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The role of Notch signaling in cartilage differentiation and matu-
ration in vivo was examined. Conditional Notch pathway gain and
loss of function was achieved using a Cre/loxP approach to ma-
nipulate Notch signaling in cartilage precursors and chondrocytes
of the developing mouse embryo. Conditional overexpression of
activated Notch intracellular domain (NICD) in the chondrocyte
lineage results in skeletal malformations with decreased cartilage
precursor proliferation and inhibited hypertrophic chondrocyte
differentiation. Likewise, expression of NICD in cartilage precur-
sors inhibits sclerotome differentiation, resulting in severe axial
skeleton abnormalities. Furthermore, conditional loss of Notch
signaling via RBP-J gene deletion in the chondrocyte lineage results
in increased chondrocyte proliferation and skeletal malformations
consistent with the observed increase in hypertrophic chondro-
cytes. In addition, the Notch pathway inhibits expression of Sox9
and its target genes required for normal chondrogenic cell prolif-
eration and differentiation. Together, our results demonstrate that
appropriate Notch pathway signaling is essential for proper chon-
drocyte progenitor proliferation and for the normal progression of
hypertrophic chondrocyte differentiation into bone in the devel-
oping appendicular and axial skeletal elements.

cartilage development � endochondral ossification �
hypertrophic chondrocyte � Sox9

Chondrogenesis is an essential process in which sequential
aggregation, proliferation, differentiation, and hypertrophy

of chondrocytes provide the initial patterning of the vertebrate
skeleton. The appendicular skeleton comprises the limbs and
their attachments to the axial skeleton, which comprises the
skull, rib cage, and vertebral column (1). The vertebral column
and rib cage develop from the mesenchymal sclerotome of the
somites, whereas the appendicular skeleton develops from os-
teochondroprogenitor cells in the limb buds. During embryonic
development, mesenchymal progenitor cells condense, differen-
tiate into chondrocytes, and form a cartilaginous preskeleton,
which subsequently is replaced by ossified bone, a process
termed endochondral ossification (2). Endochondral ossifica-
tion, which forms most bones in the body, including the vertebral
column of the axial skeleton and the limbs of the appendicular
skeleton, is a complex regulatory process during which chon-
drocyte proliferation, differentiation, and maturation are tightly
controlled. The role of the Notch signaling pathway in chondro-
genic proliferation, differentiation, and maturation is largely
unknown.

The Notch signaling pathway, implicated in skeletal develop-
ment and disease, consists of 5 ligands (Dll1, 3, and 4, and
Jagged1 and 2) that interact with 4 Notch receptors (Notch1–4)
(3). Upon ligand binding, the Notch receptor is cleaved, and the
Notch intracellular domain (NICD) translocates to the nucleus,
where it binds to the transcription factor recombination signal
binding protein for immunoglobulin kappa J (RBP-J, also
termed RBPJk, CBF1, RBPSUH, or SUH) and ultimately
activates expression of downstream genes to affect many cellular
processes, including cell proliferation and differentiation (3–6).

Several Notch signaling pathway components regulate somite
segmentation, which underlies axial skeleton patterning (7). In
addition, in vivo Notch pathway overexpression or underexpres-
sion in the osteogenic lineage demonstrates that Notch inhibits
osteogenic differentiation and growth in the axial and appen-
dicular skeleton (8–10). Although the role of Notch signaling in
bone development has been investigated, the role of Notch
signaling in prenatal cartilage development has not yet been
demonstrated. Cell culture experiments suggest that Notch1
might play an inhibitory role during chondrocyte differentiation;
however, in vivo effects of Notch manipulation in the chondro-
cyte lineage have not been reported (11–13).

To examine the role of Notch in chondrocyte development and
differentiation, the Notch signaling pathway was manipulated
throughout chondrocyte lineage development using pro-
alpha1(II) collagen-Cre (Col2�1Cre) mice (14). Notch gain of
function was achieved with RosaNotch mice expressing NICD, the
activated form of the Notch1 receptor, in the chondrocyte
lineage in the presence of Col2�1Cre (15). Furthermore, Notch
signaling was ablated in the chondrocyte lineage using RBP-Jf/f

mice (16). Together, these studies demonstrate that Sox9 and its
target genes are subject to regulation by Notch signaling that
ultimately affects chondrogenic proliferation and differentia-
tion. The cartilage defects resulting from both Notch pathway
activation and inactivation in the chondrogenic lineage demon-
strate that appropriate Notch signaling is required for proper
cartilage progenitor proliferation and hypertrophic chondrocyte
differentiation in appendicular and axial skeleton development.

Results
Conditional NICD Expression in the Chondrocyte Lineage Results in
Skeletal Malformations and Perinatal Lethality. To examine the role
of Notch signaling in chondrogenesis, RosaNotch mice with Cre-
dependent NICD activation were crossed with Col2�1Cre mice,
which express Cre in condensed mesenchymal cartilage progen-
itor cells and differentiated chondrocytes (14, 15). The resulting
Col2�1Cre;RosaNotch mice are perinatal lethal (likely due to
respiratory deficiency) and present with a rounded head with a
short snout, distended abdomen, shortened trunk and tail, and
truncated limbs, among other abnormalities (Fig. 1A; Figs. S1
and S2). Alcian blue (cartilage) and alizarin red (bone) staining
of embryonic day (E) 18.5 skeletal preparations showed that
skeletal elements formed by endochondral ossification, includ-
ing vertebrae, ribs, and limbs, are undersized and underdevel-
oped in Col2�1Cre;RosaNotch embryos compared with controls.
Skeletal elements of these mice are characterized by a severe and
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generalized chondrodysplasia, as demonstrated by significantly
decreased alcian blue staining in cartilaginous structures
throughout the embryo. The rib cage of Col2�1Cre;RosaNotch

mice is smaller than that of controls (an average of 10 ribs versus
13), and the vertebral column and tail are virtually absent (Fig.
1B). In addition, these mice also have a shortened or absent neck,
umbilical hernias, and decreased or absent cartilage in the
trachea and skull compared with controls (Figs. 1 A and B,
Figs. S1 and S2, and data not shown). Overall, the
Col2�1Cre;RosaNotch phenotype is consistent with a global defect
in cartilage formation and differentiation, resulting in gross
malformations of the appendicular and axial skeleton.

The appendicular skeleton of Col2�1Cre;RosaNotch mice con-
sists of malformed long bones with reduced limb size and length.
The forelimbs and hind limbs of these mice exhibit a shortened
humerus and femur, respectively (Fig. 1C–D, arrows). In addi-
tion, the scapulae are virtually nonexistent, and the ossification
centers of the digits are absent in the limbs (Fig. 1C–D, arrow-
head and asterisk). Alcian blue staining of the limbs at E14.5
shows little to no chondrocyte hypertrophy, and the size of the
Col2�1Cre;RosaNotch humerus bone is reduced compared with
controls, consistent with inhibited chondrogenic differentiation
(Fig. 1E).

The axial skeleton of Col2�1Cre;RosaNotch mice is malformed,
with a nearly absent vertebral column (Fig. 1B and F). At E14.5,
alcian blue staining demonstrates severely hypomorphic or ab-
sent segmental cartilage precursor condensations (which ulti-
mately form the vertebral column), whereas MF20 antibody
labeling reveals normal muscle precursor segments (Fig. 1G,
arrows and data not shown). At E18.5, control mice have a
stereotypic segmented vertebral column, whereas the
Col2�1Cre;RosaNotch mice display a disorganized and severely
reduced cartilage anlagen (Fig. 1H, arrows). This severe embry-
onic chondrodysplasia demonstrates that NICD activation in-
hibits cartilage precursor development and endochondral ossi-
fication in the appendicular and axial skeleton.

Endogenous NICD Expression in Cartilage Progenitor Cells Is Increased
and Expressed Earlier in Col2�1Cre;RosaNotch Embryos. While the
localization of Notch pathway activation and NICD expression has

been described in osteogenesis, much less is known about Notch
signaling during chondrogenesis in vivo (8–10). Localization of
endogenous NICD expression indicative of Notch pathway activity,
distinct from transgenic GFP-tagged NICD expression, was ana-
lyzed in E18.5 limb growth plates. In normal skeletal development,
endogenous NICD is first expressed in prehypertrophic chondro-
cytes and continues to be expressed in hypertrophic chondrocytes
and osteoblasts, supporting a role for the Notch pathway in chon-
drocyte differentiation and endochondral ossification (Fig. 2A–C).
Importantly, endogenous NICD is at low to undetectable levels in
the earlier, proliferative zone of chondrocyte progenitors (Fig. 2A).
In Col2�1Cre;RosaNotch mice, GFP-tagged NICD expression is
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Fig. 1. Col2�1Cre;RosaNotch mice exhibit appendicular and axial skeletal malformations associated with chondrodysplasia. (A) Decreased limb length, distended
abdomen, and malformed head (arrows) of Col2�1Cre;RosaNotch pups at birth. (B) Whole-mount E18.5 skeletal preparations stained with alcian blue (cartilage) and
alizarin red (bone) exhibit a smaller, abnormal rib cage and lack of vertebral column in Col2�1Cre;RosaNotch mice (arrows). (C and D) Shortened forelimbs and hind limb
skeletal elements of E18.5 Col2�1Cre;RosaNotch mice (arrows), and absent scapula (arrowheads in C) and digit ossification centers (asterisks in D). (E) E14.5 alcian
blue–stained Col2�1Cre;RosaNotch humerus exhibit decreased bone density, as well as a truncated ossification center (brackets). (F) E18.5 vertebral column of
Col2�1Cre;RosaNotch mice exhibit decreased cartilage, as well as an absence of bone (arrows). (G and H) Alcian blue staining at E14.5 (G) and E18.5 (H) shows an absence
of cartilage precursors (arrows in G) in Col2�1Cre;RosaNotch vertebral column, resulting in loss of skeletal elements in the axial skeleton (arrows in H).
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Fig. 2. NICD activation in the chondrocyte lineage and premature activation
in Col2�1Cre;RosaNotch mice. (A–C) Endogenous activated Notch signaling,
NICD (red), is expressed in prehypertrophic and hypertrophic chondrocytes
and osteoblasts in E18.5 humerus bone (arrows in B and C). (D–I) Transgenic
and endogenous NICD expression (red) and transgenic GFP staining (green) of
Col2�1Cre;RosaNotch mice is detected much earlier in proliferative chondro-
cytes and throughout the limb (arrows). Blue represents DAPI nuclei staining.
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detected earlier in proliferating chondrocytes and also is expressed
in all chondrocytes as well as in bone, with increased NICD
immunoreactivity compared with controls (Fig. 2D–I). Further-
more, several Notch pathway components, including Dll4 (prolif-
erative chondrocytes) and Jag1, Notch1, Hey1, Hes1, and Hes7
(prehypertrophic chondrocytes), exhibit chondrogenic expression
at E14.5 and E18.5 (Fig. S3 and data not shown). Taken together,
these data demonstrate that endogenous NICD expression is
activated in the prehypertrophic cartilage progenitors as they
exit the proliferative zone, indicative of Notch pathway activa-
tion and function in normal chondrocyte differentiation. Fur-
thermore, Col2�1Cre;RosaNotch mice express ectopic activated
NICD earlier and at increased levels relative to NICD expression
in cartilage precursors and differentiating cartilage of embryonic
skeletal elements.

Increased Notch Pathway Activation Leads to Impaired Chondrocyte
Differentiation and Decreased Ossification. To investigate the role
of Notch activation in chondrogenesis in more detail, we exam-
ined markers of specific stages of chondrocyte progenitor spec-
ification, differentiation, and endochondral bone formation. At
E14.5, ossification is reduced in Col2�1Cre;RosaNotch mice, as
demonstrated by decreased von Kossa staining (Fig. 3A and B).
However, by E18.5, positive von Kossa staining indicates that
mineralization eventually occurs in Col2�1Cre;RosaNotch mice,
although the ossified area is decreased (data not shown). To
examine the molecular regulation of endochondral bone forma-
tion in Col2�1Cre;RosaNotch mice, we analyzed the expression of
several genes that mark specific stages of chondrogenic differ-
entiation. In situ hybridization analysis of E18.5 limb sections
demonstrates deceased Sox9 expression in the early-stage

cartilage progenitors of the proliferative zone in
Col2�1Cre;RosaNotch embryos compared with controls (Fig. 3C
and D). Sox9 promotes cartilage progenitor proliferation and
differentiation, and decreased expression of its target genes,
Aggrecan and Cartilage link protein (Crtl1), also was observed in
Col2�1Cre;RosaNotch mice (Fig. S4 and data not shown) (17, 18).
In addition, hypertrophic chondrocyte differentiation, as mea-
sured by Indian hedgehog (Ihh), Col10�1, and matrix metallopro-
teinase 13 (Mmp13) expression, is nearly absent in E14.5 and
E18.5 limb sections (Fig. 3E–H and data not shown). Although
hypertrophic chondrocytes eventually form in
Col2�1Cre;RosaNotch mice, the replacement of cartilage by bone
also is markedly reduced, resulting in smaller appendicular
skeletal elements. Runx2 is expressed by late hypertrophic
chondrocytes as well as osteoblasts and promotes chondrocyte
differentiation and bone development (19). Along with Col1�1
and bone sialoprotein (BSP), which mark osteoblasts exclusively,
Runx2 expression is reduced in Col2�1Cre;RosaNotch mice (Fig.
3I–N). Osteoclast gene expression, as measured by matrix me-
talloproteinase 9 (Mmp9), is largely unchanged (data not shown).
Together, these expression analyses indicate that the differen-
tiation of chondrocyte progenitors and hypertrophic chondro-
cytes is inhibited with increased Notch signaling in
Col2�1Cre;RosaNotch mice.

NICD Expression in the Early Chondrocyte Cell Population Inhibits
Axial Cartilage Development Through Impaired Sclerotome Differen-
tiation in Col2�1Cre;RosaNotch Mice. Notch pathway activation in the
chondrocyte lineage results in nearly complete lack of cartilage
elements and bone formation in the axial skeleton (Fig. 1B, F, G,
and H). Because the vertebral column arises from sclerotome
progenitors of the somites, we investigated this precursor cell
population in further detail. Notch signaling is involved in the initial
segmentation and compartmentalization of somites (20). We an-
ticipated that this initial segmentation would be unaffected in
Col2�1Cre;RosaNotch embryos, because the Col2�1Cre transgene is
not expressed until the cartilage population has been specified (14).
As expected, E10.5 whole-mount in situ hybridization demonstrates
normal somite segmentation in Col2�1Cre;RosaNotch mice, as shown
by segmentation and compartmentalization markers Uncx4.1 and
Tbx18, as well as Notch pathway components Mesp2, Hes7, and
Lunatic fringe (Lfng) (Figs. 4A and B, Fig. S5 and data not shown).
Thus, the somite segmentation clock and patterning pathways
apparently are not affected in Col2�1Cre;RosaNotch mice.

Somite sclerotome differentiation is impaired with increased
Notch signaling in Col2�1Cre;RosaNotch embryos. This finding is
consistent with Col2�1Cre activation at E9.5 in the differenti-
ating somites (14). The sclerotome, which gives rise to cartilage
and bone of the axial skeleton as marked by Sox9 and Scleraxis
expression, is reduced in width and intensity, with a significant
decrease of Sox9 mRNA expression (Fig. 4 E–G and data not
shown). This correlates with the observed decrease in cartilage
precursors of the developing vertebral column later during
development (Fig. 1G). In contrast, the myotome, as marked by
Myf5 expression, segments normally in Col2�1Cre;RosaNotch

mice, demonstrating that muscle development is unperturbed
with this genetic approach (Fig. 4C and D). Taken together,
whole-mount in situ hybridization studies demonstrate that
NICD expression in cartilage precursors results in decreased
sclerotome differentiation, leading to a severe reduction in
cartilage progenitors of the vertebral column and near absence
of the axial vertebrae.

Loss of Notch Function in the Chondrogenic Lineage Increases the Zone
of Hypertrophic Chondrocytes. We have shown that Notch pathway
activation in the chondrogenic lineage inhibits cartilage differ-
entiation, resulting in an overall decrease in skeletal elements
and consequent malformations. To determine the effects of
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Fig. 3. Chondrocyte differentiation and bone formation are delayed with
decreased hypertrophic chondrocytes in Col2�1Cre;RosaNotch mice. (A and B)
Von Kossa staining shows delayed ossification in the E14.5 limb of
Col2�1Cre;RosaNotch mice (arrows). (C–N) E18.5 in situ hybridization of
Col2�1Cre;RosaNotch limbs demonstrates reduced expression (arrows) of Sox9
(proliferative chondrocytes), Ihh and Col10�1 (hypertrophic chondrocytes),
and Col1�1, Runx2, and BSP (osteoblasts) compared with controls.
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decreased Notch pathway activity, the transcription factor RBP-J
was targeted in the Col2�1Cre domain to generate mice with loss
of Notch signaling in cartilage progenitors and differentiating
chondrocytes. Col2�1Cre;RBP-Jf/f mice are perinatal lethal, with
increased cartilage and decreased bone formation in the ossification
centers of the vertebral column, as demonstrated by alcian blue–
and alizarin red–stained skeletal preparations and histological
sections (Fig. 5A–D). In addition, while Col2�1Cre;RBP-Jf/f mice
have a similar long bone length as controls, they exhibit an
overall increase in growth plate chondrocytes, accompanied by
decreased ossified bone (Fig. 5 and Fig. S6). This increased
cartilage with decreased bone coincides with an increased size of
the hypertrophic chondrocyte zone, as shown in E18.5 forelimb
growth plate sections (Fig. 5E–H and Fig. S6). Furthermore,
expression of hypertrophic chondrocyte markers Ihh, Col10�1,
and Mmp13 is increased and the zone of expression is expanded
in Col2�1Cre;RBP-Jf/f E14.5 and E18.5 limb sections compared
with controls (Fig. 5I–N and data not shown). In contrast to
Col2�1Cre;RosaNotch mice, in Col2�1Cre;RBP-Jf/f mice, Sox9
expression was increased in limb sections at E14.5 and E18.5,
further supporting a role for Notch regulation of Sox9 in
chondrogenesis (Fig. S7 and data not shown). Taken together,
these results suggest that loss of Notch signaling in the chon-

drocyte lineage causes increased, prolonged chondrogenesis and
decreased osteogenesis. Coupled with the observed skeletal
abnormalities with NICD activation in the chondrocyte lineage,
these results indicate that early Notch signaling inhibits chon-
drogenesis by negatively regulating cartilage progenitor deter-
mination and expansion, as well as hypertrophic chondrocyte
differentiation. As development proceeds, loss of Notch signal-
ing leads to increased hypertrophic cartilage and decreased bone
formation. Therefore, endogenous Notch signaling is required
for proper timing and localization of chondrogenesis and endo-
chondral ossification.

The reduced size of cartilage and bone elements in
Col2�1Cre;RosaNotch mice suggests that increased Notch signal-
ing inhibits chondrocyte proliferation and/or survival. Com-
pared with controls, Col2�1Cre;RosaNotch limb sections exhibit
significantly reduced proliferation throughout the growth plate,
specifically in the prehypertrophic chondrocyte zone, as shown
by proliferating cell nuclear antigen (PCNA) analysis (Fig. 6A, B,
and D). Furthermore, Col2�1Cre;RBP-Jf/f limb sections exhibit
significantly increased proliferation throughout the growth plate
compared with controls (Fig. 6A, C, and D). However, there was
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Fig. 4. Col2�1Cre;RosaNotch mice exhibit somite segmentation but have
reduced Sox9 expression and sclerotome differentiation. (A and B) Whole-
mount in situ hybridization of E10.5 embryos shows normal somite segmen-
tation of Col2�1Cre;RosaNotch embryos, as indicated by Uncx4.1 expression. (C
and D) Appropriate myotome differentiation as shown by Myf5 expression. (E
and F) Impaired sclerotome differentiation as indicated by reduced Sox9
expression in Col2�1Cre;RosaNotch somites compared with controls (arrows
and lines in E ’ and F’). (G) Significant reduction of somite Sox9 expression as
determined by real-time RT-PCR analysis. * P � 0.01
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Fig. 5. Loss of Notch pathway function in the chondrocyte lineage results in
skeletal defects associated with increased cartilage formation. (A–D)
Col2�1Cre;RBP-Jf/f mice presenting with decreased ossification centers (ar-
rows) in the E18.5 vertebral column as shown by skeletal preparations (A and
B) and alcian blue staining of sections (C and D). (E–H) Expansion of the
Col2�1Cre;RBP-Jf/f hypertrophic chondrocyte zone in the E18.5 humerus
growth plate (brackets). (I–N) Increased Ihh, Col10�1, and Mmp13 expression
in E14.5 Col2�1Cre;RBP-Jf/f limb sections compared with controls (brackets).
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no apparent difference in apoptosis in endochondral bones in
controls versus Col2�1Cre;RosaNotch or Col2�1Cre;RBP-Jf/f mice,
as indicated by caspase 3 and TUNEL assays (data not shown).
These findings suggest that abnormal proliferation, but not a
difference in apoptosis, contributes to abnormal chondrogenesis
with increased or decreased Notch signaling levels. Taken to-
gether, these results demonstrate that the Notch signaling path-
way is involved in the regulation of chondrocyte proliferation
and differentiation in appendicular and axial skeleton develop-
ment.

Discussion
In this study, we have demonstrated an essential role for Notch
signaling in chondrogenic proliferation, differentiation, and
skeletal development. Our data suggest that regulation of Notch
signaling is required for a proper balance of chondrogenic
proliferation and differentiation at initial stages of somite com-
partmentalization and long bone development. During normal
chondrogenic differentiation in endochondral bone develop-
ment, NICD is not expressed in the proliferative zone, but it is
activated in prehypertrophic and hypertrophic cartilage. In-
creased NICD inhibits proliferation and prehypertrophic and
hypertrophic chondrocyte differentiation, which ultimately re-
sults in decreased bone formation. Loss of Notch signaling in the
chondrocyte lineage causes increased proliferation and an ex-
panded hypertrophic chondrocyte zone, with an accompanying
decrease in bone formation. Therefore, the level of Notch
pathway expression must be tightly regulated to allow for proper
chondrogenic cell proliferation, differentiation, and ossification
during endochondral bone formation.

The severe chondrodysplasia and dwarfism seen in the
Col2�1Cre;RosaNotch mutant mice are characterized by an almost
complete absence of cartilage and bone in the axial skeleton and
reduced cartilage and bone throughout the embryo. Among the
genes affected by altered Notch signaling in axial and appen-
dicular skeleton development is Sox9, which promotes cartilage
progenitor proliferation and differentiation and marks the pro-
genitor population of chondrogenic cells (17, 18). Decreased

Sox9 expression could result in loss of the vertebral column as
well as reduced hypertrophic cartilage in Col2�1Cre;RosaNotch

mice. The Col2�1Cre;RosaNotch skeletal phenotype is similar to
that of haploinsufficient Sox9 mice, as well as mice lacking Sox9
in the chondrogenic lineage, which also have a lack of proper
chondrocyte differentiation, resulting in skeletal defects (18, 21).
In cultured chondrocytes, overexpression of Notch1 inhibits
chondrocyte differentiation and proliferation, as evidenced by
decreased Sox9, Col2�1, Aggrecan, and Scleraxis gene expression,
whereas loss of Notch signaling results in increased Sox9 expres-
sion (12, 13). These in vitro data are consistent with our in vivo
data showing that Sox9 and its target gene Crtl1 are subject to
regulation by Notch signaling (Fig. S4 and Fig. S7). Therefore,
these data provide support for a mechanism whereby Notch
signaling modulates Sox9 gene expression in chondrogenic cells
to regulate the timing and localization of chondrogenic progen-
itor proliferation and differentiation.

The role of the Notch pathway in the appendicular skeleton
has been previously investigated in osteoblastic lineages, but the
role of Notch signaling in chondrogenic axial and appendicular
skeletal development has not been reported (8–10). Chondro-
genic NICD activation results in a reduced sclerotome and,
consequently, a nearly absent vertebral column, demonstrating
that increased Notch signaling inhibits chondrogenic differen-
tiation. In contrast, Notch pathway loss of function results in
increased hypertrophic cartilage and decreased bone mineral-
ization in the vertebral column. These data point to a previously
unidentified role for Notch signaling in axial chondrogenic
differentiation and development. Furthermore, Notch pathway
gain and loss of function in the chondrocyte lineage result in
inappropriate appendicular skeleton formation as a conse-
quence of an abnormal hypertrophic chondrocyte zone. The
hypertrophic zone is truncated in Col2�1Cre;RosaNotch mice and
is increased in Col2�1Cre;RBP-Jf/f mice, with corresponding
skeletal malformations. Increased Notch signaling inhibits Sox9
expression, while decreased Notch signaling leads to increased
Sox9, consistent with the reported functions of Sox9 in chon-
drogenic proliferation and differentiation (Fig. S7). Expression
of Hes7, a direct downstream target of Notch signaling in somitic
cells, also is affected in appendicular cartilage, whereby in-
creased NICD leads to ectopic Hes7 expression in proliferative
chondrocytes, while Notch pathway loss of function results in
undetectable expression in the chondrocyte lineage (Fig. S7)
(22). The relationship of Hes7 and Sox9 in the chondrogenic
lineage has not yet been determined.

Previous studies have examined Notch signaling in bone
development and disease. Notch1 directly or indirectly inhibits
Runx2 expression in osteogenic cells, and Runx2 deficiency leads
to skeletal malformations (8, 9). This agrees with the observation
that Runx2 expression is decreased with NICD gain of function
in the limb. The in vivo activation and inactivation of Notch
signaling in the osteoblastic lineage results in skeletal defects;
however, these mice are viable (8). The difference in viability
with manipulations of Notch signaling in cartilage versus bone
can be attributed to abnormalities in the earlier cartilage lineage
that affect chondrocyte proliferation and differentiation and
ultimately result in more severe skeletal defects, including
lethality. Likewise, deletion of Notch1 and 2 or Presenilin-1 and
-2 in the early limb bud mesenchyme with Prx1-Cre is similar to
that in Col2�1Cre;RBP-Jf/f mice, with both demonstrating dis-
rupted chondrocyte differentiation and increased hypertrophic
chondrocytes (9). This increase in hypertrophic chondrocytes
postnatally corresponds to increased trabecular bone in
Prx1Cre;Psenf/fPsen2�/� mice, which could not be investigated in
the present study because of the lethality of Col2�1Cre;RBP-Jf/f

at birth. Although delayed and reduced, bone formation does
occur in Col2�1Cre;RosaNotch and Col2�1Cre;RBP-Jf/f mice, sug-
gesting that Notch signaling does not completely prevent osteo-
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D

Fig. 6. Notch signaling regulates proliferation in chondrogenesis. PCNA
staining of E18.5 limb sections reveals significantly decreased proliferation in
Col2�1Cre;RosaNotch mice and significantly increased proliferation in
Col2�1Cre;RBP-Jf/f mice compared with controls. *P � .001.
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genesis. It is likely that bone loss with increased Notch signaling
is due to reduced cartilage primordia and defective chondrocyte
differentiation, whereas the relative decrease of bone with Notch
pathway loss of function results from an increase in hypertrophic
cartilage at the expense of bone.

More than 150 human congenital defects include vertebral
anomalies, and Notch pathway components have been impli-
cated in several of these (7). Dll3, Lfng, Mesp2, and Hes7 have
been associated with spondylocostal dysostosis, but to date no
Notch receptor has been implicated in this condition (7, 20,
23). Clinical characteristics of spondylocostal dysostosis in-
clude short-trunk dwarfism, malformed vertebrae, rib abnor-
malities, and protruding abdomen, all of which are apparent in
the Col2�1Cre;RosaNotch mutant mice (7). The decreased
expression of Sox9 with activated NICD in chondroprogenitors
is intriguing. A Sox9-associated congenital disease, cam-
pomelic dysplasia, is characterized by skeletal malformations
similar to those seen in the Col2�1Cre;RosaNotch mice (18, 21).
In addition, Notch1 and other Notch pathway components are
known to be up-regulated in osteoarthritis and have been
linked to osteopenia, osteoporosis, and osteosclerosis, dem-
onstrating that Notch1 has homeostatic functions in the adult
skeleton (8, 9, 24). In summary, there is increasing evidence for
Notch signaling pathway regulation of chondrocyte prolifera-
tion, differentiation, and ossification in the appendicular and
axial skeleton.

Materials and Methods
Additional information is provided in SI Materials and Methods.

Mice. Col2�1Cre (Jackson Labs), RosaNotch, and RBP-Jf/f mice have been de-
scribed previously (14–16).

Skeletal Preparation and Histology. Whole-mount skeletal preparations
stained with alcian blue 8GX (Sigma Aldrich) and alizarin red S (Sigma Aldrich)
were prepared as described previously (25). For histological sections, embryos
were fixed in 4% paraformaldehyde/PBS at 4 °C overnight, processed, and
embedded in paraffin. Sections were cut to 5 �m or 14 �m thickness and
subjected to H&E staining, alcian blue staining, immunostaining, and in situ
hybridization. See SI Materials and Methods for details.

Immunohistochemistry. Paraffin sections were incubated at 4 °C overnight
with primary antibodies, and then incubated with the appropriate secondary
antibody at room temperature, processed further with an ultrasensitive ABC
IgG Staining Kit (Pierce), and visualized with diaminobenzidine (DAB) staining
or immunofluorescence. Anti-Notch1 antibody staining was performed as
described previously (26).

In Situ Hybridization. For whole-mount in situ hybridization, embryos were
harvested at E10.5 and processed as described previously (27). In situ hybrid-
ization on paraffin sections was conducted as described previously (28).
Digoxygenin-labeled probes were amplified from mouse limb cDNA. The
Col1a1 probe has been described previously (29). The in situ probes and PCR
primers used are listed in Table S1.
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