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Site-1 Protease Is Essential to Growth Plate Maintenance and
Is a Critical Regulator of Chondrocyte Hypertrophic
Differentiation in Postnatal Mice™
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Site-1 protease (S1P) is a proprotein convertase with essential
functions in lipid homeostasis and unfolded protein response
pathways. We previously studied a mouse model of cartilage-spe-
cific knock-out of SIP in chondroprogenitor cells. These mice
exhibited a defective cartilage matrix devoid of type II collagen pro-
tein (Col II) and displayed chondrodysplasia with no endochondral
bone formation even though the molecular program for endochon-
dral bone development appeared intact. To gain insights into S1P
function, we generated and studied a mouse model in which S1P is
ablated in postnatal chondrocytes. Postnatal ablation of S1P results
in chondrodysplasia. However, unlike early embryonic ablations,
the growth plates of these mice exhibit a lack of I/, PTHrP-R, and
Col10 expression indicating a loss of chondrocyte hypertrophic dif-
ferentiation and thus disruption of the molecular program
required for endochondral bone development. S1P ablation results
in rapid growth plate disruption due to intracellular Col II entrap-
ment concomitant with loss of chondrocyte hypertrophy suggest-
ing that these two processes are related. Entrapment of Col IT in the
chondrocytes of the prospective secondary ossification center pre-
cludes its development. Trabecular bone formation is dramatically
diminished in the primary spongiosa and is eventually lost. The
primary growth plate is eradicated by apoptosis but is gradually
replaced by a fully functional new growth plate from progenitor
stem cells capable of supporting new bone growth. Our study thus
demonstrates that S1P has fundamental roles in the preservation of
postnatal growth plate through chondrocyte differentiation and
Col II deposition and functions to couple growth plate maturation
to trabecular bone development in growing mice.

Site-1 protease (S1P?; also known as the membrane-bound
transcription factor protease, site-1) is a proprotein convertase
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that plays a vital role in maintaining lipid homeostasis and
unfolded protein response through regulated intramembrane
proteolysis pathways. During lipid homeostasis, S1P is involved
in the proteolytic maturation of the latent endoplasmic reticu-
lum membrane-bound sterol regulatory element-binding pro-
tein transcription factors that direct the synthesis of proteins
involved in cholesterol and fatty acid synthesis and uptake (1,
2). During unfolded protein response, S1P is involved in the
maturation of the endoplasmic reticulum membrane-bound
transcription factors ATF6 (3), old astrocyte specifically
induced substance (4), and cAMP-responsive element-binding
protein H (5).

Several recent studies have also implicated a role for S1P in
skeletal development, although the exact molecular nature of
this requirement is not known. Mammalian skeletal develop-
ment takes place largely through the process of endochondral
ossification in which mesenchymal cell condensates differenti-
ate to form chondrocytes. Chondrocytes secrete the type II col-
lagen (Col II)-rich cartilaginous anlagen to form a template for
the development of the skeletal structural elements (6). This
process involves the differentiation of the central-most chon-
drocytes into hypertrophic chondrocytes that secrete a type X
collagen (Col X)-rich matrix that becomes calcified. The vascu-
lar invasion of this matrix from the surrounding bone collar and
the entry of osteoclasts and osteoblasts that degrade the Col
X-rich matrix initiate replacement of the cartilage by bone.
Removal of the hypertrophic cells by apoptosis and the deposi-
tion of the type I collagen-rich bone matrix by the osteoblasts
result in bone growth toward both bone ends. A continuous
cycle of chondrocyte hypertrophic differentiation in the newly
formed growth plate allows for continuous bone deposition and
therefore bone elongation. Thus, hypertrophic chondrocyte
differentiation is fundamental to the endochondral bone devel-
opmental program.

In zebrafish, ablation of S1P activity results in abnormal car-
tilage development and an accumulation of both lipid and skel-
etal abnormalities (7). We have shown that S1P is essential to
endochondral bone development as cartilage-specific ablation
of S1P activity in mice (S1P**°) results in severe chondrodyspla-
sia (8). S1P?** mice do not form any endochondral bone. This
defect may be due to the abnormal cartilage deposition in these
mice as the Col II protein is largely trapped inside the cell with
consequent reduction of Col II in the cartilaginous matrix. As
S1P°** mice die during or shortly after birth, the study was
restricted to embryonic time points. Given the profound carti-
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lage and loss of bone phenotype in S1P°*° mice, we wanted to
investigate the requirement for S1P in chondrocytes of the
postnatal growth plate. Therefore, to gain insights into the
nature of S1P function, we have used the Col2CreER™ mice (9)
that allowed us to abolish S1P activity in postnatal mice through
tamoxifen administration in a temporal manner. Our study
shows that the removal of S1P activity in postnatal mice results
in loss of chondrocyte hypertrophic differentiation in parallel
with Col II retention in the cell and the eventual loss of the
growth plate through apoptosis. The consequent chondrodys-
plasia and loss of trabecular development in the long bones of
the body underscore the fundamental need for S1P in maintain-
ing skeletal homeostasis throughout postnatal development.

EXPERIMENTAL PROCEDURES

Generation of SIP***™ Mice—To generate S1P**-FR(M
mice, SIP”/ mice (mice homozygous for the SR~ allele, where
S1P exon 2 is floxed (10)) were bred with Col2CreERT mice
(mice in which the Cre recombinase is directed by the cartilage-
specific Col2al promoter limiting its expression primarily to
cartilage and is also tamoxifen-dependent requiring tamoxifen
injections for Cre recombinase activity (9)) to produce SIP”™;
Col2CreER™ mice (mice heterozygous for the SIP"** allele and
positive for the Col2-CreER" transgene). SIP”";Col2CreER"
mice were mated with each other to produce SIPY;
Col2CreERT mice that demonstrated wild type (WT) charac-
teristics in the absence of tamoxifen. S1P”/ mice were bred with
S1P7:Col2CreER™ mice and neonatal mice or pregnant females
were injected with tamoxifen. All WT controls are SIP” mice.
After tamoxifen administration, S1P”;Col2CreER" mice are
referred to as S1P° PR mijce. In the absence of tamoxifen, no
leaky recombination was observed as evidenced by the lack of
lethality in newborn mice or by the absence of bone phenotype/
chondrodysplasia in adult mice indicating a tightly controlled
tamoxifen and Cre-dependent removal of S1P activity.

Tamoxifen Injections and Harvesting of Mice—For ease of
mixing and administration, tamoxifen (Sigma) was dissolved in
100% ethanol (500 mg/ml) to which was added corn oil to give a
final concentration of 20 mg/ml. Pregnant female mice from
crosses of SIP”/and S1P”;Col2CreER™ mice were given a single
dose of 3 mg of tamoxifen at 10.5 or 13.5 days postcoitus and
harvested at embryonic (E) stage 18.5 to give E10.5-E18.5 and
E13.5-E18.5 S1P**FR(M) mice, respectively. Newborn mouse
pups (P1), both S1P” (WT) and S1P”;Col2CreERY, were
injected with 1 mg of tamoxifen suspension in corn oil and
harvested when 3, 5, 7, or 14 days old and are referred to as
P1-P3, P1-P5, P1-P7, or P1-P14 WT and S1P“ "X mice,
respectively. P7 mice were given a dose of 100 ug/g of body
weight and were harvested when P15, P28, or P42 and are
referred to as P7-P15, P7-P28, or P7-P42 WT and S1P°***R(™)
mice, respectively. To avoid difficulty and complications
involved with injecting P1 pups, pregnant females were tested
by injecting at E18.5 gestation stage, and the pups were har-
vested when 14 days old to give E18.5-P14 S1P**R(™) mijce.
Fig. 1 summarizes the temporal design of S1P ablations and
analysis.

MicroCT (WCT) Analysis—For micro-computed tomogra-
phy (uCT) analyses, the mice were skinned, eviscerated, and
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fixed in 10% neutral buffered formalin for 24— 48 h, followed by
washing with phosphate-buffered saline and storage in 70%
ethanol until scanning. Femurs and humeri were separated
from the mouse body, stripped of muscle tissues, and scanned.
All scans were done in a MicroCT 40 scanner (Scanco Medical
AG, Switzerland) under high resolution at tube settings of
55-kV peak energy, 145 uA of current with an integration time
of 150 ms in a tube of diameter 16.4 mm. Segmentation was
done to distinguish high density (bone) from low density (soft
tissue/cartilage/growth plate) areas. Images from individual
scan slices or reconstructed bones were captured as TIFF
images. Histomorphometric measurements of bone volume
fraction (BV/TV) and bone mineral density (BMD) (expressed
as milligrams of hydroxyapatite/cm?®) were calculated using 50
scan slices beginning from the metaphyseal side of the
chondro-osseous junction (see Fig. 84), using the manufactur-
er’s three-dimensional analysis tools and are based on the direct
method of calculation (11).

Morphological and Histological Analyses—Histological anal-
yses by Safranin O, Fast Green, and hematoxylin staining were
done on formalin-fixed, paraffin-embedded tissues cut 5 um
thick. Tissues E18.5 and older were decalcified with 14% free
acid EDTA (pH adjusted to 7.2 with ammonium hydroxide)
until soft to cut. Tartrate-resistant acid phosphatase-positive
cells were stained using standard procedures with hematoxylin
as counterstain. Iz situ hybridization (ISH) analyses with >°S-
labeled probes were done as described previously (8, 12). Apo-
ptosis of chondrocytes was analyzed by a TUNEL assay using
the in situ cell death detection kit (Roche Applied Science)
according to the manufacturer’s instructions with nuclei coun-
terstained by DAPI. Detection of Col II protein by immunobhis-
tochemistry was done on hyaluronidase (1% for 30 min at
37 °C)- treated paraffin-embedded tissues using the IIF anti-
body described previously (8, 13) with HRP-conjugated goat-
anti-rat secondary antibody and a DAB substrate (Invitrogen)
with tartrazine as counterstain. Double-labeled immunofluo-
rescence with IIF and IIA antibodies was performed as
described previously (8, 13) on hyaluronidase or proteinase K
(10 pg/ml in 10 mm Tris-HCI, pH 7.5, for 20 min at 37 °C)
treated paraffin-embedded tissues with the exception that both
primary (or secondary) antibodies were added simultaneously
rather than sequentially. The images were captured using a
60X, 1.4 NA oil immersion objective mounted on an Eclipse
E800 microscope (Nikon) and QImaging Retiga 2000R Fast
1394 camera and Eclipse 5.0 (Empix Imaging) software. ISH
images or histological images were viewed with BX51 (Olym-
pus) microscope and images captured with a digital camera
(DP70; Olympus) using DP controller software (Olympus). Pic-
tures of hybridization signals were artificially colored red and
superimposed on toluidine blue-counterstained images using
Photoshop (Adobe). To label new cortical bone formation,
P7-P28 mice were injected with the fluorochromes calcein
green (Sigma; 10 mg/kg given intraperitoneally) on day 21 and
alizarin complexone (Sigma; 30 mg/kg given intraperitoneally)
on day 26 and harvested on day 28 by CO, asphyxiation. The
femurs and humeri were fixed in 10% formalin for 24 —48 h,
dehydrated, and embedded in methyl methacrylate (14), and
50-um thick sections were cut, mounted on glass slides, and
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visualized for incorporation of calcein (FITC filter) and alizarin
(TRITC filter) by fluorescent microscopy (Olympus BX51), and
images were digitized and merged (Olympus DP70).

RESULTS

S1P Ablations at E10.5 and E13.5 Results in Chondrodyspla-
sia in SIP***R™ Mice—To analyze loss of S1P activity with the
Col2CreERT system, S1P”/ mice were mated with S1P”;
Col2CreER" mice, and tamoxifen was administered. Fig. 1
summarizes the temporal design of tamoxifen administrations
and analyses. Table 1 summarizes some key phenotypic mani-
festations of S1P ablations and the differences between pre- and
postnatal ablations. To first analyze that Col2CreER™ mice do
indeed cause loss of S1P activity on tamoxifen administration,
we injected tamoxifen into pregnant mothers at 10.5 and 13.5
days post-coitus to test if this results in chondrodysplasia and
lack of endochondral bone as seen in the S1P%*° (S1P%;
Col2Cre) mice (8). Mice were harvested and analyzed at E18.5.
Tamoxifen administration at both E10.5 and E13.5 resulted in
chondrodysplasia (data not shown), loss of endochondral bone
(see below), and in fatality during or very soon after birth. Fur-
thermore, ISH analyses demonstrated the loss of SIP in the
cartilage of both E10.5-E18.5 and E13.5-E18.5 S1Pe*°-ER(T)
mice indicating that the use of Col2CreER™ system successfully
eliminated S1P expression (supplemental Fig. S1) and that the
resulting phenotype is due to loss of S1P activity.

P7

v

E10.5 E13.5 E18.5 V
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FIGURE 1. Line drawing showing the timing of tamoxifen administrations
for S1P ablation in pre- and postnatal S1P”" and S1P";Col2CreER™ mice
and harvesting of mice for analysis. Prenatal ablations were accomplished
by tamoxifen administration to the pregnant females at 10.5, 13.5, or 18.5
days postcoitus. Arrows above the line point to the time when S1P was
ablated. A like-colored arrow below the line points to the time when the cor-
responding mice were harvested for analysis. For example, the green arrows
demonstrate that postnatal mice with S1P ablation at P7 were harvested at
P15 (P7-P15 WT or S1P<kERM mjce) for analysis.

TABLE 1

Site-1 Protease Knock-out in Postnatal Mice

Notably, S1P ablation at E10.5 (Fig. 2) resulted in a complete
loss of endochondral bone formation along with the presence of
an enhanced cortical bone formation (Fig. 2B, arrow), thus phe-
nocopying the S1P*** mice. Like the SIP“*° mice, ISH analyses
demonstrated expression of Ihh (indian hedgehog; Fig. 2F),
PTHrP-R (parathyroid hormone related peptide-receptor; Fig.
2H), and Col10 (Fig. 2]) suggesting that the molecular program
needed for hypertrophic differentiation and endochondral
bone development is intact in these mice. S1P**ERM) mice also
demonstrated an increased chondrocyte apoptosis (Fig. 2L). To
analyze if S1P ablation at E10.5 results in an abnormal Col II
phenotype, we performed double-labeled immunofluorescence
for the Col IIA protein using the ITA antibody (specific for Col II
exon 2; localizations are shown in green) and the IIF antibody
(specific for Col Il triple helical domain; localizations are shown
in red) (Fig. 3). This helps to distinguish the distribution of Col
IIB, which is the chondrocyte-specific Col II, from its splice
variant Col IIA, which is chondroprogenitor-derived. In WT, in
the matrix surrounding the early reserve chondrocytes, Col IIA
in the matrix is seen as a well organized green lattice network
that is distinct from the red lattice network of the Col II triple
helical domain (Fig. 34). As chondrocytes make primarily Col
IIB, which does not have exon2-specific amino acids, the lack of
any colocalization signals from the two antibodies suggest that
the red lattice network represents primarily Col IIB. In the
mutant, only a distinct green lattice network for Col IIA is seen
in the cartilage (Fig. 3, B and C). A red lattice network for Col
IIB is absent. Col IIB is seen primarily trapped inside the cell
(arrow, Fig. 3C), as in the S1P?* mice.

In WT around the mature columnar chondrocytes (Fig. 3, D
and G), strong signaling from Col IIB protein (red) is seen espe-
cially in the pericellular matrix (arrowheads) and very little Col
IIA matrix (green). In E10.5-E18.5 S1P***ER(™) mice, in a cor-
responding region surrounding mature chondrocytes, a mixed
phenotype is seen (Fig. 3, E, F, H, and ]). A phenotype similar to
WT showing the presence of Col IIB (in red)-derived pericellu-
lar matrix (arrowheads, Fig. 3H) is seen. Yet there are predom-
inantly Col IIA-rich regions in the matrix (Fig. 3F) showing
intracellular Col IIB retention (arrows, Fig. 3I). Around the
hypertrophic cells in the WT (Fig. 3, / and M) a well formed,
structurally intact matrix is seen without any retention of Col II
intracellularly. The mutant matrix, however, is still predomi-
nantly Col IIA-rich seen as a distinct green lattice (Fig. 3, K, L, N,

A summary of similarities and differences in the mutant phenotypes from pre- and postnatal S1P ablations

Expression of

Intracellular retention ~ Chondrocyte
Ablations Coll0 Ihh PTHrP-R of Col IT apoptosis Endochondral bone formation
Prenatal
S1P (8) Yes Yes Yes Yes Yes Absent
E10.5-E18.5  Yes Yes Yes Yes; similar to S1P**° Yes Absent
E13.5-E18.5  Yes Yes Yes Yes; similar to S1P** Yes Partial development
E18.5-P14 No No No Yes Yes Bone sclerotic with drastically diminished trabecular bone; no SOC
development; additional growth plate development
Postnatal
P1-P7 No No No Yes Yes Bone sclerotic with drastically diminished trabecular bone; no SOC
development
P1-P14 No No No Yes Yes Bone sclerotic with drastically diminished trabecular bone; no SOC
development; additional growth plate development
P7-P15 No No No Yes Yes Bone sclerotic with drastically diminished trabecular bone;

additional growth plate development
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FIGURE 2. S1P ablation at E10.5 phenocopies the S1P“° mice. Safranin O/Fast Green-stained sections of the proximal humerus of E10.5-E18.5 WT (S1P) (A
and C) and S1P°ERM (B and D) mice are shown. C and D are higher magpnification images of A and B, respectively, with the areas magnified outlined. Panels
show the lack of endochondral bone (B), the presence of the exuberant bone collar (arrows in B), and the lack of an organized hypertrophic zone (D) in the
S1PkoERM mice, similar to that seen in the S1P%° mice. ISH analyses in the proximal humeri for Ihh (E and F), PTHrP-R (G and H), and Col10 (l and J) show their
expression in the mutant growth plate. TUNEL assays (K and L) in the humeri show increased apoptosis in the mutant cartilage (h, hypertrophic cells; bc, bone

collar). Bars, A, B, and E-J, 500 um; C and D, 50 um; K and L, 200 pum.

and O) in the hypertrophic region. Col IIB is seen as either
trapped inside the cell (arrows in Fig. 30) or as secreted but is
unable to form a structurally stable matrix (Fig. 3, Kand N). In
the latter, Col IIB in the matrix is observed largely as abnormal
polygonal “ring-like” structures that could be a visualization of
a collapsing Col Il matrix unable to retain its structural integrity
and shape.

S1P ablation at E13.5 showed a mixed phenotype (supple-
mental Fig. S2). E13.5-E18.5 S1P*°FR™ mice show an
enhanced cortical bone (arrow, supplemental Fig. S2B) and
endochondral bone formation (arrowhead, supplemental Fig.
S2, B and D). But the endochondral bone is incipient and never
develops completely. Chondrocytes are randomly organized in
the growth plate as opposed to the columnar organization seen
in the WT. ISH analyses confirmed the presence of Ihh-,
PTHrP-R-, and Coll0-expressing cells (supplemental Fig. S2,
E-J) suggesting the preservation of the molecular program
required for hypertrophic differentiation and endochondral
bone development. TUNEL assays also demonstrated increased
chondrocyte apoptosis in the cartilage (supplemental Fig. S2, K
and L). Deposition of the Col II protein was also analyzed by
double-labeled immunofluorescence studies (supplemental
Fig. S3) using the IIA and IIF antibodies. As in the E10.5-E18.5
S1P*ERM  mice, the cartilage matrix in E13.5-E18.5
S1P*° R mice was largely dominated by Col IIA protein with
the Col IIB trapped inside the cell (supplemental Fig. S3, B, C, E,
and H). Like the E10.5-E18.5 S1P**"ERM mjce, the matrix sur-
rounding mature chondrocytes (supplemental Fig. S3, F, I, K,
and L) was characterized by the inability of the mutant to sta-
bilize Col II in the matrix as interpreted from the unusual ring-
like structures of Col IIB in the matrix. In summary, the use of
the Col2CreER" system therefore demonstrated successful
ablation of S1P activity in these mice.
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SIP Ablations in Postnatal Mice Results in Abolition of Chon-
drocyte Hypertrophic Differentiation—The Col2CreER™ mice
resulted in successful S1P ablation in the prenatal mice as
described above. Therefore, we next utilized the Col2CreERT
system to ablate S1P in postnatal mice. The study of postnatal
mice also offered the opportunity to examine the development
of the secondary ossification center (SOC). First, we analyzed
S1P ablation in newborn (P1) mice and analyzed endochondral
bone development at P7 or P14 (Fig. 4). Interestingly, unlike
S1P°* or the prenatal ablations, S1P ablation in postnatal mice
disrupted the molecular program fundamental to endochon-
dral bone growth. Both P1-P7 (Fig. 4, B, D, F, and H) and
P1-P14 (Fig. 4P) S1P**"FR™ mice showed disruption of the
growth plate, namely the absence of chondrocyte maturation to
hypertrophic differentiation. Tamoxifen administration into
WT pups (Fig. 4, A, C, E, G, and O) did not show any phenotype.
As chondrocyte hypertrophy in the growth plate is well estab-
lished by the E15 gestation stage, these data indicated that
removal of S1P activity postnatally prevented further hyper-
trophic differentiation, even though other aspects of the growth
plate such as the presence of reserve chondrocytes and the
columnar organization of chondrocytes are not affected. ISH
analyses confirmed the lack of Col10 expression in the mutant
growth plate (Fig. 4N). Expression of I/ (Fig. 4J) and PTHrP-R
(Fig. 4L), normally expressed in the prehypertrophic chondro-
cytes in the primary growth plate, is also missing. In the WT
development of the prospective SOC is evidenced through the
hypertrophic differentiation of the chondrocytes showing
Col10 expression (arrow, Fig. 4M). However, Col10 expression
is absent in the corresponding region in the mutant mice indi-
cating disruption of SOC development (Fig. 4N). Consequently,
no SOC development is seen in P1-P14 S1P**R(M mice (Fig.
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S1PCcko-ER(T)

FIGURE 3. Abnormal Col Il deposition in the humeri of E10.5-E18.5 S1P<¥°"*R(™ mice. Double-labeled immunofluorescence studies with IIF and IIA anti-
bodies in the humerus of E10.5-E18.5 WT (S1P”") and S1P*ER™M mice showing abnormal Col Il (interpreted as primarily Col IIB; see text) distribution in the
mutant. C is a higher magnification image of B; G-/ are higher magnification images of D-F, respectively; M-O are higher magnification images of J-L,
respectively. Areas magnified have been outlined in the panels. A-C show Col Il deposition around early immature chondrocytes; D-F show Col Il deposition
around the proliferative columnar chondrocytes; J-L show the hypertrophic zone. E, F, K, and L show two different regions of columnar and hypertrophic cells,
showing the mixed Col IIB phenotype in the mutant. Colors represent antibody localizations as follows: green, Col Il exon 2 (I1A); red, Col Il triple helical domain
(IIF); yellow, colocalization of both antibodies; blue, DAPI-stained nuclei. Arrows in C, I, and O point to the entrapment of Col IIB inside the cell; arrowheads point
to the deposition of Col IIB in the pericellular matrix (G and H) or to the ring-like Col IIB anomaly in the cartilage (N) suggesting a loss of Col lIB integrity in the

mutant matrix. Bars, A, B, D-F, and J-L, 50 um; C and G-/, 20 wm; M-0, 10 wm.

4P). These data suggested that S1P is essential to preserving the
growth plate in postnatal mice.

To understand the Col II phenotype in these mice, we per-
formed immunohistochemistry for Col II using the IIF anti-
body, which detects total Col II (Col IIA plus Col IIB), in P1-P7
mice (Fig. 5). In WT mice, Col II (in brown) is detected primar-
ily in the matrix (Fig. 5, A and E) and as a ring of Col II in the
pericellular matrix of the hypertrophic cells in the prospective
SOC (Fig. 5, A, G, E, and G). However, in P1-P7 and P1-P14
(data not shown) mutants, although Col II is detected in the
matrix, abnormal retention of Col II is seen inside the chondro-
cytes (Fig. 5, B, D, F, and H) in the prospective SOC. As shown in
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Fig. 4 above, P1-P7 mutants lack Col10-expressing cells and the
beginnings of an SOC. Thus, the retention of Col II inside the
cell marks the disruption of normal SOC development in this
region. To understand the distribution of Col IIB in the SOC,
double-labeled immunofluorescence using the IIA and IIF anti-
bodies were performed as above (Fig. 5, [-P). The WT matrix is
characterized by a predominantly Col IIB matrix with strong
deposition of Col IIB seen in the pericellular matrix (Fig. 5, K
and O) and at times colocalization of Col IIA and Col IIB signals
(yellow). No intracellular retention of Col IIB is seen. In the
mutant P1-P7 (Fig. 5, J, L, N, and P), however, the matrix is
marked by a Col IIA (green) lattice network, with Col IIB (red)
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FIGURE 4. Loss of hypertrophic differentiation on S1P ablation in P1 mice. Safranin O/Fast Green-stained sections of WT (S1 P

WT (S1Pff)  S1Pcko-ER(T)

J

Jnwa4

B AT /R i
and S1P<OERM humeri

(A-D) and femurs (E-H) showing the disruption of chondrocyte hypertrophic differentiation on S1P ablation in P1-P7 S1P<**5*™ (B, D, F, and H) humerus/femur
as compared with the WT (A, G, E, and G). ISH analyses in the femur for Ihh (/and J), PTHrP-R (K and L), and Col10 (M and N) genes in P1-P7 mice confirm the loss
of hypertrophic differentiation in the mutant mice. Arrow in M points to Col10 expression in the prospective SOC in the WT. Safranin O/Fast Green-stained
sections of P1-P14 WT (0) and S1P*°ERD (p) femur showing the presence of hypertrophic cells in the WT (arrow) and the formation of SOC (asterisk), both

notably absent in the mutant. Bars, A, B, E, F, and I-P, 500 um; C, D, G, and H, 50 um.

retained primarily inside the cells (arrows, Fig. 5, L and P).
Intracellular retention is, however, notably decreased in chon-
drocytes of the growth plate presumably because of chondro-
cyte clearing by apoptosis (data not shown; also see Fig. 7 and
supplemental Fig. S6). Thus, the intracellular Col IIB retention
characteristic of S1P loss is also seen in postnatal ablations and
in the SOC.

S1P ablations were also performed in P7 mice and analyzed at
P15 (P7-P15 WT and S1P**"FR™ mijce; Fig. 6). As in the P1-P7
S1Pke-ER(M) mjce, the growth plate in P7-P15 S1Pke-ER(MD) mjce
is marked by the absence of hypertrophic cells in both the
humerus (Fig. 6, B and D) and femur (Fig. 6, F and H), although
the columnar arrangement of the chondrocytes and organiza-
tion of the reserve chondrocytes are not disrupted. The growth
plate is characterized by the absence of i/ (Fig. 6/), PTHrP-R
(Fig. 6L), and Col10 (Fig. 6N) expression indicating a cessation
of hypertrophic differentiation on S1P ablation. Double-labeled
immunofluorescence with ITA and IIF antibodies demonstrated
the intracellular retention of Col IIB in cells of the SOC (data
not shown) and in the growth plate (Fig. 6P). We also per-
formed S1P ablations at E18.5 while in utero. Although this is
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not postnatal, it is similar in concept as these mice give birth on
day 19.5 post-coitus, and the embryos have well developed
growth plate and endochondral bone. When analyzed at P14,
the E18.5-P14 S1P***"*R™ mice also demonstrated cessation of
hypertrophic differentiation and loss of Ikhh, PTHrP-R, and
Col10 expression in the growth plate (supplemental Fig. S4).
These mice exhibited a marked chondrodysplasia (supplemen-
tal Fig. S5) not visible in P1-P7 mice (data not shown) and is
more pronounced than the P1-P14 mice or mice at any other
time points. Thus, the earlier the removal of S1P activity, the
more severe is the resulting chondrodysplasia. Because the
growth plate is disrupted, we performed TUNEL assays to test
for increased apoptosis in the mutant growth plate (supple-
mental Fig. S6). A considerable increase in apoptosis is seen
in the growth plates of SIP*°FR(M) mice at all stages exam-
ined (supplemental Fig. S6, G-L), as compared with the WT,
which showed only marginal apoptosis (supplemental Fig.
S6, A-F). In P1-P7 mice, apoptosis is observed in both the
primary growth plate (supplemental Fig. S6G, arrow) and the
prospective SOC (supplemental Fig. S6, G and /). The E18.5—
P14 mutant mice (which do not show any SOC development)
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FIGURE 5. Abnormal Col Il deposition in P1-P7 S1P<k°-ER(M gkeletal elements. Inmunohistochemistry analyses with IIF antibodies showing abnormal Col I
deposition (in brown) in chondrocytes in the putative SOC. C, D, G, and H are higher magnification images of A, B, E, and F, respectively, with areas magnified
shown outlined. I-P are double-labeled immunofluorescence studies with IIF and IIA antibodies showing abnormal Col IIB retention in chondrocytes in the
prospective SOCin the mutant. K, L, O, and P are higher magnification images of |, J, M, and N. Colors representing antibody localizations are as for Fig. 3. Arrows
in D, H, L, and P point to the abnormal Col Il deposition and entrapment inside the cell. Bars, A, B, E, and F, 200 um; C, D, G, and H, 10 um; [, J, M, and N, 50 um;

K L O,and P, 10 um.

show a more pronounced apoptosis that encompasses the
entire cartilage (supplemental Fig. S6, I and L). As with the
chondrodysplasia, the earlier the S1P ablation, the more pro-
nounced the subsequent cell death.

To get mechanistic insights into the role of S1P in the post-
natal growth plate, we performed a more gradual temporal
analysis of S1P ablation in postnatal mice (Fig. 7). For this, we
ablated S1P in SIP”/;Col2CreER™ at P1 (day 1) and analyzed the
mice on day 3 (2 days later at P3), day 5 (4 days later at P5), and
day 7 (6 days later at P7) to study the chronology of Col II
accumulation, hypertrophy disruption, and apoptosis in the
growth plate. WT (SIP”/) mice were studied in parallel. P1
S1P7,Col2CreER" mice without tamoxifen administration
(Fig. 7, A—D) were used as controls and showed normal mor-
phology similar to P1 WT mice (supplemental Fig. S7, A-D).
Therefore in Fig. 7, we have compared the events in S1P7;
Col2CreER™ mice before and after S1P ablation, rather than to
WT. Just 2 days since S1P ablation, P1-P3 mice demonstrated
intracellular Col II retention (compare Fig. 7, C and G) that
increases dramatically at P5 (Fig. 7K). Notably, disruption of
hypertrophic differentiation proceeds in parallel to intracellu-
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lar Col II retention as seen by the concomitant drop in ColI0
expression. On day 3, the SIP*°*R™) mice showed a discerni-
ble drop in Col10 expression, although there are no morpho-
logical changes in the hypertrophic zone (compare Fig. 7, A
with E). Although the WT mice also showed some decrease in
Col10 expression with maturity, the decrease is greater in the
P1-P3 S1P*°ERM mice (see supplemental Fig. S7, Fand H). By
P5, S1PoER(M mice demonstrated a sharp drop in ColI0
expression, in parallel to the dramatic increase in Col II reten-
tion (Fig. 7K), with a visible change in morphology (Fig. 7). By
day 7, in the S1P**"*R™) mijce elimination of the hypertrophic
zone is complete.

In sharp contrast, apoptotic events do not initiate in parallel
with hypertrophic disruption and Col II retention. The begin-
nings of apoptosis in the growth plate in the S1P**" (™) mice is
seen only at day 5 (P1-P5 mice) and increases dramatically at
day 7 (P1-P7) mice. This indicates that apoptosis is most prob-
ably a consequence of earlier events, presumably because of the
intracellular Col II retention, and is likely secondary to the par-
allel processes of Col Il retention and loss of hypertrophy. Intra-
cellular Col II retention appears decreased in the P7 growth
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WT (S1PF/)

FIGURE 6. Mutant phenotype of P7-P15 S1P<° R mice due to S1P ablation at P7. Safranin O/Fast Green-stained sections of P7-P15 WT (S1P”") and
S1PERM humerus (A-D) and femur (E-H) showing the elimination of hypertrophic differentiation in the mutant mice. G, D, G, and H are higher magpnification
images of A, B, E, and F, respectively. Arrows in B and F point to the bony outgrowth from the bone cortex, not seen in the WT (also see Fig. 10). /-N show ISH
analyses in P7-P15 femurs for Ihh (I and J), PTHrP-R (K and L), and Col10 (M and N) confirming the loss of hypertrophic cells in the mutant growth plate. O and
P show double-labeled immunofluorescence studies in the femur with IIF and IIA antibodies showing abnormal Col IIB retention in the growth plate of the
mutant mice. Antibody localizations are as described previously. Bars, A, B, E, F, and I-N, 500 um; C, D, G, and H, 50 um; O and P, 20 um.

plate (Fig. 70) that could be due to the clearing of the cells by
apoptosis. Thus, these data suggest that apoptosis does not
drive the phenotype in these mice. Notably, intracellular Col II
retention and concomitant loss of hypertrophy appear to be
related events during development.

Abnormal Bone Development in S1P*FR™) Mice—In
S1P*-ER( mice, S1P activity is terminated after endochondral
bone development is well established and yet displayed chon-
drodysplasia and disruption of the growth plate. To understand
how this affected bone development, we performed uCT anal-
ysis of the WT and mutant femurs and humeri. P1-P7 mice,
although they did not show notable differences in length
between WT and mutant (see supplemental Fig. S8), showed a
tremendous impact on the trabecular bone formation in the
primary spongiosa (Fig. 8). In the WT, the formation of trabe-
cular bone lamellae reflected the usual spongy nature of the
bone. This was reflected both in longitudinal sections (along the
long axis of the bone, Fig. 8, A, C, and E) and in cross-sections
(axis perpendicular to the longitudinal sections) showing the
metaphyseal side of the chondro-osseous junction (Fig. 8, G and
I) for the distal femur or proximal humerus. Fig. 8, K and M,
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shows the extent of trabecular bone development and the
spongy nature of the bone in a single slice of uCT scan for the
WT femur or humerus, respectively. In contrast, in S1P-FR(™
mice, trabecular bone development is disrupted in both the
distal femur (Fig. 8D) and proximal humerus (Fig. 8F). The
bones are hollow due to loss of trabecular bone in the primary
spongiosa. In cross-sections, the metaphyseal chondro-osseous
junction appears sclerotic (Fig. 8, H and J); the entire metaphy-
seal region appears as a dense mass of fused lamellae, also
reflected in images of individual uwCT slices (arrow in Fig. 8, L
and N). The disruption in trabecular bone development is not
simply a delay but is also seen in P1-P14 S1P**"*R™ mice (sup-
plemental Fig. S9, B and D). As the animals aged, differences in
size and in their bones, between WT and mutant mice, become
significant and more visible (supplemental Figs. S5 and S8).
To understand trabecular bone disruption further in the
S1P*°ER(M mice, we analyzed the wCT scans of P1-P7 femurs
slice by slice, with and without segmentation, in cross-sections
of the bones starting from the metaphyseal side of the chondro-
osseous junction of the distal femur and progressing toward the
diaphysis (Fig. 9). In the WT, trabecular bone develops uni-
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Col10

Col Il “TUNEL

FIGURE 7. Chronology of intracellular Col Il retention, loss of hypertrophy, and apoptosis after S1P ablation. WT (51P”) (also see supplemental Fig. S7)
and S1P”%:Col2CreER" mice were injected with tamoxifen at P1 (day 1), and the distal end of femur was analyzed on days 3 (E-H), 5 (I-L), and 7 (M-P) by Safranin

O staining, Col10 ISH, double-labeled immunofluorescence with IIF and IIA antibodies fc/)r Col Il deposition, and by TUNEL assays to analyze the sequence of

events.Asthe S1 P’/’CoIZCreERT mice show no abnormality and are equivalent to WT (S1P”) mice before S1P ablation, comparisons in this figure are shown onIy
for the S1 P’r/’rCoIZCreERT mice before and after (S1P<*°ERM) S1p ablation. The growth plate is demarcated by a bracket in the TUNEL assays, and the arrow in P

points to apoptosis in the SOC. Bars, A, E, |, and M, 50 um; B, F, J,and N, 500 um; C, G, K, and O, 20 um; D, H, L, and P, 200 pm.

formly and gradually from one slice to the next, over the entire
area of the metaphysis, and the spongy nature of the bone is
apparent. It is barely possible to distinguish the compact and
dense bone collar from the trabecular bone. In contrast, in
P1-P7 S1P**ER(M) mjce, the trabecular bone development is
seen as a dense mass in the center of the metaphysis sur-
rounded by the easily discernible compact bone collar. The
change in metaphyseal bone development from one slice to
the next is not gradual but abrupt, and bone development
takes place in a couple of random directions toward the bone
collar rather than uniformly in all directions. The trabecular
bone is not spongy and appears as a dense sclerotic mass of
trabecular lamellae.
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Similarly, we analyzed the morphology of the femurs (and
humeri; data not shown) when S1P was ablated in the P7 mice.
As the animals aged, the difference in length of the femurs with
the WT becomes more dramatic and heightens the resulting
chondrodysplasia in S1P**FR™ mice (supplemental Figs. S5
and S8). Even as early as P15, the trabecular bone in the primary
spongiosa is dramatically diminished as seen in longitudinal
sections (Fig. 10G). In cross-sections, the metaphyseal
chondro-osseous junction in the distal femur does not appear
spongy (Fig. 10/) as in the WT (Fig. 10D). The overall morphol-
ogy of these mutant bones is similar to that seen in the P1-P7
mutant mice. With age, the S1P**"*R™ mjce are unable to rem-
edy trabecular bone disruption. The primary spongiosa is dras-
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FIGURE 8. Morphology of the humerus (proximal) and femur (distal) in P1-P7 WT (S1P") and S1P°ER™ mice as imaged by uCT showing the loss of
trabecular lamellae and the sclerotic nature of the mutant metaphysis. A and B are schematics as an aid to understand the orientation of the wCT images
in Figs. 8-10. A shows a longitudinal section (along the long axis) through the center of a bone imaged in C-F and K-N. The bone in cross-sections, at an angle
perpendicular to the longitudinal axis (axis for cross-section), is imaged in G-J (and in Fig. 9). The red arrow points to the chondro-osseous junction imaged in
G-J on the metaphyseal side. B is a schematic particularly applicable to Fig. 9 showing the metaphysis/trabecular bone development in a cross-section.
Although C-J are reconstructed bone images from uCT scans, K-N are images of a single uCT scan slice showing the diminished spongy bone formation in
S1pkoERM myjce, The arrow in L and N point to the sclerotic dense nature of the metaphyseal side of the chondro-osseous junction in the mutant mice. Bars, C-J,

100 wm; K=N, 250 pm.

tically diminished, and the last remnants of trabecular bone
seen in P7-P15 S1P“*FRM mice is totally lost in P7-P28 or
P7-P42 S1P*ERM mice (Fig. 10, H and I). As SIPY,
Col2CreER™ mice show well formed and normal trabecular
bone at P10 and later (supplemental Fig. S9, E-H) in the pri-
mary spongiosa in the absence of S1P ablation by tamoxifen,
these data indicate the requirement of S1P for normal trabecu-
lar bone development, presumably through growth plate main-
tenance. On S1P ablation, the well formed trabecular bone is
almost completely decimated.

In P7-P15 mice, the perichondrial tissue at one edge of the
growth plate is replaced by bone cortex in the mutant (arrow-
heads, Fig. 10N; also Fig. 6, B and F) that are extensions from the
cortical bone and are responsible for the bony protrusions in
the wCT images (arrows, Fig. 10, G and /). This development
appears to be analogous to the enhanced cortical bone seen in
E10.5 (or E13.5)-E18.5 S1P*°ER(M) mjce and in the S1P°*° mice.
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In WT mice as the growth plate matures, undulations in the
growth plate result in the formation of four mammillary pro-
cesses (15) in the metaphyseal chondro-osseous junction
shown in P7-P28 and P7-P42 WT mice (asterisks, Fig. 10). The
termination of SIP activity in S1P***"**™ mice and the conse-
quent chondrocyte apoptosis prevent growth plate maturation
and undulations, and this is mirrored by a lack of development
of the mammillary processes in the metaphyseal chondro-osse-
ous junction in the mutants (Fig. 10, H, I, K, and L). Taken
together with the chondrodysplasia, these data suggest an in-
active, dead, growth plate in the mutant mice. But remarkably,
these mice develop an additional, fully functional growth plate,
the beginnings of which can be seen in E18.5-P14 S1P***ER(M
mice (supplemental Fig. S4). In P7-P28 mutant mice, the
development of this new growth plate (Fig. 10, P and R)
results in the SOC being pushed to one side (Fig. 10, H
(arrow) and P), whereas the primary growth plate is gradu-
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FIGURE 9. Femoral trabecular bone development in P1-P7 S1P<ke-ERM
mice. Figure shows images of individual scan slices from uCT atintervals, and
their corresponding segmentation slices (against a blue background) to dis-
tinguish soft tissue such as cartilage (in black) from bone (in white), in cross-
sections (see Fig. 8B) of the distal femur, demonstrating the abnormal profile
of the mutant trabecular bone. The number between the panels refers to the
number of uCT scan slice(s) skipped in-between, with those for WT shown on
the left and for the mutant on the right. Bar, (all panels) 0.25 mm.

ally eradicated (arrow, Fig. 10R) and is almost nonexistent in
P7-P42 mutant mice. In the latter, this new growth plate has
developed enough to support the growth of new trabecular
bone (arrowheads, Fig. 10, I, L, and T) that is now aligned
with the cortical bone formed from the primary growth plate
prior to S1P ablation (arrow, Fig. 10, I and T), because of the
bending of the distal femur. Fig. 10 also demonstrates that
with time the width of the mutant bones become smaller
compared with WT; this is most evident in the P7-P42 mice
where the mutant femur is less than 1 mm (~750 um) wide,
whereas the WT femur is about 1.5 mm.

To understand the nature of the residual trabecular bone in
S1P*o R mice, we performed histomorphometric measure-
ments from the uCT scans (Table 2 and supplemental Table 1).
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Site-1 Protease Knock-out in Postnatal Mice
At each developmental stage, SIP*FR™) mice exhibit higher
BV/TV and higher BMD than the WT trabecular bone that
would explain the dense, sclerotic appearance of the mutant
trabecular bones seen in the uCT images. SOC development is
also affected in post-P7 ablated mutant mice and reflects the
lack of development of the mammillary processes in these mice
(supplemental Fig. S10). The activity of osteoclasts appear nor-
mal as the mutant mice show tartrate-resistant acid phospha-
tase staining in the trabecular bone of the metaphysis and in the
SOC, similar to the WT (supplemental Fig. S11). Normal osteo-
blast activity is also suggested by the incorporation of both cal-
cein and alizarin-red dyes into newly deposited bone cortex or
SOC (supplemental Fig. S12).

DISCUSSION

In this study, we have demonstrated a critical role for S1P in
preserving the postnatal growth plate that is fundamental to
long bone growth through endochondral bone development in
postnatal mice. Preservation of the growth plate appears to be
related to chondrocyte maturation via hypertrophic differenti-
ation as SIP ablation in postnatal chondrocytes eliminates
hypertrophic differentiation as evidenced from the absence of
Ihh, PTHrP-R, and Col10 expression in the growth plate. The
absence of Iih and PTHrP-R expression in the growth plate
accentuates a total termination of chondrocyte differentiation
as these genes are expressed in the pre-hypertrophic cells.
Intracellular Col II accumulation is almost immediate and is
concomitant with loss of hypertrophy suggesting that these two
processes might be regulated in tandem. S1P is also a critical
regulator of SOC development as in its absence SOC develop-
ment was prematurely aborted. Besides the impediment to
bone elongation, disruption of the growth plate also reduced
bone width and decimated trabecular bone in the primary
spongiosa with the residual metaphyseal region appearing
dense and sclerotic, presumably because of the higher BMD
and BV/TV. Table 1 summarizes some of the phenotypic man-
ifestations of S1P ablations in prenatal and postnatal mice.

The absence of Ihh expression in the growth plate on post-
natal S1P ablations might suggest that the mutant phenotypes
seen in these mice are due to the loss of Ihh in the growth plate.
S1P could indeed indirectly affect Ihh functions because of its
role in lipid homeostasis and the necessary lipophilic Ihh mod-
ifications required to establish a gradient of Ihh activity thought
to be critical for its function (16, 17). Ihh has also been shown to
govern, directly or indirectly, various aspects of endochondral
bone formation in mice (12, 18 -20). However, a number of
fundamentally different phenotypes in Ihh and S1P knock-out
mice indicate that abnormal Ihh activity is not causal to the
phenotype seen on S1P ablation. Postnatal ablation of Ihh
results in mice with a complete loss of the rounded articular
surface, loss of columnar structure of chondrocytes, a growth
plate composed primarily of hypertrophic chondrocytes that
expressed PTHrP-R and Col10, and the presence of viable chon-
drocytes in the growth plate as evidenced by lack of apoptosis
by TUNEL staining (21). However, SIP**>"*R™ mice contradict
these very phenotypes and are exactly the opposite of postnatal
Ihh knock-out mice indicating that the phenotypes observed in
S1P**ERM mice are primarily due to the loss of loss of S1P
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FIGURE 10. Nature of the bone on S1P ab
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7f) and S1P°ERM mjce with S1P ablation at P7 were harvested at P15, P28, and

P42 and analyzed by wCT.Images of longitudinal sections through the center (A-Cand G-/) or of cross-sections at the metaphyseal side of the chondro-osseous
junction (D-F and J-L), from reconstructed uCT scans of distal femurs, show the sclerotic nature of the metaphyseal chondro-osseous junction and the
decimated trabecular bone in the mutant mice (G-L), as compared with WT (A-F). M and N are Safranin O/Fast Green-stained sections showing the extensions
from the bone cortex (arrowheads in N; arrows in G and J) replacing the perichondrial tissue at the edge of the growth plate in the mutant. O-T are H&E-stained
sections showing bone morphology with Q and R being higher magnification images of regions outlined in O and P. Asterisks in B, C, E, F, O, Q, and S mark the
mammillary processes formed in the metaphyseal chondro-osseous junction in the WT because of undulations in the maturing growth plate. Arrows in H and
K pointtothe SOC (also see P) that is pushed aside to accommodate the additional growth plate shown in P7-P28 mutants (P) with normal hypertrophic (h) cells
(R). The arrow in R points to the dead, inactive primary growth plate. In the older P7-P42 mutant mice, this new growth plate allows for development of new
trabecular bone (arrowheads in I, L, and T), which is now aligned with the cortical bone (arrow in | and T) due to bending of the distal femur. Bars, A and D, 200
wm; Gand J, 200 um; B, E, H, and K, 200 um; C and F, 500 um; /and L, 500 um; M and N, 50 um; O and P, 500 um; Q and R, 250 um; Sand T, 500 um.

activity and not related to the loss of Iih expression. The phe-
notype in S1P*FRM mice is neither due to the loss of
PTHrP-R expression as postnatal loss of PTHrP-R demon-
strates accelerated chondrocyte differentiation (22) as opposed
to the loss of differentiation seen on postnatal S1P ablation.

In S1P*° mice (8), endochondral bone formation was com-
pletely prevented even though the molecular program for endo-
chondral bone development appeared intact. S1P appeared to
have a role in the development of normal cartilage matrix via a
role in Col IIB deposition. As S1P ablations at E10.5 also result
in loss of endochondral bone formation, the mechanism pre-
venting endochondral bone formation would be similar to
S1P“° mice as the molecular program required for endochon-
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dral bone formation is also intact in E10.5-E18.5 S1Pe*-FR(T)
mice. In these mice, although areas of normal collagen deposi-
tion are seen (Fig. 3, E and H), the cartilage matrix is mostly
irregular, and abnormal Col IIB retention within the cells (Fig.
3, B, G, F, and ]) is observed coinciding with a predominance of
Col IIA in the matrix. In S1P°** mice, the Col II-hypomorphic
defective cartilage matrix presumably made it difficult for vas-
cular invasion and for the entry of osteoblastic precursors to
seed endochondral bone. Besides chondrocytes, Col2Cre lines
also target S1P-expressing perichondrial cells from where the
osteoblastic precursors invade the matrix. Thus, one may
hypothesize that a lack of S1P activity in these perichondrial
osteoblastic progenitors could prevent endochondral bone
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TABLE 2

Site-1 Protease Knock-out in Postnatal Mice

Histomorphometric measurements of BV/TV and BMD in WT (S1P7) and S1P°"FRM mjce

Histomorphometric measurements of BV/TV and BMD (expressed as milligrams of hydroxyapatite (HA)/cm?®) were done on the distal femur or proximal humerus using
50 wCT scan slices beginning from the metaphyseal side of the chondro-osseous junction (17 = 3 at each stage). The p value for BV/TV comparisons is <0.01, except for
P1-P7 humerus where it is not significant; the p value for BMD comparisons is <0.05, except for P1-P7 humerus where it is not significant; however, the p value for the
entire WT versus mutant comparison in this table is <0.05. All measurements shown are for the primary spongiosa. WT = wild type (S1P”); CKO = S1P*ER(D),

BV/TV BMD (mg of HA/cm?®)
Phenotype Bone WT CKO WT CKO
P1-P7 Femur 0.445333 = 0.011 0.5095 * 0.005 260.6517 + 7.076 274.3818 * 8.097
Humerus 0.6137 £ 0.104 0.593467 = 0.022 301.7787 £ 35.79 328.5415 * 18.29
P7-P15 Femur 0.258433 * 0.074 0.692333 = 0.113 217.0186 * 25.16 393.5931 * 66.23
Humerus 0.444767 = 0.078 0.694267 = 0.077 262.568 * 17.95 397.0888 = 45.11

development. But removal of S1P does not ablate normal osteo-
blastogenesis as extrapolated from the formation of the
enhanced bone cortex in E10.5-E18.5 and E13.5-E18.5
S1P** R mice as well as the extension of bone cortex seen in
P7-P15 mutant mice (Figs. 6, B and F, and 10N). Also, lineage
tracing experiments with Col2CreER" mice demonstrated that
although chondrocytes contribute to osteoblastic progeni-
tors, these are largely restricted to the cartilage-perichon-
drial interface and to the endosteum; osteoblasts of the
primary spongiosa are derived primarily from osterix-ex-
pressing cells (not Col2al-expressing cells) and therefore
should be unaffected by the Col2Cre activity (23). These
observations reinforce the causal nature of the defective
matrix in preventing endochondral bone formation in early
embryonic, prenatal S1P ablations.

E10.5-E18.5 and E13.5-E18.5 S1P***"**™ mijce display an
additional phenotype not seen in S1P“*° mice, namely the
lack of Col IIB integrity in the matrix as interpreted from the
polygonal or ring-like Col IIB structures mostly seen in
the hypertrophic matrix (Fig. 3N and supplemental Fig. S3, F
and L). On S1P ablation, the secreted Col IIB appears unable
to maintain its integrity in the matrix in the absence of peak
levels of SIP activity. This could arise from a lack of suffi-
cient Col IIB processing, directly or indirectly via S1P, the
exact nature of which awaits characterization. Moreover, the
immature endochondral bone formation coupled with
enhanced cortical bone formation and lethality in E13.5—
E18.5 S1P“*>"*RM) mice indicates a continuous requirement
for S1P during embryonic endochondral bone development.

Our studies with postnatal S1P ablations indicate more
than a casual link between S1P, Col IIB deposition, and
hypertrophy. Our time course experiments with P1-P7 mice
indicate an almost immediate Col IIB entrapment in the
chondrocytes with concomitant loss of chondrocyte hyper-
trophy in the primary growth plate suggesting a link between
these two diverse and distinct developmental pathways.
Although the nature of this convergence remains to be
explored, at the very least these observations suggest that
continuous, normal secretion or processing of Col IIB is
required for normal hypertrophy. It is also possible that due
to the increasing entrapment of Col IIB with time, and the
consequent disruption of the native pericellular matrix,
chondrocyte-matrix interactions are disrupted, and signal-
ing mechanisms required for chondrocyte hypertrophy are
disrupted. Thus, the faulty Col IIB deposition could still be
the primary reason for the phenotypes that indicate a direct
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or indirect role for S1P in Col IIB processing. As to how and
why they manifest phenotypically differently in pre- and
postnatal mice, however, remains to be studied. Abnormal
retention of Col IIB is also observed within the prospective
SOC precluding its development. This observation under-
scores the importance of normal Col IIB deposition for SOC
development as well. Unlike the S1P““° mice where, despite
Ihh, PTHrP-R, and Coll0 expression, the cells did not form
an organized growth plate structure, in postnatal mice the
arrangement of cells is not random, and the columnar
arrangement of chondrocytes in the growth plate is as in the
WT. It appears therefore that once the last of the hyper-
trophic cells is excavated, no further hypertrophic differen-
tiation could take place, thereby eliminating growth plate
functions and impeding further bone elongation.

A common phenotype seen in all S1P-knock-out mouse
models, whether prenatal or postnatal, is the induction of
apoptosis. Extensive chondrocyte apoptosis is seen in both
the primary growth plate and in cells of the putative SOC.
Our time course studies clearly demonstrate that apoptosis
is not immediate and is therefore ancillary to the concomi-
tant processes of intracellular Col IIB retention and disrup-
tion of hypertrophic differentiation. Mechanistically, this is
indicative of the perturbation of developmental pathways
different from that regulated by other growth plate mole-
cules such as PTHrP-R whose postnatal ablation is charac-
terized by apoptotic events fundamental to growth plate clo-
sure (22). Although the growth plate in S1P<*ER(M jg
rendered inactive due to loss of hypertrophy, with time it is
also rendered nonexistent due to apoptotic activity. As the
primary growth plate is gradually eradicated, an additional
normal growth plate takes its place, complete with normally
developing trabecular bone. Thus, our study demonstrates
that additional source(s) of progenitor stem cells are capable
of regenerating the growth plate. We are not sure about the
provenance of these progenitors. The perichondrium (24) or
the periosteum (25) is a probable source of these progeni-
tors. It is also likely that bone marrow stromal cells are able
to colonize a suitable niche within the dying growth plate
and colonize the area to initiate a new growth plate (26). The
progenitors can access this niche within the dying growth
plate by using the metaphyseal blood vessels, or the ring
vessel, or the subperichondrial plexus, depending on their
origin or the route taken (27). Thus, our studies suggest the
possibility of artificially rejuvenating growth plates to cor-
rect bone defects arising from mutational events.
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The anomalous trabecular bone defect seen in postnatal mice
appears secondary to S1P knock-out and is probably an after effect
of growth plate obliteration and is due to the lack of further con-
tribution of chondrocytes to the endochondral bone developmen-
tal program. Although S1P is also expressed in the perichondrium,
a faulty perichondrium is unlikely to be the cause of the abnormal
bone phenotype as the ability of Col2Cre mice to target the
perichondrium progenitors is lost very early around E13.5, at
which time only the chondrocytes in the cartilage appear to have
strong Cre activity (9, 23, 28). Furthermore, the activity of the oste-
oclasts and osteoblasts in bone formation appears intact in these
mice, judging from the normal tartrate-resistant acid phosphatase
staining and the incorporation of calcein/alizarin-red dyes into
bone cortex or SOC. The constant remodeling activity of the
osteoblasts and osteoclasts on the trabecular bone in the primary
spongiosa formed before S1P ablation, in the absence of any fur-
ther bone elongation, presumably depletes the residual metaphy-
seal region resulting in loss of trabecular bone architecture. This in
turn leads to higher bone mineral density and bone volume frac-
tion as bone deposition is now taking place in the absence of bone
elongation. These observations thus endorse the importance of
S1P in coupling growth plate development to trabecular bone
development. This is important in light of the fact that not all
ablations of growth plate molecules lead to diminished trabecular
bone as seen in the case of Schnurri-2 and Schnurri-3 where
knock-out of these growth plate molecules in mice impaired
growth plate maturation but enhanced trabecular bone formation
(29).

In summary, our study demonstrated that S1P plays important
roles in growth plate maintenance and bone development in post-
natal mice. Given its role as a proprotein convertase, SIP may
affect these functions via the processing of biological effectors such
as ATF6 or sterol regulatory element-binding proteins, which is
under further investigation in the laboratory. Our study accentu-
ates a critical need for S1P in skeletal homeostasis as it couples
cartilage development to trabecular bone development in the pri-
mary spongiosa during long bone elongation through endochon-
dral ossification.
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