-
fection, Cells were incubated with 2.5 ng/mL leptomycin B
(Sigma) for the last 3 h when required. For the differentiation
assay, ATDCS5 cells were transiently cotransfected with Sox?
vector [3 pg) and a designated amount of ¢GEIl vector, Two days
after transfection, a three-dimensional alginate beads culture
was performed as described (Seki et al, 2003} in the presence of
8-bromo-¢GMP {100 uM} and ITS supplement (Sigma). RNA
was isolated 7 d after transfection and subjected to real-time
PCR analysis.

Western blotting

Samples were prepared using M-PER (Pierce) or NE-PER (Pierce]
supplemented with Na,Vo, {2 mM), NaF {10 mM), and aprotinin
(10 pg/mL) following the manufacturer's protocol. An equal
amount {20 pg} of protein was subjected to SDS-PAGE, and
transferred onto PYDF membranes. Anti-EGFP antibody (Clon-
tech} and anti-Sox9 (p5'%!) phosphospecific antibody {BioSource]
were used. The membrane was incubated with HRP-conjugated
secondary antibody {Promega). Immunoreactive proteins were
visualized by ECL {Amersham).

PTH-induced ¢AMP accumulation

Cells were preincubated with 8-bromo-cGMP (100 uM) for 30
min, then challenged with increasing concentrations of PTH
(Sigma) and incubated at 37°C for 30 min in the presence of
IBMX (2 mM). Intercellular cAMP was measured using the
cAMP Biotrack EIA system {Amersham) following the manu-
facturer’s protocol.

Statistical analysis

Means of groups were compared by ANOVA, and significance
of differences was determined by post-hoc tesdng with
Bonferroni’s method.
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Stimulatory heterotrimeric G protein (Gs) transduces signals from
various cell-surface receptors to adenylyl cyclases, which generate
¢cAMP. The a subunit of Gs (Gsa) is encoded by GNAS (Gnas in mice),
and heterozygous Gsa inactivating mutations lead to Albright
hereditary asteodystrophy. The /n vivo role of Gsa in skeletogen-
esis is largely unknown, because of early embryonic lethality of
mice with disruption of Gnas exon 2 (Gnasf2—/%2-) and the absence
of easily detectable phenotypes in growth plate chondrocytes of
heterozygous mutant mice (Gnas*%2~), We generated chimeric
mice containing wild-type cells and either GnastZ~/F2= ar Gnas*/2~
cells. Gnast2—/2= chondrocytes phenocopied PTH/PTHrP receptor
(PPR)-/= cells by prematurely undergaing hypertrophy. Introduc-
tion of a transgene expressing Gsa, one of several gene products
that include Gnas exon 2, into Gnas®2~/¥2= cells prevented prema-
ture hypertrophy. Gsa mRNA expression detected by real-time
RT-PCR analysis was reduced to approximately half that of the
wild-type in both paternal and maternal Gnas+*2~ growth plate
chondrocytes, indicating biallelic expression of Gse in these cells.
Hypertrophy of Gnas+%2~ chondrocytes was modestly but signif-
icantly premature in chimeric growth plates of mice containing
wild-type and Gnas*/2- cells. These data suggest that Gsa is the
primary mediator of the actions of PPR in growth plate chondro-
cytes and that there is haploinsufficiency of Gse signaling in
Gnas*2~ chondrocytes.

P arathyroid hormone (PTH)-related protein (PTHrP) is a para-
crine factor important for regulation of chondrocyte differen-
tiation during endochondral bone formation. Actions of PTHrP are
mediated through the PTH/PTHIP receptor (PPR), which can
couple to both stimulatory heterotrimeric G protein (Gs) (which
activates adenylyl cyclase) and Gq/11 (which activates phospho-
lipase C) in cultured cells (1, 2). Growth plate chondrocytes in
PTHP~/~ or PPR~~ mice show accelerated hypertrophy (3, 4).
In contrast, mice carrying a mutant PPR selectively deficient in
signaling through Gq show a mild delay in hypertrophy of growth
plate chondrocytes (5). Thus, opposing actions of Gs and Gq
signaling pathways may be required for normal endochondral bone
formation.

The a subunit of Gs (Gse) is encoded by GNAS (Gras in mice),
a complex gene locus leading to multiple imprinted transcripts
through the use of different first exons and promoters (6). Het-
erozygous mutations in GNAS exons 1-13 encoding Gsa (Gnas
exons 1-12 in mice, because the intron between exons 9 and 10 is
absent in mice) are associated with skeletal defects as part of a
constellation of physical features termed Albrght hereditary os-
teodystrophy (AHO), including short stature and brachydactyly (6,
7). In some patients, the same GNAS mutations additionally lead to
resistance to somce, but not all, hormones that act via Gsae, including
PTH and thyroid stimulating hormone, a condition termed
pseudohypoparathyroidism (PHP) type Ia (6-8). Whereas mater-
nal inheritance of a Gsa mutation leads to PHP type Ta, paternal
transmission of the same mutation results in pseudopseudohypo-
parathyroidism (PPHP), a disorder characterized by AHO in the
absence of hormone resistance. Consistent with this imprinted
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mode of inheritance of hormone resistance, Gsa expression occurs
predominantly from the maternal allele in certain human tissucs,
including the thyroid gland (9-11), the ovary (9), and the pituitary
gland (12). In the renal cortex, there is evidence for both biallelic
(13) and maternal expression of Gsa (14). AHO, unlike hormone
resistance, develops after both paternal and matemnal transmission
of Gso mutations. These mutations lead to ~50% reduction of Gsa
protein level/activity in erythrocytes and skin fibroblasts of patients
with PHP type Ia and PPHP. It has therefore been hypothesized
that haploinsufficiency of Gs signaling in various tissues may be
responsible for the development of the AHO phenotype (6, 15).

Consistent with the maternal inheritance of hormonal resistance
in PHP type Ia, mice heterozygous for disruption of maternal Gnas
exon 2 (Gnas"E2=1+} but not those heterozygous for disruption of
paternal Gnas exon 2 (Gnas*P£2-), have reduced Gsa levels in
renal cortex along with PTH resistance (16). Also consistent with
the short stature observed in AHO, both Gnas™#£2=/~ and Gnas™’
puE2” mice are shorter than wild-type littermates. However, the
growth plates of these animals appear normal, making it difficult to
assess whether the short stature is due to deficiency of Gsa in
growth plate cartilage or due to systemic effects. Hence, although
the mouse model with disrupted Gras exon 2 provided important
insights into the mechanisms underlying hormonal resistance in
PHP type Ia, it did not explain the skeletal phenotypes of AHO.
Moreover, homozygous disruption of Gnas exon 2 leads to early
embryonic lethality during the postimplantation stage of develop-
ment, and it has therefore remained unclear whether total loss of
Gsa in the growth plate results in a phenotype similar to that
observed in PPR™"~ or PTHrP™~ mice or one that is unique,
perhaps due to disruption of other undefined regulatory pathways
that also use Gsa signaling in the growth plate. Furthermore, XLas,
a large variant of Gso with a distinct amino terminus encoded by
transcripts using a unique first exon, has “Gs-like” signaling prop-
ertics in vitro (6, 17, 18), and it thus has to be clarfied whether this
paternally expressed protein may have a distinct role in the growth
plate.

To better evaluate in vivo toles of Gsa in endochondral bone
formation as well as to address whether haploinsufficiency of Gsa
signaling contributes to the AHO skeletal phenotype, we generated
chimeric mice containing both wild-type cells and cells with a null
mutation in the Gras exon 2, and compared both cell types side by
side in vivo,

Methods

Generation of Embryonic Stem (ES) Cell Lines da Novo. ES cells were
generated as described in ref. 19. To generate Gnas*#E2- and
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Gras™®E2~/+ ES cell lines, male and female Gnas™ /2~ mice in a
CD1 background were mated with wild-type C57BL/6 female and
male mice, respectively, for blastocyst collection. To generate
GrasE2—E2- ES cell lines, Gnas™E2= mice in a CD1-C57BL/6 Fy
hybrid background (16) were mated with each other for blastocyst
collection. ES cells homozygous for the null mutation in the PPR
gene were isolated as described in ref. 20.

Stable Transfection of Gnas®2—/£2~ £S5 Cells with a Plasmid Encoding
Gsa. Rat Gsa ¢cDNA with a hemagglutinin (HA) tag (a generous
gift from A. Federman, University of California, San Francisco}
was subcloned into Xhol-HindIll sites of the pcDNAS3.1/hyg(—)
vector (Invitrogen), which uses the cytomegalovirus (CMV) pro-
moter to drive expression. We call the resultant expression vector
pCMV-rGsa; note that rat and human Gse proteins are virtually
identical with only a single amino acid difference (residue 139 is
asparagine in rat and aspartic acid in human). The expression veclor
was linearized with Mfel. Gnast2—E2~ ES cells were plated onto a
hygromycin-resistant feeder layer, and they were transfected with 1
pg of the linearized pCMV-rGsa by Effectene transfection reagent
(Qiagen, Hilden, Germany) at subconfluency. Forty-cight hours
after transfection, hygromycin was added to the medium at 200
pg/ml, Sensitive cells started dying 2 days after treatment. Seven
days after treatment, resistant colonies were picked. These colonies
were cultured without leukemia inhibitory factor (LIF) to allow
differentiation into fibroblast-like cells before Western blot and
assessment of cAMP production. To detect integration of the
expression vector, PCR for the rat Gsa gene (sense primer,
5'-gpcaacagtaagaccgagga-3'; antisense primer, 5'-cctiggcatgetcata-
gaattc-3") was performed {(annealing, 60°C; extension, 72°C; dena-
turing, 94°C).

Generation of Chimeric Mice. Chimeras were generated by blastocyst
injection as described in ref. 21. Gnas*Pt2=, Gnas™£2~1* and
Gras™-F2~ ES§ cells were injected into CD1-C57BL/6 Fy hybrid
blastocysts. To distinguish cells derived from host blastocysts and
cells derived from ES cells, a S-galactosidase transgene was intro-
duced into all wild-type hosts by mating C57BL/6 male mice
carrying one copy of a B-galactosidase transgene (22) with wild-type
CD1 females. The presence of the transgene was confirmed by
staining for B-galactosidase activity. To produce chimeras with
differing levels of ES cell contribution, the number of ES cells
injected into the blastocele cavity was varied between 5 and 15. At
least two independently established ES cell lines of each genotype
yielded an identical phenotype, Resuitant chimeric mice were killed
at various ages from embryonic day (E) 10 through the neonatal
period, To iltustrate changes in chondrocyte differentiation, exam-
ples of bones from E17.5 are illustrated here. All of the observations
in the results were verified in at least five different chimeric mice.
The degree of chimerism was estimated by staining for B-galacto-
sidase activity or by in situ hybridization for Gsoe mRNA.

Chondrocyte Isolation, RNA Extraction, and Real-Time PCR. Chondro-
cytes were isolated from wild-type, Grus*#F2~_ or GnagmaFfi2=i*
newborn mice as described in ref. 23, Bricfly, limbs were dissccted
and placed in Hanks’ balanced salt solution (HBSS) (Invitrogen).
Soft tissue was removed, and epiphyses of the long bones were
microdissected, followed by 0.25% trypsin-EDTA (Invitrogen)
digestion for 30 min. Isolated cartilage was then digested with 195
units/ml collagenase type IT (Worthington) in HBSS for 2h at 37°C.
Total RNA was extracted by using the RNeasy Mini RINA isolation
kit (Qiagen). Reverse transcription of 1 pg of total RNA was
performed by using the SuperScript First-Strand Synthesis System
for RT-PCR (Invitrogen). Real-time PCR was carried out on a
DNA Engine Opticon 2 system (MJ Research, Waltham, MA). The
QuantiTect SYBR Green PCR kit (Qiagen) was used with cycling
conditions as recommended by the manufacturer; annealing was
performed at 60°C. Forward PCR primers for amplification of Gsa
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and XLas transcripts were 5'-gcagaaggacaageaggtet-3' and 5'-
ctcatcpacaageaactgga-3’, respectively. Both reactions used the same
reverse primer, 5'-cectetecgttaaacecatt-3'. Primers for amplification
of B-actin transcript were 5'-gatctggcaccacaccttet-3" (forward) and
5'-ggaptgtteaaggtctcaaa-3’ (reverse). Normalized gene expression
refative to B-actin was calculated with Q-GENE software (24).
Amplification efficiencies by using plasmid templates were equal
for all transcripts. Genotypes of mice were confirmed by PCR with
tail DNA and the following primers for amplification of the
neomycin-resistance gene inserted in Gnas exon 2 as part of the
knockout strategy (16): 5'-aaggtgagatgacaggagatc-3’ (forward) and
5'-gatcggccattgaacaagatg-3' (reverse).

Western Blot Analysis. Western blot analysis was performed on cell
extracts from ES cells. Whole cell lysates (10 pg) were separated by
10% SDS/PAGE and transferred onto poly(vinylidene difluoride)
filters, The filters were incubated with anti-HA tag antibody (1:500,
Wako Biochemicals, Osaka), anti-actin (1:1,000, Santa Cruz Bio-
technology), and anti-Gse antibody (1:1,000, Santa Cruz Biotech-
nology). Antigen-antibody complexes were detected with horse-
radish peroxidase-conjugated secondary antibodies and visualized
by using ECL Plus (Amersham Biosciences).

¢AMP Assay. Accumulation of cAMP in hygromycin-resistant ES
cells was measured in the presence of 2 mM isobutyl methyl
xanthine (IBMX, Sigma). Control cells in 24-well plates were
treated at room temperature for 1 h before termination of the
reaction by adding 50 mM HCL For PTH-stimulated ¢cAMP
accumulation, a 1-h period incubation with 1078 M synthetic PTH
analog, [Y34]hPTH(1-34)amide (synthesized at the MGH
Biopolymer Core Facility, Boston), was performed at room tem-
perature, The PTH-containing medium was then removed, and the
stimulation was terminated by adding 50 mM HC!. The amount of
cAMP in each well was determined by using RIA as described in
ref. 25.

Southern Blot Analysis. Southem blot analysis was performed as
described in ref. 26. To detect disrupted alleles of Gnas exon 2, 10
g of genomic DNA was digested with Xmnl, Scuthern blotted, and
probed with a NotI-Smal fragment encoding the 5' promoter
region of the Gras gene (16). The sizes of genomic DNA fragments
expected from the normal and disrupted alleles are 11 and 9 kb,
respectively (12).

Histological Analysis. Chimeric mice were killed at various ages,
dissected, and fixed in 4% paraformaldehyde/PBS at 4°C for 4 h.
For detection of S-galactosidase activity, tissues were stained with
X-Gal (5-bromo-4-chloro-3-indolyl 8-D-galactoside) as described in
ref, 27, Subsequently, they were processed, embedded in paraffin,
and cut. Sections were stained with hematoxylin/eosin (H&E) or
nuclear fast red for morphological study.

To measure and compare the distances of hypertrophic chon-
drocytes from the articular surface, growth plates were obtained
from five different chimeras for each genotype, stained for B-
galactosidasc activity plus H&E, and sectioned in the median plane.
The distance of the earliest hypertrophic chondrocytes (detected
based on morphology) from the articular surface was measured
under the microscope. The earliest hypertrophic chondrocytes were
defined as those located closest to the articular surface. The
measurements were performed by three of the investigators blinded
with regard to the genotypes. The significance of difference was
assessed by using Student’s ¢ test.

In Situ Hybridization, Tissues were fixed in 4% paraformaldehyde/
PBES overnight at 4°C, processed, embedded in paraffin, and
sectioned. In sitw hybridization was performed as described in
ref. 28 by using complementary *S-labeled riboprobes for rat
Gsa (full-length cDNA), rat XLas (nucleotides 380-1154, Gen-
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Fig. 1. Isolation of Gnas-mutant ES cells and generation of chimeras. (A}
Schematic diagram of the Gnas tocus. S, translation start site; X, termination
codon. 1, 2, and 3-12 denote the number of the exons. £xons of the antisense
andthe 1Atranscripts are notshown. (8 Left) Southern blot analysis of isclated
ES cells for the mutation in Gnas exon 2, W, wild-type; Het, heterozygous
mutant; Hom, homozygous mutant. (B Right) The restriction map of the Gnas
locus. Xmnl denaotes the restriction site by Xmnl endonuclease,

Bank accession no. X84047), mouse type X collagen, mouse
Parchedl (Ptcl), mouse Ihh, mouse osteopontin, rat PPR, and
mouse PTHrP (29).

Image Acquisition. An Axioskop 2 Plus (Zeiss) was used for micro-
scopic observation (bright fields and dark fields at 100-fold mag-
nification). Pictures were taken with an Axiocam HRc (Zeiss)
camera, and images were acquired with AXIOVISION 3.0 software
(Zeiss).

Results

Isolation of Gnas-Mutant ES Cells and Generation of Chimeras. A
schematic representation of the Gras locus is shown in Fig. 14.
Gnas®2~/E2= ES cells were generated de novo from inner cell
masses of blastocysts derived by mating Gras*#2~ mice with
each other. Two of six isolated ES cell lines were Gnas®2™/82~,
To obtain Gras™P*EZ— ES cells, Gnas™/F?~ males were mated
with wild-type females. Two of four isolated ES cell lines were
Gnas*'rE2=_ To obtain Gnasy™#E2—*+ ES cells, Gnas*'F2" fe-
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males were mated with wild-type males. Two of five isolated ES
cell lines were Gras@F2—/* Genotypes were confirmed by
Southern blot (Fig. 1B). To visually distingnish between cells
derived from host blastocysts and cells derived from ES cells, one
copy of a S-galactosidase transgene, engineered to be widely
expressed in mouse tissues (22), was introduced into host
blastocysts by appropriate mating. Generated ES cells were then
injected into host blastocysts tagged with B-galactosidase, Thus,
chimeric mice contain B-galactosidase-tagged wild-type cells
(derived from blastocysts) and nontagged mutant cells (derived
from ES cells).

Embryos containing both wild-type and GrasF2~/E2- cells ex-
hibited severe patterning defects resembling the overactivation of
kedgehog signaling. If the chimerism was very high (>90%), the
embryos were absorbed by E10, as Gnas*?~£2~ embryos were
(data not shown). The embryos with chimerism between 10% and
90% exhibited severe patterning defects, including exencephaly,
and did not survive beyond birth. Embryos containing wild-type
and Gras®~'* cells at any ratio did survive beyond birth and grew
into adulthood. Unlike GnasE2—/* mice, these chimeric mice did not
show significant growth defects, probably because of the predom-
inant contribution of wild-type cells. For these reasons, we focused
on the study of embryos. To illustrate hypertrophic differentiation
of growth plate chondrocytes, we show representative data from
E17.5, because the phenotypes of chondrocyte differentiation were
similar at different ages, and embryos at E17.5 contain chondro-
cytes at various differentiation stages.

Gnas®2-/£2~ Chondrocytes Undergo Ectopic Hypertrophy and Mimic
PPR—/~ Chondrocytes. The wild-type fetal growth plate consists of
four major layers of chondrocytes with distinct morphology and
gene expression profiles: from the end of bone, perarticular
proliferating, columnar proliferating, prehypertrophic, and hyper-
trophic layers (29). The PTHIP signal directly prevents the switch
from proliferation to hypertrophy of columnar proliferating chon-
drocytes (20). In the growth plate of chimeric mice containing
wild-type and PPR™ cells, mutant chondrocytes ectopically and
prematurely adopted the hypertrophic phenotype (detected by their
characteristic morphology and type X collagen expression), as they
progress from the surrounding layer of wild-type periarticular
proliferating chondrocytes to the surrounding layer of wild-type
columnar proliferating chondrocytes (Fig. 24). In the growth plates

Gras= =Nt

-

Fig. 2. Gnast!F2- cells phenocopy PPR~- cells in carti-
lage. (A) In situ hybridizaticn for type X collagen mRNA of
tibiat sections from E17.5 wild-type, PPR='~ /wild-type chi-
mera, and Gnas®-#-fwild-type chimera embryos. pp,
Periarticular proliferating chondrocytes; cp, columnar pro-
liferating chondrocytes; ph/h, prehypertrophic and hyper-
trophi¢ chondrocytes. (Scale bars, 100 um.) {B) Staining for
B-galactosidase activity plus H&E staining of sections fram
E17.5 Gnastf2-f2- fwild-type chimeric embryo. Wild-type
cells were stained blue because of the presence of the
B-galactosidase transgene. Arrowheads indicate ectopic
hypertrophic chondrocytes. (Scale bar, 100 um.} (C} In situ
hybridization for Indian hedgehog (Ihh), Patched 1 (Ptc1),
osteopontin (OP), PTHrP, and PPR mRNAs of tibial sections
from E17.5 wild-type and Gnas®2—%2=fwild-type chimera
embryos. (Scale bar, 100 um.)
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of chimeric mice containing wild-type cells and Gnas¥~#2- cells,
mutant chondrocytes similarly adopted the hypertrophic phenotype
at an ectopic location (Fig. 24). Based on the observations of
stained and nonstained cells for 8-galactosidase activity, all ectopi-
cally hypertrophied cells were mutant (Fig. 2B, arrowheads),
whereas all wild-type cells maintained their expected morphology.
Gnas®?~/E2~ ectopic hypertrophic chondrocytes expressed other
markers of hypertrophy such as Indian hedgehog (Thh) and os-
teopontin, and induced Thh’s transcriptional target Patched 1 (Ptcl)
in surrounding wild-type cells, as did PPR™/~ ectopic hypertrophic
chondrocytes. PTHrP mRINA expression was up-regulated in the
periarticular layer (Fig. 2C). Thus, Gras®™ /22~ cells phenocopied
PPR~/~ cells with respect to premature hypertrophic differentia-
tion, Unlike PPR™~ ectopic hypertrophic chondrocytes, however,
Gnas®?~F2= ectopic hypertrophic chondrocytes expressed PPR
mRNA (Fig. 2C).

Gnas+/£2~ Chondrocytes also Undergo Premature Hypertrophy, but to
a Lesser Extent Than Gras®?~/¥2~ Chondrocytes. AHO is associated
with heterozygous inactivating mutations in any one of the GNAS
exons encoding Gsa and a large portion of XLas (except for exon
3, which can be alternatively spliced out and still produce functional
Gsa) (6). Although abnormal chondrocyte development may con-
tribute to the AHO phenotype, there has been no clear in vivo
evidence that Gnas*#2~ chondrocytes are functionally defective.
The chimeric strategy provided us with an opportunity to identify
even subtle differences between wild-type and Gnas*%2- chondro-
cytes by comparing them side by side in vivo. Wild-type cells derived
from ES cells differentiated in a way that was indistinguishable from
that of wild-type cells derived from host blastocysts (Fig. 34). In the
growth plates of chimeric mice containing wild-type and Gras /%2~
cells, both Gnas*P"2~ chondrocytes and, to a lesser extent,
Gras™#E2-I+ chondrocytes adopted a hypertrophic morphology at
a location closer to the ends of bone than wild-type cells (Fig. 34).
The distances of hypertrophic chondrocytes from the articular
surface in the ulnae and radii were 78 = 3% for Gras*#«E2~ cells
and 91 = 2% for Gnas™“£2=/* cells compared with that of wild-type
cells derived from host blastocysts within the same growth plates
{n = 5, P < 0.05 by Student’s ¢ test); the difference in the distances
from the articular surface of Gras™®?~!* and Gras*P2E2~ hy-
pertrophic chondrocytes was also significant (# = 5, P < 0.05 by
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Fig.3. Abnormal hypertrophy of Gnas™#2~ chondrocytes.
{A) H&E staining of the radii from E17.5 wild-type/wild-type
{Left), Gnas™*E2-+ fwild-type {Center), and Gnas*ipati2—/f
wild-type {Right) chimeric embryos. Cells derived from host
blastacysts were stained blue with S-bromo-4-chloro-3-
indolyl g-p-galactoside (X-Gal). The earliest hypertrophic
chondrocytes {detected by their characteristic morphclogy)
derived from host blastocysts and ES cells were marked with
blue and white arrowheads, respectively. (Scale bar, 100
wm.) (B) Inr situ hybridization for Gsa mRNA and XLas mRNA
of tikial sections from E17.5 wild-type embryos, Upper pan-
els, bright fields; lower panels, dark fields. pp, Periarticular
proliferating chondrocytes; ¢p, columnar preliferating
chondrocytes; ph/h, prehypertrophic and hypertrophic
chondrocytes. (Scale bar, 100 pm.} (O} Real-time RT-PCR
analysis of Gsa and XLas mRNAs expressed in limb chondro-
cytes isolated from wild-type (Wt), Gnas™/ate2= {p-), or
Gnas™E2-1 (n—) newborn mice.

XLaos

Student’s ¢ test). These findings suggested that Gs signaling in the
growth plate is subject to haploinsufficiency.

Expression of Gsa and XLas in the Growth Plate Cartifage. Based on
the data presented above, it appears that Gsa plays 2 major
physiologic role in regulation of hypertrophic differentiation of
growth plate chondrocytes. However, other gene products from the
Gnas locus may be responsible for the phenotypes in Gras2—/&2-
chondrocytes, because exon 2 is common to several different
transcripts. Particularly, XILas, encoded by transcripts that use a
unique first exon and exons 2-12 of Gse, is identical to the latter
over a long stretch of C-terminal amino acids (6). Morcover, XLas
has been shown to have “Gs-like” signaling properties in vitro {17,
18). To determine the spatial distribution and relative expression of
XLas and Gsa mRNA in the growth plate, in situ hybridization and
real-time RT-PCR analysis were performed. In wild-type mice, Gsa
mRNA was expressed in the entire growth plate, with its highest
expression in prehypertrophic chondrocytes; in contrast, XLas
mRNA appeared to be expressed at lower levels than Gsae mRNA,
and its highest expression was in early hypertrophic chondrocytes
(Fig. 3B). Mean normalized expression levels of Gsa and XLos
mRNA relative to S-actin mRNA in wild-type chondrocytes were
B.76 = 1.37% (r = 4) and 0.37 = 0.02% (n = 4), respectively, thus
indicating a >20-fold difference between the expression levels of

KLas and Gsa in this tissue. Previously, monoallelic expression of -

Gse has been shown in several different tissues. Based on the
phenotype observed in chimeric growth plates (Fig. 34), Gsa does
not appear to be imprinted in growth plate chondrocytes. To
confirm biallelic expression of Gs in vive, limb chondrocytes were
isolated from wild-type, Gnas*PaE2— or Grasm®E2-1* newborn
mice for real-time RT-PCR analysis. Gsee mRINA expression was
reduced to approximately half that of the wild type in both
GnastPal2= (46 + 119, n = 5) and Gras™@ 22—+ (57 £ 10%,n =
5} chondrocytes (Fig. 3C), indicating biallelic expression of Gsa in
these cells. In contrast, XLas expression in Gras™£2~/* chondro-
cytes was comparable to that of the wild type (78 % 10%, n = 5),
and XLas expression in Gnas™#¢E2- chondrocytes was reduced
dramatically {10 * 1%, n = 5) (Fig. 3C), consistent with the
paternal expression of XLas transcripts documented previously in
a number of different tissues.

Introduction of Gsa into Gras™~2~ Chondrocytes Rescues Ectopic
Hypertrophy. To determine whether Gse protein alorie can reverse
the phenotype seen in Gnast2 2~ chondrocytes, Grast2 2~ cells
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Fig.4. Rescue of Gs signaling in Gnas®-/¥2- cells by rat Gsa. {4) Integration
of pCMV-rGsa transgene was detected by PCR of genomic DNA for rat Gsa
{Top), and expression of the transgene was detected by Western blot analysis
for HA tag (Middle), in ES cell lines differentiated into fibroblast-like cells. (8}
c¢AMP response of various differentiated ES cell lines to PTH. Absclute basal
and stimulated cAMP levels are shown on the left, and fold-stimulation is
shown onthe right. Clones 21, 6, 12, and 44 were Gnasf3-/€2- ES cell lines stably
transfected with pCMV-rGse. (C) Comparison of expression levels of Gse and
endogenous mouse Gsa proteins detected by Western blot for Gsa. Arrow-
head indicates the longer variant.

were transfected with rat Gsa ¢DNA placed under the control of
the CMV promoter. Stable transfectants were selected in the
presence of hygromycin, and the integration of the transgene was
confirmed by PCR of genomic DNA isolated from these transfec-
tants (Fig. 44). We refer to these ES cell lines as GnasF2—%2-;
pCMV-rGsa. After expansion of 54 resistant colonies and differ-
entiation into fibroblastic cells, we measured cAMP production in
response to PTH. Expression of rat Gse protein was assessed by
Western blot for the HA tag (Fig. 44).

Among 54 ES cell clones isolated, we chose four representative
Gnast2—2=; pCMV-1Gsa clones based on their responses to PTH
treatment: clone 21 showed robust PTH-induced cAMP accurnu-
lation similar in extent to that in wild-type ES cells; clones 6 and 12
showed PTH-induced cAMP responses that were less pronounced
than in wild-type cells but simitar to that in Gras™®2~ ES cells; and
clone 44 failed to respond to PTH, just as did Gnas®27E2" cells
(Fig. 4B). Gsa protein levels roughly corresponded to their respec-
tive responses to PTH (Fig. 4C). By injecting these transfected ES
cells into wild-type blastocysts, we generated chimeric mice to assess
the functional consequences. In contrast to Gras®?~%E2~ chondro-
cytes, Gnast2=E2=; CMV-rGsa (clone 21) chondrocytes did not
undergo ectopic hypertrophy, whereas clones 6 and 12 partially did.
The distances of hypertrophic chondrocytes from the articular
surface in the ulnae and radii were 82 = 3% for clone 6 and 88 =
2% for clone 12, compared with that of wild-type cells derived from
host blastocysts within the same growth plates {r = 3, P < (.05 by
Student's ¢ test). Clone 44 chondrocytes, on the other hand, behaved
similatly to the Gras®-/2= chondrocytes (Fig. 5). These data
further suggest that Gse, rather than the other Gras gene products,
is the major signaling molecule at the Gnas locus controlling
chondrocyte hypertrophy.

Discussion

In this study, we investigated the in vive roles of Gsa on
differentiation of growth plate cartilage. Although haploin-
sufficiency of Gsa signaling in growth plate chondrocytes was
suspected as being important for the development of AHO
features, there has been no clear in vivo evidence for this
hypothesis. In addition, although the allelic pattern of expres-
sion of Gse in several other tissues have been studied, the
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Fig.5. Rescue of Gnas®~/2~ chondrocytes by rat Gsa. Shown is staining for
g-galactosidase activity plus H&E staining of a section of the radii from an
E17.5 Gnasf2~%2~; pCMV-rGsa/wild-type chimeric embryo. Cells derived from
host blastocysts were stained blue with 5-bromo-4-chloro-3-indalyl p-o-
galactoside (X-Gal). The earliest hypertrophic chondrocytes (detected by their
characteristic merphology) derived from host blastocysts and ES cells were
marked with blue and white arrowheads, respectively. The lower portions of
the panels for clones 21 and 44 show in situ hybridization for type X collagen
mRNA in serial secticons, (Scale bar, 100 pm.)

pattern of expression in chondrocytes had not previously been
investigated. Taking advantage of the chimeric technique, we
discerned a difference between wild-type and Gnas*/£2~ chon-
drocytes in intact animals and showed that Gras*F2- chon-
drocytes differentiate prematurely. Using chondrocytes from
either Gnas*Pet2= or Gnas™®E2-I* mice, we also demon-
strated that Gsa expression in these cells is biallelic, i.e.,
transcripts are derived from both parental alleles. Previously,
a growth plate abnormality conld not be shown in Gras*/F2-
mice in vivo (16). There are two possible explanations for the
apparent lack of a growth plate phenotype in those animals.
First, the abnormality may be too subtle to be detected by
conventional technigues. The chimeric technique successfully
enhances the sensitivity of detection by comparing wild-type
and mutant cells side by side in vive. Second, other interacting
signaling pathways may compensate for the abnormality in
Gsa signaling. For example, PTHrP-PPR-Gs« signaling inter-
acts with hedgehog signaling to form a negative feedback loop
(29). The acceleration of hypertrophic differentiation due to
impaired Gse signaling results in a concomitant increase in Hh
signaling and PTHrP expression that may partially compensate
for the loss of Gsa signaling and may thereby obscure the Gsa
haploinsufficiency., With the chimeric technique, these com-
pensating mechanisms are not a major influence, as long as the
abnormality is cell-autonomous, because cells of different
genotypes are placed in the same milieu.

The difference between Gras™?*F2~ and Gnas™E2=/* chon-
drocytes is modest but statistically significant. The reason for this
difference may be other imprinted transcripts derived from the
Gnas locus. For example, Nesp53 is derived only from the maternal
allele, whereas XLes is derived only from the paternal allele.
Although the Nesp55 gene uses exens 2-12 of Gse, these exons are
in the 3’ UTR, and the disruption of exon 2 does not affect the
expression of Nesp53 (T. Xie and L.S.W,, unpublished observa-
tions). Therefore, it is unlikely that the disruption of NESP35
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contributes to the difference in phenotypes between Gnas t##E2-
and Gras™E2=/* chondrocytes. On the other hand, XLas sharcs
exons 2-12 with Gse, which are translated, and XLas couples to
several G protein-coupled receptors and stimulates adenylyl cycla-
ses in vitro with an efficiency simitar to that of Gse (18). Moreover,
XLas and Gsa mRNAs show only a slightly different pattern of
expression in the growth plate, although the level of expression of
XLas is much lower. Thus, the difference between Gras *74*2~ and
Gras™ 2=+ chondrocytes may reflect the modest additional effect
of the paternally derived XLas on regulation of hypertrophy,
suggesting that there may be redundancy between Gse and XLas
in the growth plate.

The PPR is known to couple with Gg/11 in vitro as well as Gs (1,
2). Mice carrying a mutant PPR selectively deficient in signaling
through Gq/11 show a modest delay in hypertrophic differentiation
of growth plate chondrocytes (5), whereas the Gnas*/2~ chondro-
cytes are expected to normally activate Gg/11 in response to
PTHIP. Acceleration of hypertrophy as a result of disproportionate
signaling through Ggq/11 may thus contribute to the chimeric
phenotype. Nevertheless, the close resemblance between mutant
chondrocytes in the PRR™/~ chimeras and Gnas®?~%2~ chimeras
suggests that Gse is the dominant signaling system downstream of
the PPR in chondrocytes. It is noteworthy that the columns of
wild-type proliferating chondrocytes in the growth plates of the
Gnas®?—2= fwild-type chimeras are nat elongated. This observa-
tion contrasts with the elongation of wild-type columnar prolifer-
ating layer of the growth plate seen in PPR™/~ /wild-type chimeras.
This elongation seen in PPR™/~ fwild-type chimeras is probably due
to the effect of an increased level of PTHIP expression on wild-type
cells. The difference between the two chimeric growth plates
presumably derives from the difference between the two kinds of
mutalions studied. Gnas®?2~%2~ chondrocytes express normal
PPRs, whereas PRR~/~ chondrocytes lack PPRs. Thus, the PPR of
the Gras®? 2~ chondrocytes can be expected to signal through
Gq. This Gq signal from Gnas"?~#2- chondrocytes may lead to
suppression of elongation of adjacent wild-type columns. Alterna-
tively, the PPR may sequester PTHrP and constrain PTHrP from
diffusing. PRR~/~ chondrocytes cannot bind PTHrP through PPR,
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whereas Gras®™ 2~ chondrocytes still can. Through these mech-
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Abstract

Recently, adult stem cells have been isolated from the skin and designated as skin-derived precursors (SKPs). These SKPs, cultured in
vitro, can give rise o neurons, glia, smooth muscle cells, and adipocytes. In the current study, we confirmed the clonal expansion of SKPs
using a sphere-forming culture system in a medium containing methylceflulose. Among the growth factors, only transforming growth factor-
B (TGF-B) was revealed to uniquely facilitate the sphere formation and proliferation of the SKPs in combination with EGF and bFGF. In
addition, TGF-( did not alter phenotypical characteristics of the SKPs under sphere-forming conditions. The effect of TGF- on sphere
formation was not observed in neural stem cells, which expressed a different set of cell surface markers from SKPs, suggesting that SKPs
have distinct features. Although the number of SKPs decreased with age, TGF-R increased the sphere colony formation and proliferation in
all ages. These results suggest that SKPs maintained in the presence of TGF-8 during culture are of potential use in cell-replacement therapies

employing adult tissue sources.
© 2004 Elsevier Inc. All rights reserved.
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Introduction

Adult stem cells are an attractive source for cell-based
therapies, in which autologous cells can be used to circum-
vent immunological problems. Adult stem cells can be
isolated from various tissues. Recent studies have revealed
that adult stem cells have a broader potential or plasticity
than was previously considered. For example, neural stem
cells have the ability to differentiate into cells belonging to
all three germ layers, when transplanted in early embryos
[1]. Similarly, cells isolated from bone marrow have been
observed to give rise to neural cells [2—4], skeletal muscle
cells [5], and hepatocytes [6]. Collectively, these findings
suggest that various adult tissues can be used in autologous
cell-replacement therapies.
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From the point of view of practical therapeutic ap-
proach, the skin has many advantages as a potential stem
cell source, inciuding easy accessibility and high self-
renewal ability. Several studies have demonstrated that
epidermal stem cells are multipotent and in the bulge
region of the hair follicle in vivo [7-10]. Mesenchymal
stem cells isolated from adipose tissues can also differ-
entiate in vitro into adipogenic, chondrogenic, myogenic,
and osteogenic cells [11,12]. Recently, Toma et al. [13]
have demonstrated that the stem cells can be also isolated
from the dermis and expanded in vitro. These dermal
cells proliferate to form “spheres” in suspension in vitro
in the presence of epidermal growth factor (EGF) and
basic fibroblast growth factor (bFGF). These cells, des-
ignated as skin-derived precursors (SKPs), can differenti-
ate in culture into neurons, glia, smooth muscle cells, and
adipocytes. Although the origin and nature of SKPs in
vive remain unknown, these observations raise the pos-
sibility that SKPs can be utilized as an autologous source
of stemn cells for transplantation.

In the current study, SKPs were further characterized
especially in terms of their response to various growth
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factors, by using a clonogenic sphere-forming assay. While
either EGF or bFGF was essential for the growth of SKPs,
the addition of transforming growth factor-p (TGF-B)
specifically and markedly increased the formation and
proliferation of SKPs, suggesting that TGF-B plays an
important role in their growth.

Materials and methods
Animals

Wild-type (WT) mice (C57BL/6 background) and green
fluorescent protein (GFP)—transgenic mice on a C57BL/6
background [14] purchased from Charles River laboratories,
Inc. (Wilmington, MA) were used at 8—12 weeks of age
except when indicated. All procedures were approved by the
Animal Care and Use Committee of the International
Medical Center of Japan.

Reagents

Primary monoclonal antibodies were: anti-nestin (Rat
401 clone; BD PharMingen, San Jose, CA), anti-fibronectin
(10 clone; BD Bioscience, San Jose, CA), anti-neurofila-
ment H (NF-H) (3G3 clone; Chemicon, Temecula, CA),
anti-rat CD49f (GoH3 clone; BD PharMingen), biotin-
conjugated anti-CD34 (RAM34 clone; BD PharMingen),
fluorescein isothiocyanate (FITC)-conjugated anti-E-cad-
herin (36 clone; BD Bioscience), R-phycoerythein (R-PE)-
conjugated anti-Thyl.2 (53-2.1 clone; BD PharMingen),
FITC-conjugated anti-e-smooth muscle actin (aSMA) (1A4
clone; Sigma Aldrich, St. Louis, MO), FITC-conjugated
anti-CD29 (Ha2/5 clone; BD PharMingen), and R-PE-con-
jugated anti-CD71 (C2 clone; BD PharMingen). Primary
polyclonal antibodies were: anti-neuronal class HI -tubulin
(Babco, Richmond, CA), anti-glial fibrillary acidic protein
(GFAP) (Dako, Glostrup, Denmark), anti-neurofilament M
(NFM) (Chemicon), and anti-microtubule-associated protein
2 (MAP2) (Biogenesis, Poole, England, UK). Secondary
antibodies were: Alexa 594-conjugated donkey anti-mouse
IgG (Molecular Probes, Eugene, OR), Alexa $94-conjugat-
ed donkey anti-rabbit IgG. (Molecular Probes), and R-PE-
conjugated rabbit anti-rat IgG (Southern Biotechnology
Associates, Inc., Birmingham, AL). For neutralization of
TGF-p bioactivity, anti-TGF-$ monoclonal antibody
(9016.2 clone; Genzyme-Teche, Cambridge, MA) was used
at 1 pg/ml.

Sources of growth factors and their final concentration
were as follows: bFGF (10 ng/ml or 20 ng/ml), Trans-
forming growth factor-a (TGF-o) (50 ng/ml), ciliary neuro-
trophic factor (CNTF) (50 ng/ml), brain-derived
neurotrophic factor (BDNF) (50 ng/ml), neurctrophin-3
(NT-3) (50 ng/ml), TGF-g (0.001-10 ng/ml) (all from
Peprotech EC LTD, London, UK), EGF (10 ng/ml; R&D
System, Minneapolis, MN) nerve growth factor  (NGF-p)

(5 ng/ml; Biosource, Camarillo, CA), bone morphogenetic
protein 4 (BMP-4) (10 ng/ml; R&D System), and activin A
(2 ng/ml; generously provided by Dr. M. Asashima, Uni-
versity of Tokyo).

Sphere formation from the skin

The preparation of SKPs was performed as described
elsewhere [13] with minor modifications. Briefly, to obtain
single cell suspensions, the skin from ears of mice were
dissected, cut into 2~3 mm® pieces, washed three times in
Hanks balanced buffered saline (HBSS; GIBCO BRL,
Rockville, MD), and then digested with 0.1% trypsin for
60 min at 37°C. Tissue pieces were then mechani-
cally dissociated in Dulbecco’s medified eagle medium
(DMEM)/F12 (GIBCO BRL) and washed once with trypsin
neutralizing solution (TNS; Cell Applications, San Diego,
CA). The cell suspension was poured through a 40-um cell
strainer (Becton Dickinson Labware, Franklin Lakes, NI).
Dissociated cells were chilled on ice for 20-30 min,
centrifuged at 1000 rpm for 10 min, and resuspended in
DMEM/F12 containing B27 supplement (GIBCO, BRL).
These cells were plated at a cell density of 10 cells/ul on
uncoated 24-well dishes and cultured in DMEM/F12 con-
taining 1.5% methyleellulose (Wako, Osaka, Japan) and
B27 supplement. bFGF and EGF at a final concentration
of 10 and 20 ng/m), respectively, were added to the medium
three times a week for 14 days. TGF-B and other growth
factors were added 3 days after the initial plating or the cell
passage where indicated. To passage the spheres, sphere
colonies obtained after 14 days in culture were collected,
dissociated into single cells by trypsinization, plated in 24-
well dishes at a cell density of 10 cells/ul and cultured for
further 7—10 days under the same conditions. Cells were
passaged every 7 days thereafter. To measure the diameters
of the sphere colonies, the cultures were observed with an
inverted microscope {(IX70, Olympus, Tokyo, Japan), and
the images were analyzed by NIH image program developed
at the U.S. National Institutes of Health and available on the
Internet at http://rsb.info.nih.gov/nihimage/.

Neurosphere formation from embryonic striatal germinal
zone

Embryos were removed from each uterine hom from
each dam at embryonic day 14. The striatal primordium
was dissected from each embryo in HBSS as described
previously [15]. The tissue from each embryo was
transferred to a serum-free medium, DMEM/F12 and
mechanically friturated into single cell. These cells were
plated at a cell density of 10 cells/ul on uncoated 24-well
dishes and cultured in DMEM/F12 containing 0.8%
methylcellulose and B27 supplement. bFGF and EGF at
a final concentration of 20 ng/ml were added to the
medium three times a week. After 6-8 days, the cells
formed neurospheres.



196 Y Kawase et al. / Experimental Cell Research 295 (2004} 194-203

Differentiation of sphere colonies

For differentiation, sphere colonies were trypsinized and
dissociated into single cells, followed by the culture in
DMEM/F12 supplemented with B27 supplement and 1%
fetal bovine serum (FBS)} on poly-p-lysine/laminin-coated
24 well dishes for 7-21 days,

Immunocytochemistry

Cells were washed with phosphate-buffered saline
(PBS; GIBCO BRL) and fixed in 4% paraformaldehyde
for 10 min at 37°C, followed by absolute methanol for 10
min at 4°C and blocked in PBS containing 1% skim milk
for 10 min. The samples were then incubated with primary
antibodies at 37°C for 4 h, rinsed twice with PBS, and
incubated with the secondary antibodies for 2 h. The
samples were observed under a confocal microscope
LSMS510 (Carl Zwiss, Thomwood, NY) or an epifluores-
cent microscope (IX 50; Olympus).

Flow cyfometric analysis

Cells freshly isclated from ear skin and single cell
suspensions from SKPs and CNS spheres were stained with
biotin or fluorochrome-conjugated antibodies as described
[16]. Biotin-conjugated antibodies were revealed by PE-
conjugated streptavidin (BD PharMingen). Labeled cells

were analyzed in an EPICS ALTRA flow cytometer (Beck-
man Coulter, Miami, FL).

Statistical analysis

Data are shown as meantSEM. Statistical comparison
was made by analysis of variance (ANOVAs: Dunnett test
for post hoc comparison).

Results
Isolation of sphere colonies from single celis

First, to isolate sphere colonies from ear skin, singly
dissociated cells were cultured at the density of 10 cells/pl in
uncoated dishes with EGF and bFGF, similar to the previous
study [13]. As expected, most of the cells either adhered to
the plastic or died, and small spheres of floating cells
formed by 3-35 days. The floating spheres were transferred
to new dishes 5 days after initial culturing. These spheres
proliferated to generate larger spheres. However, the spheres
varied widely in size {data not shown), suggesting that at
least some of the spheres were formed by aggregation of the
cells or smaller spheres. To assess whether these sphere
colonies were clonogenic, equal number of cells from WT
mice and GFP mice were co-cultured at a density of 10
cells/il in DMEM/F12 medium (Figs. 1A, B, C, D). When

Fig. 1. Formation of sphere colonies from single cells of ear skin. Phase micrograph of sphere colonies from the ear of the adult mice. Equal number of WT
celis and GFP cells were co-cultured in DMEM/F12 (A, B) or DMEM/F12 containing methylcellulose (Gel) (C, D). Phase fluorescent micrograph of sphere

colonies (B, D).
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cultured individually, WT cells and GFP cells formed sphere
colonies at similar frequencies (data not shown), When co-
cultured, WT cells and GFP cells were detected within the
same sphere colony, as observed by the fluorescent micro-
scope (Figs. 1A, B arrows). These chimeric sphere colonies
(i.e., sphere colonies that contain both GFP-positive and
-negative cells) (Figs. 1A, B arrows) constituted approxi-
mately 30% of the total colonies 2 weeks after initial
culturing. The cells from the skin still formed chimeric
sphere colonies at lower frequencies, when the cell density
was decreased to 1 cell/ul or even less. Therefore, a
substantial proportion of the sphere colonies was derived
from aggregation rather than proliferation regardless of the
cell density.

Then, to prevent aggregation, we cultured the cells using
the medium containing methylcellulose, which is used in
some neurosphere colony assays [17] (Figs. 1C, D). Using
this method, the number of chimeric sphere colonies was
dramatically reduced, and the rate of chimeric sphere
colonies was as low as approximately 3%, while the total
number of sphere colonies increased by 1.5-fold (data not
shown). A 24-h exposure to bromodeoxyuridine (BrdU)
before fixation demonstrated that the cells within the sphere
colonies uniformly incorporated BrdU (date not shown),
suggesting that the sphere colonies were proliferating. Thus,
under these conditions, most, if not all, the sphere colonies
were derived from a single cell.

Differentiation of sphere colonies into neuronal cells, glial
cells, smooth muscle cells, and adipocytes

SKPs have been shown to share characteristics such as
nestin and fibronectin expression with neural stem cells
[13}. To determine whether sphere colonies isolated under
our conditions also expressed nestin and fibronectin, cells
dissociated from the spheres were plated onto poly-D-lysine/
laminin-coated 24-well dishes, and immunostained after 24

h. Approximately 60% of the cells expressed nestin and

~80% expressed fibronectin (Figs. 2A, B). After the cells
had differentiated on the poly-p-lysine/laminin-coated 24-
well dishes for 7--21 days in the presence of 1% FBS, they
were positive for NF-M, PBIII tubulin, GFAP and SMA
staining at approximately 4—7% of frequency in either case
(Figs. 2D, E, F, G). Furthermore, some cells were positive
for staining with Oil red O although the frequency was
highly variable (Fig. 2H}. These results were similar to those
of the previous study [13]. The sphere colonies did not
express these markers before the differentiating condition
(data not shown). Moreover, approximately 5% of these
cells expressed MAP2, a marker for mature neurons. In
addition, double-labeling for BIII tubulin and NF-H dem-
onstrated that approximately 5% of the cells was positive for
both proteins (Fig. 2I). The sphere colonies could be
subcultured for more than 45 generations for 12 months
(the longest passage attempted). The replating efficiency
from the primary sphere colonies to the secondary ones

increased by 5- to 10-fold, and whenever passaged, the rate
of sphere colonies formation increased. The differentiation
rate of the cells from spheres at the passage 45 was still
similar to the primary spheres and the spheres at the second
passage (data not shown). Thus, the sphere colonies isolated
under our condition retained their capabilities for self-
renewal and multipotency.

Flow cytometric analysis of eells constituting the sphere
colonies

To further characterize the sphere colonies, the expres-
sion of cell surface molecules of the cell, which was
composed of the skin, was assessed by flow cytometry.
The cells freshly isolated from the skin and the cells from
sphere colonies were dissociated using trypsin, followed
by staining with specific antibodies. About 20% of the
skin cells was positive for E-cadherin, which is expressed
in epithelial cells, while 60% of skin cells expressed Thy-
1.2, which is expressed in fibroblasts {(Fig. 3). In addition,
CD34, which is expressed in the hematopoietic cells and
endothelial cells, was found in 5% of the skin cells (Fig.
3). By contrast, cells from sphere colonies stained nega-
tively for E-cadherin, Thy-1.2, and CD34, while CD29
was strongly expressed in most of them (Fig. 3). Further-
more, CD71 and CD49f were weakly positive in these
cells (Fig. 3).

Positive effects of TGF-f on sphere colony formation and
proliferation

In an attempt to clarify whether the factors known to
influence neuronal and/or skin cell growth could also
affect the sphere formation from these skin cells, we
examined the effects of TGF-a, CNTF, NT-3, NGF-f,
BDNF, BMP4, activin A, and TGF-§ on the primary
sphere colony formation in combination with EGF and
bFGF. These growth factors were added to the medium
containing methylcellulose 3 days after initial culturing.
The number of primary sphere colonies increased signif-
icantly by 2.6-fold in the presence of TGF-f, but none of
the other growth factors facilitated the colony formation
{Fig. 4A). The diameter of sphere colonies alse increased
significantly by 1.5-fold in the presence of TGF-# (Fig.
4B). Furthermore, to examine whether endogenous TGF-§
plays a critical role on the formation of the sphere
colonies, anti-TGF-§ antibody, which can neutralize the
effects of TGF-f, was added during sphere colony forma-
tion. However, this addition did not influence either the
formation of the sphere colonies or their diameter (Figs.
4A, B). These observations indicated that the effect of
endogenous TGF-f was negligible.

Then, various concentrations of TGF-$ from 0.001 to 10
ng/ml were tested to examine whether TGF-$ affects colony
formation in a dose-dependent manner (Fig. 5A). The effect
was apparent at a concentration of 0.01 ng/ml, and the
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Fig. 2. Multipotency of sphere colonies from the ear skin of mice. (A—B) Immunocytochemical analysis of the cells within the sphere colonies for nestin {A)
and fibtonectin (B). (C—H) Immunocytochemical analysis and Oif red O staining of the cells differentiated from sphere colonies. The cells from the primary
sphere colonies were differentiated on the poly-p-lysine/laminin-coated 24-well dish for 7 (D, F, and G) and 21 (C, E, and H} days in the presence of 1% FBS
and were immunostained with antibodies against MAP2 (C), BIII tubulin (D), NF-M (E), GFAP (F), and aSMA (G), or stained with Oil red O (H). Double-
labeling for BIII tubulin (Ia) and NF-H (Ib} were performed 7 days afterthe differentiating conditions. Representative results from at least three independent
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experiments are shown. Similar results were obtained using the cells from the secondary and sphere colonies at passage 45.

b
Freshly-isolated §Y L < ’1‘
skin cells \1‘\ u ‘L\J.

E-cadberin Thy-1.2 CDh34 CD71 CD29 CD49f
‘ b
"% ."’1 A\ :.'1: fr‘
b ‘ ~

,Ji
IL )
Sphere i { \

L

Fig. 3. Characterization of SKPs by flow cytometric analysis. The cells within the freshly isolated cells from the <ar skin and single-cell suspensions from SKPs
were stained with antibodies to E-cadherin, Thy-1.2, CD34, CD71, CD29, and CD49f (solid lines). Dotted lines indicate isotype negative control. The

ey

representative results from at least three independent experiments are shown.




Y. Kawase et al. / Experimental Cell Research 295 (2004) 194-203

A
50
ok .
I—s
= 40-
8@
28 %
53
== |
22 ¥ 2
5
£ %
& 201 7
: . 4,
2 7
E 10 - a
4
oLl A4 o

EGF+bFGF+ + + + + + + + + +

EGF+bFGF+ + + +

199
B
150 =
S
T
=
£100-
1]
2% %
& 7
5 0
o 50
3 7
§ 7
=
0

SSTRELTRR
@@%@ q,%:;\f: S

&

Qé' &"3 S
§@§§§

Fig. 4. TGF-B facilitates sphere colony formation and proliferation. The cells isolated from the ear skin were plated at cell density of 10 cells/ul in 1 ml culture
medium in 24-well dishes (10,000 cells/well). After 14 days in vitro, the number of primary sphere colonies per well (A, # =3) and diameter of the primary
sphere colonies (B, n > 30) were measured (**P < 0.01). The Tepresentative results from at least three independent experiments are shown.

maximum effect was obtained at 1 ng/ml (Fig. SA). Simi-
larly, the diameters of the sphere colonies were increased at
a concentration of 0.001 ng/ml, with the maximum effect at
1 ng/ml (Fig. 5B). These observations suggest that the
sphere colony formation and proliferation were facilitated
optimally at the concentration of 1.0 ng/ml of TGF-§. Next,
to examine which growth factor(s) is indispensable for the
sphere-forming cells, we tested EGF, bFGF, or TGF-f alone
and their combinations on the formation and proliferation of
sphere colonies. EGF or bFGF alone was enough for the
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Fig. 5. The dose effect of TGF-B on the formation and proliferation of
spheres. TGF-B was added at a concentration of 0.001-10 ng/ml 3 days
after initial culturing. After 14 days in vitro, the number of primary sphere
colonies per well (A, n =3) and their diameters (B, n > 30} were measured
(*P < 0.05, **P < 0.01). The data show mean + SEM from at least three
independent experiments.

formation of the sphere colonies, while the number of
sphere colonies robustly increased in the presence of the
combination of EGF and bFGF, which is similar to the
previous observations on neurospheres from central nervous
system (Fig. 6A). In contrast, TGF-§ alone did not induce
sphere colony formation, although the addition of TGF-§
significantly increased of the number of sphere colonies by
2-fold and 3-fold in the presence of EGF and bFGF,
respectively. The best results were obtained by adding all
three of these growth factors together (Fig. 6A). Similarly,
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Fig. 6. The synergistic three growth factors facilitated the formation and
proliferation of sphere colonies. Skin cells were plated at the cell density of
10 cells/pl in 1 ml culture medium in 24-wel! dishes (10,000 cells/well).
After 14 days in vitro, the number of primary sphere colonies per well (A,
n =3) and diameter of the primary sphere colonies (B, » > 10} were
measured (*P < 0,05, **P < 0.01). The data show mean *+ SEM from at
least three independent experiments.



