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Homologous recombination in embryonic stem cells was used to prepare transgenic mice with an inactivated 
Col2a1 gene for collagen 11, the major protein component of the extracellular matrix of cartilage. 
Heterozygous mice had a minimal phenotype. Homozygous mice developed into fetuses that were delivered 
vaginally but died either just before or shortly after birth. The cartilage in the mice consisted of highly 
disorganized chondrocytes with a complete lack of extracellular fibrils discernible by electron microscopy. 
There was no endochondrial bone or epiphyseal growth plate in long bones. However, many skeletal 
structures such as the cranium and ribs were normally developed and mineralized. The results demonstrate 
that a well-organized cartilage matrix is required as a primary tissue for development of some components of 
the vertebrate skeleton, but it is not essential for others. 
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The skeleton of vertebrates is one of the most complex 
structures in biology. A general assumption about the 
development of the skeleton is that cartilage is the pri- 
mary tissue and that mineralized bone is a secondary 
tissue (see Hall 1975, 1992; Ham and Carmack 1979; 
Caplan 1988; Ross et al. 1989; Gilbert 1994; Reddi 1994). 
The observations that support the assumption are both 
phylogenic and ontogenic. The phylogenic observations 
are that early fishes such as sharks have a cartilaginous 
skeleton instead of a bony one. The ontogenic observa- 
tions are that during embryonic development of most 
vertebrates, cartilaginous molds or models of limbs and 
vertebrae are first synthesized and then the models are 
mineralized (Ham and Carmack 1979; Caplan 1988; 
Ross et al. 1989; Hall 1992; Reddi 1994). In limbs, the 
initial cartilaginous models acquire a collar of mineral- 
ized bone, and the midshafts are invaded by blood vessels 
that erode the cartilage and transform it  into marrow. 
The distal ends of the cartilage are retained so that the 
outer surfaces become the articular surfaces of joints. 
The inner surface of the cartilage at each of the distal 
ends becomes the epiphyseal growth plate in which the 
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cartilage continues both to proliferate and to be trans- 
formed into mineralized tissue as the bone grows longi- 
tudinally. Cartilage is not readily detectable as a precur- 
sor of the cranial bones, but the mesenchymal cells that 
become cranial bones have chondrogenic potential in 
that they differentiate into cartilage if deprived of cal- 
cium in vitro (Jacenko and Tuan 1986; Wong and Tuan 
1995). Also, transient tracks of collagen 11, the major 
component of the cartilage matrix, appear at epithelial- 
mesenchymal interfaces early in the formation of the 
cranium as well as a number of other tissues, including 
otic vesicles, optic vesicles, the ventrolateral surfaces of 
the developing brain, the olfactory conchae, endocardia1 
and the mesocardial tissues, the lateral and basal sur- 
faces of the pharyngeal endoderm, and under the surfaces 
of ectoderm of the branchial arches (von der Mark and 
von der Mark 1977; Kravis and Upholt 1985; Thorogood 
et al. 1986; Cheah et al. 1991; Wood et al. 1991). Decades 
of observation and argumentation, however, have not re- 
solved the question of whether cartilage is an active par- 
ticipant in the formation of the bony skeleton or 
whether i t  is simply an ontological precursor that is no 
longer essential for mineralization (see Hall 1975; Cap- 
lan 1988; Hall 1992; Gilbert 1994; Reddi 1994). 

Cartilage is avascular and largely consists of widely 
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dispersed chondrocytes embedded in a matrix of thin col- 
lagen fibers, proteoglycans, and water (Ham and Car- 
mack 1979; Hall 1992; Gilbert 1994; Reddi 1994). The 
collagen fibers form intertwined arcades that are dis- 
tended by the presence of proteoglycans and water, and 
thereby provide a resilient structure ideally suited to 
withstand compressive forces. Over six different types of 
collagen have been identified in cartilage (see Prockop 
and Kivirikko 1995), but collagen 11 accounts for -95% 
of the total collagen (Wu et al. 1987). It is 30% of the dry 
weight of developing cartilage and -60% of the dry 
weight of adult articular cartilage (Eyre et al. 1986; Wu et 
al. 19921. Therefore. it is reasonable to assume that col- 
lagen I1 is essential'for the normal function of cartilage. 
The assumption is strengthened by the observations that 
mutations in the gene for collagen 11 (Col2al) cause sev- 
eral kinds of chondrodysplasias (Horton 1992; Prockop et 
al. 1993; Ritvaniemi et al. 19951, a heterogeneous group 
of >I50 heritable disorders that are characterized by 
malformation of cartilaginous structures and related de- 
fects such as cleft palate, deafness, mandibular hypopla- 
sia, and disproportionate dwarfism (Rimoin and Lach- 
man 1990; Horton 1992). Phenotypes similar to those 
seen in the patients with chondrodysplasias were pro- 
duced in transgenic mice by expression of dominant-neg- 
ative Col2al genes (Garofalo et al. 1991; Vandenberg et 
al. 1991; Metdranta et al. 1992; Helminen et al. 1993). 

Here we prepared transgenic mice in which the Col2al 
gene was inactivated by homologous recombination in 
embryonic stem cells. Heterozygous mice with one in- 
active allele had a mild phenotype with minimal 
changes in cartilaginous structures. Homozygous mice 
develo~ed into fetuses that died either iust before or 
shortly after delivery. Many body organs in the mice ap- 
peared to have developed normally, including mineral- 
ized structures such as cranial bones and ribs. However, 
there was no endochondrial bone or epiphyseal growth 
plate in long bones. 

Results 

Preparation of transgenic mice 

A cosmid library containing genomic DNA from the in- 
bred mouse strain FVBIN was screened with a 1.1-kb 
cDNA coding for the carboxy-terminal end of the mouse 
proal(1) chain of type I procollagen. Apparently because 
of similarities in the nucleotide sequences (see Baldwin 
et al. 1989; S.-W. Li et al. 1995)) the probe detected a 
clone containing a 30-kb insert from the mouse Col2al 
gene. About 15 kb of the clone was sequenced. The clone 
was then used to prepare a construct of the mouse 
Col2al gene designed for homologous recombination in 
embryonic stem (ES) cells (Capecchi 1989; Mortensen 
1993; Hasty et al. 1994). The construct extended from 
intron 31 to exon 43 of the Col2al gene (Fig. 1A). A 
neomycin-resistance gene was inserted into exon 35, and 
the thymidine kinase gene from herpes simplex virus 
was ligated to the 5' end of the construct (Mortensen 
1993; Hasty et al. 1994). The neomycin-resistance gene 

Tsrgetrng vector 

COLZAI gene 

nutsnt COLZA I gene 
b m n l  32 CWRI L ~ M I  s8 40 43 b m n l  

I 

Figure 1. Gene constructs and assays for homologous recom- 
bination in ES cells. ( A ]  Gene construct employed; (B) sche- 
matic of the target region of the endogenous COL2A1 gene; (C) 
schematic of the target locus after homologous recombination; 
(Dl: Southern blot assay demonstrating the genotypes of off- 
spring from matings of heterozygotes. 

introduced an additional BamHI site into the targeted 
locus (Fig. 1C). Therefore, the cells were screened for the 
presence of a unique 8.2-kb BamHI fragment. Of 320 
clones of cells, 13 obtained after positive and negative 
selection were positive for the homologous recombina- 
tion in one allele. The positive cells were used to prepare 
chimeric mice and then a line with germ-line transmis- 
sion (Fig. ID). 

Assays for expression of the Col2al gene 
in transgenic mice 

To ensure that the homologously replaced gene was not 
expressed as a functional protein, RT-PCR assays were 
carried out with RNA extracted from cartilage from ho- 
mozygous and normal mice. Assays of homozygous mice 
showed RNA transcripts that terminated in the polyade- 
nylation site of the neomycin-resistance gene in exon 35 
(Fig. 2). There was no evidence in the homozygous mice 
of any longer transcripts. Because the amino acid se- 
quences encoding the C-propeptide of the proal(I1) chain 
are encoded by exons 49-52 of the gene (Chu and 
Prockop 1993)) and because the C-propeptide is essential 
to generate a functional proal(I1) chain (Prockop 1990), 
the results indicated that the Col2al gene was not ex- 
pressed as a functional procul(I1) chain. 

The lack of expression of the Col2al gene in homozy- 
gous mice was confirmed by analysis of protein synthe- 
sized by cartilage cells isolated from the mice. As indi- 
cated in Figure 3, cultured cartilage cells from homozy- 
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RT-PCR 

gous mice did not synthesize proal(II) chains of collagen 
11. The levels synthesized by chondrocytes from hetero- 
zygous mice were about half normal (not shown). There 
was no evidence of a shortened procwl(I1) chain of -70 
kD, the expected size if translation from the mutated 
allele terminated at the codon for amino acid 735 of the 
procul(I1) chain, the site of insertion of the neomycin- 
resistance gene (Fig. 1). Also, there was no evidence that 
the decreased expression of the Col2al gene was accom- 
panied by a compensatory increase in synthesis of colla- 
gen XI, collagen IX, or other proteins by the chondro- 
cytes (Fig. 3). 

t Proal (11) 

Figure 3. Synthesis of ['4C]proline-labeled proteins by isolated 
chondrocytes. Cell lysates were analyzed by electrophoresis on 
a 7% polyacrylamide SDS gel and a phosphor storage imager. 
(Lane I )  Chondrocytes from a homozygous transgenic mouse; 
(lane 2) chondrocytes from a normal littermate. 

Figure 2. RT-PCR assays for expression 
of the recombined Col2al gene in normal 
( +  / + ]  and homozygous 1 -  / - 1  mice. 
(Top) Schematic of the homologously re- 
combined locus and location of PCR prim- 
ers. (Bottom) Results of RT-PCR assays 
indicating that RNA transcripts in ho- 
mozygous mice did not extend beyond the 
polyadenylation site in the neomycin-re- 
sistance gene. 

Phenotype of the transgenic mice. 

Heterozygous mice displayed a minimal phenotype with 
minor changes in the gross development of skeleton and 
soft tissues (Fig. 4). Of 120 newborn heterozygous mice, 
5 had a cleft palate (Fig. 5) and, apparently as a result, 
were dead at birth or shortly thereafter. The remaining 
heterozygous mice were viable and readily bred. At birth, 
they were slightly smaller than normal littermates (Ta- 
ble I), and they had slightly more bulged foreheads and 
shorter snouts (Fig. 4, top). Also, they had slightly 
shorter limbs (Table 1). The differences from control lit- 
termates were less apparent as the mice grew older. The 
skeletons of newbom heterozygous mice were normal in 
morphology and in the extent of mineralization struc- 
tures such as the cranial bones, facial bones, the verte- 
brae, the ribs, and the long bones (Fig. 4, middle]. Het- 
erozygous embryos examined at 19 days or 15 days post- 
coitus also showed minimal differences from controls 
(Fig. 4, middle and bottom). The embryos were slightly 
smaller, but the morphology and mineralization of the 
skeleton was about the same as controls. Similar mini- 
mal differences from controls were seen when stained 
skeletons were examined from embryos that were 13 and 
18 days postcoitus (not shown). 

Homozygous mice were delivered vaginally but were 
dead as soon as they were examined (Fig. 4, top). A11 
lacked a palate with no evidence of palatal shelves (Fig. 
5). It was not possible to establish whether they had &ed 
in utero, just prior to delivery, or just after birth because 
they were unable to breathe. The newborn mice were 
-25% smaller than normal littermates. They had a 
bulged forehead, a short snout, and greatly shortened 
limbs. In newbom homozygous mice, the skull was 
small but the cranial bones were well formed and appar- 
ently normally mineralized. The facial bones were trun- 
cated. The clavicles were normal. The ribs were short- 
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Figure 4. Normal, heterozygous, and homozygous mice (left to 
right). (Top) Photographs of newborn mice; [middle] stained 

skeletons of embryos removed at 19 days of gestation; (bottom) 

stained skeletons of embryos removed at 15 days of gestation. 

ened but well mineralized. When seen end-on, the un- 

mineralized centers of the ribs appeared larger than in 
controls (not shown). The thorax was small, and the ster- 

num was not mineralized. The vertebral bodies and 

GENES & DEVELOPMENT 

Figure 5. Photographs of cleft palates in heterozygous (left) and 

homozygous [right] newborn mice. No palatal shelf is seen in 

the homozygous mouse. 

arches appeared well mineralized, but the dorsal laminae 
were not mineralized. There was a decrease in the num- 
ber of mineralized vertebrae in the tail (Fig. 4, middle). 
The shortened long bones had thickened collars of cor- 
tical bone and greatly increased diameters. When seen 

end-on, they appeared to have enlarged bone cavities and 
extremely thick cortical bone (not shown). The hands 
and feet were small with short bones. There was de- 
creased ossification of the middle phalanges and none of 
the distal phalanges. 

In homozygous embryos examined at 19 or 15 days 
postcoitus, most of the same differences from controls 
were seen (Fig. 4, bottom): The embryos were smaller 

and the limbs were greatly shortened; the skull was 
small but normally mineralized; the ribs were shortened 
but normally mineralized; the vertebrae were less min- 
eralized than in control or heterozygous embryos; and 
the shortened long bones had enlarged marrow cavities 

when seen end-on. Similar differences from controls 
were seen in embryos examined at 13 and 18 days post- 
coitus (not shown). 

Ultrastructure of tissues 

Light microscopy of histologic sections of newborn mice 

Table 1. Body weights and lengths of long bones from 

2-week-old wild-type and heterozygous mice 

Body Length [mm) 

weight 

iprramsl femur tibia 

Normal 

(n = 6) 6.98 ? O.lSa 6.52 -t 0.26 9.85 .f 0.19 

Heterozygous 

In = 51 6.05 & 0.65" 5.68 5 0.43" 8.22 ? 0.26a 

Data expressed as mean + S.D. 
"P < 0.01 significant difference between wild-type and hetero- 

zygous mice (Student's t-test). 
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indicated that many structures appeared normal in both 
heterozygotes and homozygotes. The vertebral arches of 
homozygous mice were rudimentary and unclosed (Fig. 
6C). In the kidneys, there was evidence of hyperemia and 
interstitial hemorrhage, but otherwise the organ ap- 
peared normal (Fig. 6F). The alveoli of the lungs were 
closed (Fig. 6I), apparently because the animals were un- 
able to breathe. There were no apparent abnormalities of 
the eye (Fig. 7C), liver (Fig. 7F), and thymus (Fig. 71). 
Heart valves of the heart were shorter (Fig. 8B) but oth- 
erwise well formed. 

The most obvious changes were in cartilaginous tis- 
sues. In heterozygous 15-day-old embryos, there was 
slight disorganization of the normal columnar array of 
chondrocytes near the growth plate of the knee (Fig. 9B). 
Also, there was a reduced birefringence caused by the 
collagen network (Fig. 9E). In homozygous 15-day-old 
embryos, there was almost complete disorganization of 
the growth plate (Fig. 9C) and loss of birefringence (Fig. 
9F). The articular surfaces of the knee were highly irreg- 
ular. There were no distinct zones of proliferative and 

hypertrophic chondrocytes. Also, there was no distinct 
growth plate and no mineralization of the growth plate. 
Instead, there was only an incomplete network of woven 
bone. Examination of nasal septum showed a similar dis- 
organization of the cartilage and loss of birefringence 
(not shown). Although the diaphyses of long bones con- 
tained cavities, no marrow was seen. 

Electron microscopy of cartilage showed a slight de- 
crease of fibrillar structures in the matrix of heterozy- 
gous mice and complete lack of discernible fibrils in ho- 
mozygous mice (Fig. 10). Chondrocytes from homozy- 
gous mice were often distended and showed signs of 
degeneration. 

Discussion 

The role of collagen II and cartilage 
in embryonic development 

The transgenic mice produced here totally lacked colla- 
gen 11. Because collagen I1 accounts for 30%-60% of the 

Figure 6. Micrographs of spine, kidney, and 
lung tissues of newborn mice. (Top) Transverse 
sections through of spine of normal (A), het- 
erozygous (B), and homozygo (C) mice. In the ho- 
mozygote, the vertebral arch (a) is rudimenta~y 
and unclosed. There are no apparent changes in 

the vertebral body (vb). (Middle) Sections 
through kidney of normal ID), heterozygous (E), 
and homozygous (F) mice. In the homozygote, 
there are signs of hyperemia (h), and hemorrhage 
(arrows). (Bottom) Sections through lung of nor- 
mal (G), heterozygous (HI, and homozygous (I) 
mice. In the homozygote, the alveoli are closed. 
Hematoxylin-eosin staining. Bar for each row, 
100 p. 
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Figure 7. Micrographs of eye, liver, and thymus 
of newborn mice. ( T o p )  Sections through eye of 
normal (A] ,  heterozygote ( B ) ,  and homozygous 
( C )  mice. (Middle]  Sections through liver in same 
mice. ( B o t t o m )  Sections through thymus in the 
same mice. 

dry weight of the cartilage matrix (Eyre et al. 1986; Wu et 
al. 1987, 1992)) the mice provided a test for several long- 
standing hypotheses about the role of both collagen I1 

and a well-organized cartilage matrix in development. 
One hypothesis about collagen I1 is that the pattern of 

secretion of the protein in early embryonic development 
constitutes a morphogenic signal that specifies the form 

Figure 8. Heart valves of newborn heterozygous (A], and ho- 
mozygous ( B ]  mice. In the homozygotes valves appear shorter. 
Hematoxylin-eosin staining. Bar (A ,B)  100 pm. 

of most of the endoskeleton of vertebrates (Ham and Car- 
mack 1979; Thorogood et al. 1986; Thorogood 1988; 
Ross et al. 1989; Cheah et al. 1991; Wood et al. 1991; 
Hall 1992; Reddi 1994). The results here do not support 
this hypothesis, as they demonstrate that synthesis of 
collagen 11 is not essential for the morphogenesis of a 
number of tissues and organs. 

Another long-standing hypothesis about the develop- 
ment of vertebrates is that assembly of a cartilage model 
is an essential preliminary step for the formation of long 
bones (see Ham and Carmack 1979; Ross et al. 1989; 
Gilbert 1994; Hall 1992; Reddi 1994). The hypothesis is 
based on the observation that the cartilage models form 
first and then are gradually replaced by bone. It is also 
based on the observation that the cartilage is frequently 
synthesized early in the repair of most fractures of bone. 
The observations in the homozygous mice prepared here 
demonstrate that a well-organized cartilage is not an es- 
sential for the initial mineralization of long bones or the 
synthesis of periosteal bone. Also, it is not essential for 
formation of the cavities of long bones. However, a well- 
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Figure 9. Light (A-C] and polarized light microscopy (D-F) of 
knee cartilages of 15-day-old embryos. (A,D] Femoral and tibial 
epiphyseal cartilages from normal embryos. (B,E] Femoral and 
tibial epiphyseal cartilages from heterozygous embryos. There 
was a slight disorganization of the growth plate chondrocyte 
columns (B), and reduced birefringence of the matrix (El. (C,F] 
Femoral and epiphyseal cartilages from homozygous mice. Car- 
tilage-like tissue was present only peripherally in the bone pri- 
mordium (C). There was weak birefringence reflecting from cell 
borders, not from matrix (F]. The membranous (periosteal] bone 
shows strong birefringence in both control [D) and transgenic 
embryos (E,F). Picrosirius staining. Bar (A-F), 200 pm. 

formed cartilage model is apparently important for cap- 
illary invasion of the bone cavities to form marrow (see 
Caplan 1988). The reasons for the abnormally thick peri- 
osteal bone in the homozygous mice are not apparent. It 
may be either a consequence of the inability of the bone 
to grow longitudinally or a compensatory thickening as a 

result of mechanical stimuli on a bone that lacks inter- 
nal cartilage. 

Another and related hypothesis about development of 
the endoskeleton is that the presence of cartilage and 
well-organized hypertrophic chondrocytes is essential 
for formation and growth of the epiphyseal growth plate 
of long bones (Ham and Carmack 1979; Ross et al. 1989; 
Gilbert 1994; Hall 1992; Reddi 1994). The results here 
provide the first direct evidence for this hypothesis, as 
the marked disorganization produced by the lack of col- 
lagen I1 prevented the formation of an epiphyseal growth 
plate. In contrast, mineralization of cranial vault bones 
appeared normal. Therefore, the results support previous 
assum~tions that cranial bones are a distinct form of 
membranous bones that do not require prior synthesis of 
either collagen I1 or a well-formed cartilage matrix. 

The observations about mineralization of the verte- 
brae present a more complex picture. The vertebral bod- 
ies were mineralized, but more slowly than in controls. 
Also, the dorsal laminae were not mineralized. There- 
fore, the results suggest that neither type LI collagen nor 
a well-formed cartilage matrix is essential for the con- - 
densation of sclerotome cells to form the ventral regions 
of the vertebral bodies but they are essential for the dor- 
sal structures. Accordingly, the role of collagen I1 and the 
need for a well-formed cartilage matrix in the develop- 
ment of the structures may be related to specific inter- 
actions between matrix proteins and regulatory proteins 
such as the protein products of the Pax gene family (see 
Tremblay and Gruss 1994) or Sonic hedgehog (Johnson 
and Tabin 1995). 

Comparison of the phenotype to other 
chondrodysplasias 

Chondrodysplasias and related phenotypes in man and 
mice have been shown to be caused by mutations in a 
series of collagen genes that include Col2al (Horton 
1992; Prockop et al. 1993; Ritvaniemi et al. 1995)) 
Col9al (Nakata et al. 1993; Fassler et al. 1994), CollOal 
(Warman et al. 1993; McIntosh et al. 1995), Colllal (Y. 

Figure 10. Electron microscopy of cells 
and matrix from cartilage of the distal 
part of femur from newborn mice. (A,D] 
Cells and matrix from controls; (B,Ej cells 
and matrix from heterozygous transgenic 
mouse; (C,F] cells and matrix from ho- 
mozygous transgenic mouse. Cells are typ- 
ically dilated ic), and the matrix is devoid 
of collagen fibrils. Bar (A-C] 1 kmj ID-El, 
200 nm. 
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Li et al. 1995), and Coll l a 2  (Y. Li et al. 1995; Vikkula et 
al. 1995). Also, a chondrodysplasia in mice is caused by a 
mutation in the gene for the large proteoglycan aggregan 
(Watanabe et al. 1994). A human chondrodysplasia de- 
fined as achondroplasia is caused by mutations in the 
gene for fibroblast growth factor receptor 3 (Shiang et al. 
1994) and a metaphyseal chondrodysplasia by mutations 
in a gene for parathyroid hormone-related peptide recep- 
tor (Schipani et al. 1995). In the case of the Col2al gene, 
a recent survey (Ritvaniemi et al. 1995) indicated that 
mutations in the gene are found in >20% of patients 
with severe or moderately severe cartilage disorders such 
as lethal hypochondrogenesis, the Wagner-Stickler syn- 
drome, and spondyloepiphyseal dysplasia. In addition, 
mutations in the gene are found in as many as 2% of the 
patients with early onset familial osteoarthritis with ev- 
idence of a mild chondrodysplasia. Most of the muta- 
tions in the Col2al gene appear to be dominant-negative 
mutations similar to the dominant-negative mutations 
seen in most probands with mutations in other collagen 
genes (see Kuivaniemi et al. 1991; Prockop et al. 1993; 
Ritvaniemi et al. 1995). However, the first four muta- 
tions found in patients with the Stickler syndrome were 
single base mutations that introduced premature termi- 
nation codons for translation. These four mutations 
causing the Stickler syndrome were also the first prema- 
ture termination codons detected among ~ 2 0 0  muta- 
tions in the genes for the major fibrillar collagens 
(Coll a l ,  Coll a2, Col2a1, and Col3al). The results sug- 
gested, therefore, that decreased expression of the 
Col2al gene had some special causal relationship to the 
phenotype of the Stickler syndrome that is characterized 
by vitreous degeneration leading to retinal detachment 
and is frequently associated with hypofacies, cleft palate, 
and variable dystrophic changes in cartilage. The hetero- 
zygous mice prepared here might well, therefore, be ap- 
propriate models for the Stickler syndrome. The eyes of 
mice, however, are different from human eyes in that 
most of the vitreous is replaced by a thick lens (Pugh 
1968). Therefore, they cannot be used to follow degener- 
ation of gel-like vitreous that secondarily produces reti- 
nal detachment in patients with the Stickler syndrome. 
The homozygous mice, in contrast, had a more severe 
phenotype than is seen with the Stickler syndrome. In- 
stead, they most closely resembled the Langer-Saldino 
variant of achondrogenesis in which cartilage from one 
proband was shown previously to lack collagen 11 but in 
which the genetic defect was not defined (Eyre et al. 
1986). 

Materials and methods 

Gene construct 

The targeting vector contained a 4.7-kb BamHI-XhaI fragment 
that extended from exon 32 to 43, the neomycin-resistant gene 

(PMC1-neo, Stratagene) inserted into the XhoI site located in 
exon 35, and the herpes simplex virus thymidine kinase gene 
(pHSV-106, GIBCO BRL) inserted into a BamHI site at the 5' 

end (Fig. 1). The plasmid was linearized with Not1 and electro- 

porated into ES cells from 1291Sv mice with 35 pglml of DNA 

and lo7 cells/ml at 830 v and 3.0 pF. The cells were plated onto 

a feeder layer of mouse fibroblasts that had been transfected 

with a neomycin-resistance gene and selected for resistance of 

G418. The cells on the feeder layer were selected for 7-10 days 
with 400 pglml of G418 and 10 p~ of Gancyclovir (SYNTEX 

Inc.). Resistant clones were expanded for Southern blot analysis. 

One of 13 correctly targeted ES clones was injected into 2.5- 

day-old blastocysts removed from pregnant mice of the 

C57BLl6 line. The blastocysts were inserted in the uterine 

horns of pseudopregnant mice of the CD-1 line. Mice that were 

chimeric by coat color were bred to wild-type mice from the 

C57BLl6 strain. Transgenic offspring were identified by South- 

em blot analysis for germ-line transmission of the mutated al- 

lele. 

Southern blot analyses 

DNA extracted from tail was digested with proteinase K, phenol 

extraction, and isopropanol precipitated. The DNA was di- 

gested with BamHI, separated on agarose gel, and transferred to 

a nylon membrane (Biotrans; ICN). The membrane was probed 

with a 4.8-kb XbaI-BamHI fragment that spanned exons 44-52 

of the mouse Col2a1 gene and that was labeled with [32P]dCTP 
by random primer extension. 

RT-PCR assays 

RNA was extracted from limbs of mice with guanidinium 

isothiocianate. RT-PCR was carried out with a commercial kit 

(First-Strand cDNA synthesis, Pharmacia) and random primers, 

and then with the following specific primers: pl, TCGCGGT- 
GAGCCATGATCCGC; p2, GAGGGCCAGGAGGTCCTCT- 

GG; p3, TGGTCCCAAAGGTGCATCTGG; p4, GAAACAT- 

TCCAGGCCTGGGTG; p5, GGTGCTGATGGCAGCCTGG; 

and p6, AGCACCAGTCTCACCACGATCAC. The products 
were separated by electrophoresis on a 2.5% agarose gel. Each 

PCR product was sequenced by cycle sequencing with fluores- 

cently labeled dNTPs on an automated instrument (ABI). 

Protein synthesis by isolated chondrocytes 

Sternae were dissected from mice, stripped of perichondrium, 

washed in Hank's solution, and then digested for 30 min at 37°C 

with 0.25% trypsin and 0.1 % crude collagenase (Type I; Sigma) 

in Mg2 + and Ca2 + -free phosphate buffered saline. Samples were 
centrifuged, and the sediment was discarded to eliminate con- 

taminating periochondrial fibroblasts. The sternal cartilages 
were then cut into small pieces and digested with the same 

enzyme solution for 90 min at 37°C. The released chondrocytes 

were washed twice with Ham's F12 medium plus 10% fetal calf 

serum and plated onto 96-well microtiter plates at a cell density 

of 1 0 ~ l c m ~ .  Cells were grown in Ham's F12 medium containing 

10% fetal calf serum, penicillin (50 Ulml), and streptomycin (50 

pglml) at 37°C in 5% CO, in air overnight. To radiolabel cell 
proteins, the medium was replaced with fresh medium contain- 

ing 5pCilml of [14C]proline, 50 pg/ml of ascorbic acid, and 2.5 

mM f3-aminopropionitrile. After incubation for 24 hr, the me- 

dium was removed by centrifugation and the cell pellets washed 

with fresh medium. The cells were lysed by homogenization in 

0.5 ml of buffer that contained 50 mM Tris-HC1 (pH 6.8), 2% 

SDS, 6 M urea, 0.015% bromophenol blue, 5% 2-mercaptoeth- 
anol, 25 mM EDTA, 10 mM ethylmaleimid, 1 mM phenyl- 

methanesulfonyl fluoride, and 0.01% NaN,. The homogenate 

was shaken at 4°C for 2 hr, heated at 100°C for 5 min, and 
centrifuged for 5 min at 12,000g. The medium was precipitated 
overnight by adding one-fourth volume of 25% PEG (m.w. 8000) 

in 0.5 M Tris-HC1 buffer (pH 7.4), 2.0 M NaC1, and 0.05% NaN,. 

The precipitates were dissolved in 30 p1 of 0.1 M Tris-HC1 buffer 
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(pH 7.4), 0.4 M NaC1, and 0.01% NaN, and mixed with one- 

fourth volume of 5 x electrophoresis buffer ( 1 x was 2% SDS, 

2% glycerol, 0.1 % bromophenol blue, 1 % 2-mercaptoethanol in 

150 mM Tris-HC1 buffer at pH 6.8). The samples from cells and 

medium were heated for 5 min at 94"C, and separated by elec- 

trophoresis in SDS on a 7% polyacrylamide gel. The gel was 

dried and analyzed with a phosphor storage imager (Phospho- 

rImager, Molecular Dynamics). 

Light and electron microscopy 

Tissues of anesthetized newborn and adult mice were fixed by 

perfusion through the heart with 2% paraformaldehyde and 

2.5% glutaraldehyde buffered to pH 7.3 with 0.1 M phosphate 

buffer. After 10-15 min of perfusion, nasal cartilage and knee 

joints were immersed overnight in the same fixative at 4°C. 

Decalcification was carried out by immersing the tissues in 

10% EDTA and 0.5% paraformaldehyde buffered with 0.1 M 

phosphate buffer (pH 7.4). The solution was changed every other 

day for 14 days. Samples for electron microscopy were postfixed 

with 1% osmium tetroxide in 0.1 M cacodylate buffer (pH 7.4) 

for 2 hr at 20"C, washed three times with the cacodylate buffer, 

and then placed in 1 % tannic acid in 0.1 M cacodylate buffer (pH 

7.4) for 30 min to 1 hr. After buffer washings and dehydration in 

ascending series of ethanol solutions, the specimens were em- 
bedded in epon. Sections 50-60 nm thick were cut and stained 

with uranyl acetate for 30 min, followed by staining with lead 

citrate for 2-4 min. They were examined with a JEM 1200 EX 

electron microscope (JEOL, Tokyo, Japan). 

For polarized light microscopy, 5-pm-thick sections were cut 

from paraffin-embedded specimens, extracted with xylol at 

37°C overnight, and digested with 2 mglml of hyaluronidase 

(Sigma Chemical Co.) at 37°C overnight. The specimens were 

then stained with siriun red (picrosirius staining). The sections 

were analyzed with an Ortholux 2 Pol-BK microscope (E. Leitz, 

Wetzlar, Germany) operated in monochromatic light ( h  = 591 

nm filter for cartilage and h = 656 nm filter for bone; Schott, 

Mainz, Germany) using the de Senarmont compensation tech- 
nique. 

Staining of skeleton 

Fetal bones and cartilage were stained as described by Peters 

(1977). The skin and internal organs were removed, and the 
samples were fixed in 95% ethanol for 2 days followed by stain- 

ing with 0.15% alcian blue in 70% ethanol and 20% acetic acid 

for 2 days. The samples were dehydrated in 100% ethanol for 2 

days and immersed in 1% KOH for 2 days. The samples were 

then stained in 0.0001% alizarin red S in 1% KOH for 2 days 

before dehydration in graded solutions of glycerin and stored in 

100% glycerin. 
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