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Chondrocyte differentiation is characterized by
distinct cellular pbenotypes, which can be iden-
tified by specific extracellular matrix gene ex-
Dpression profiles. By applying in situ analysis on
the mRNA and protein level in a series of benign
and malignant buman chondrogenic neoplasms,
we were able to identify for the first time differ-
ent pbenotypes of neoplastic chondrocytes in
vivar 1) mature chondrocytes, which synthesized
the characteristic cartilaginous extracellular tu-
mor matrix, 2) cells resembling bypertropbic
chondrocytes of the fetal growth plate, 3) cells
resembling so-called dedifferentiated chondro-
cytes, and 4) well differentiated chondrocytic
cells, which expressed type I collagen, indicating
the presence of post-bypertropbhic differentiated
neoplastic chondrocytes. Chondrocytes exbibit-
ing a range of phenotypes were found to be
Ppresent in the same neoplasm. The different ob-
served pbenotypes, including the dedifferenti-
ated phenotype, were in contrast to the anaplas-
tic cells of bigh-grade chondrosarcomas.
Comparison of expression data with tumor mor-
pbology revealed a relationsbip between the cel-
lular pbenotypes, the tumor matrix composition,
and the matrix and cell morpbology within tbe
neoplasms. The distinctly different pbenotypes of
neoplastic chondrocytes are the basis of the
characteristic bigh biochemical and morphbolog-
ical beterogeneity of chondroid neoplasms and
shed light on their biological and clinical bebav-
ior. (AmJ Patbol 1997, 150:2133-2141)

Analysis of extracellular matrix gene expression pat-
tern, in particular subtyping of collagen gene expres-
sion, has been shown in numerous studies to be a
potent and reliable tool to define different pheno-
types of chondrocytic cells in the fetal growth plate in
vivo and in various culture systems in vitro (for review
see Refs. 1 and 2). Thus, chondroprogenitor cells
are characterized by their specific gene product, the
alternative splice variant of type |l collagen
COL2A 2* Mature chondrocytes express the typical
cartilage collagen types Il (COL2B), IX, and XI as
well as aggrecan and link protein.*~® These gene
products are not specific for cartilage, but they are
limited to only a few other tissues such as the vitre-
ous body.”"® Hypertrophic chondrocytes are marked
by their unique gene product, type X collagen. These
cells are solely found in the lowest zone of the fetal
growth plate cartilage®'° and in other sites of ongo-
ing endochondral ossification such as osteophyte
and fracture callus formation.'"'2 Chick chondro-
cytes have been shown to be able to undergo post-
hypertrophic differentiation to osteoblast-like celis,
which express specifically type | collagen.''® An-
other phenotype, which was so far only described in
vitro, are the so-called dedifferentiated chondro-
cytes. They are of typical spindle-like or stellate cell
shape and synthesize collagen types | and Il but not
the cartilage typical collagen subtypes nor aggrecan
proteoglycan.'®-1°

Several studies have analyzed the behavior of
non-neoplastic®'7:192° and transformed or immor-
talized chondrocytes?'~23 jn vitro. At present, no
analysis exists of the differentiation pattern of neo-
plastic chondrocytes in vivo. There is also little infor-
mation about development, biochemistry, and cell

Supported by the Thyssen Foundation (Thyssen grant AZ 1993/1/
74).
Accepted for publication February 13, 1997.

Address reprint requests to Dr. T. Aigner, Institute of Pathology,
University of Erlangen-Nurnberg, Krankenhausstrasse 8-10,
D-91054 Erlangen, Germany.

2133



2134  Aigner et al
AJP June 1997, Vol. 150, No. 6

biology of cartilaginous tumors. In one systematic
biochemical study, Mankin et al®*2% analyzed the
collagen, proteoglycan, and water content in a vari-
ety of cartilaginous tumors and concluded that they
qualitatively resemble original cartilage. Mankin et al
stressed the striking heterogeneity between the dif-
ferent tumors investigated but also a correlation
between biochemical composition and tumor mor-
phology. Few and, in part, conflicting immunohisto-
chemical results exist about the exact tissue compo-
sition of cartilaginous neoplasms.2-2”

In this study, we have investigated mRNA expres-
sion and protein distribution patterns of various col-
lagen subtypes as well as other cartilage matrix
components in vivo in a series of the most frequent
benign and malignant subtypes of cartilage-forming
neoplasms (chondromas and conventional chondro-
sarcomas). We were able to extend previous bio-
chemical and immunohistochemical data on the ex-
tracellular tumor matrix composition of chondrogenic
tumors and specify different cellular phenotypes
within these neoplasms.

Materials and Methods

Specimens and Tissue Preparation

Seven cases of chondromas and fourteen cases of
(conventional) chondrosarcomas were analyzed.
The latter were graded according to standard criteria
such as matrix appearance, cellularity, mitotic activ-
ity, and nuclear polymorphism as low (grade I; n =
8), intermediate (grade Il; n = 4), and high grade
(grade lll; n = 2).28 For comparison, four samples of
fetal growth plate cartilage (femoral condyles and
heads) were included in the study and processed in
parallel. Specimens were routinely fixed and decal-
cified in 0.3 mol/L EDTA (pH 7.5) before embedding
in paraffin. Five-micron sections were cut and stored
at room temperature until use.

Histochemical Detection of Collagens and
Proteoglycans

The collagen content of the extracellular tumor matrix
was estimated by Masson-Goldner's and van
Giesons stains. Toluidine blue and safranin O stain-
ing was performed on parallel sections to estimate
the content of proteoglycans.?®

Immunohistochemistry

Deparaffinized sections were incubated with testic-
ular hyaluronidase (2 mg/ml in phosphate-buffered

saline (PBS), pH 5, for 60 minutes at 37°C) and
pronase (2 mg/ml in PBS, pH 7.3, for 60 minutes at
37°C) or protease (0.02 mg/ml in PBS, pH 7.3, for 60
minutes at 37°C). Primary antibodies were incubated
overnight at 4°C and visualized using alkaline-phos-
phatase-labeled secondary antibodies and naph-
thol-X-phosphate and fast red (both from Sigma,
Poole, UK) as color substrates.

Nuclei were counterstained with hematoxylin. Al-
ternatively, peroxidase-labeled secondary antibod-
ies and 3,3'-diaminobenzidine as color substrate
were used (detection of S-100 protein).

Rabbit antisera against human type | collagen
were prepared as described elsewhere.*° Monoclo-
nal antibodies against chick type Il collagen (CIID3),
which were shown to cross-react to human type Il
collagen, were kindly provided by Dr. R. Holmdahl.3'
Polyclonal antibodies against human type |ll procol-
lagen were kindly provided by Dr. Gunzler (Hoechst
Co., Frankfurt, Germany). Monoclonal antibodies
against human type X were prepared as described
elsewhere.®2 Polyclonal antibodies to S-100 protein
were purchased from Dako (Glostrup, Denmark).

Preparation of RNA Probes

For specific RNA probes, suitable fragments of hu-
man collagen chains al(l), a2(l), al(ll), a1(ll),
al(IX), a1(X), al1(Xl), aggrecan, and link protein
mRNA were selected and recloned into pGEM/pBS
vectors (Promega, Madison, WI, and Stratagene, La
Jolla, CA) and (a-3®*S)UTP-labeled riboprobes syn-
thesized as described elsewhere.*°33

pHCG 1N contains a 207-bp amino-terminal frag-
ment of collagen a1(1),%® pHCG 2 a 435-bp carboxyl-
terminal fragment of collagen a1(I1),3® which recog-
nized all splicing variants of type Il collagen (COL2A
and COL2B), pHCG 3 a 294-bp carboxyl-terminal
fragment of collagen a1(I11),%® pHCG 9A1L a 941-bp
fragment of the first six exons specific for the carti-
lage splicing variant of collagen a1(1X),* pER X a
329-bp carboxyl-terminal fragment of collagen
a1(X), and pHCG 11A1 a 351-bp fragment of colla-
gen a1(X1).* pKS H4 contained a 1.6-kb fragment of
human aggrecan core protein,3* and pKS8.1D3 con-
tained a 1.9-kb fragment of human link protein.®®

pRNA 1 contains a 294-bp fragment of mouse 18
S rRNA.®€ This probe shows 100% homology to hu-
man 18 S rRNA and was used as a positive control
for preservation of the RNA content in the samples
during the technical procedures.



In Situ Hybridization

In situ hybridization was performed as described in
detail elsewhere.®® Briefly, deparaffinized and rehy-
drated sections were digested 7 minutes with pro-
teinase K (20 ug/ml in 50 mmol/L Tris/HCI (pH 8) and
5 mmol/L EDTA at room temperature), post-fixed for
5 minutes with 4% paraformaldehyde (in PBS),
washed briefly in double-distilled water, acetylated
for 10 minutes in 0.25% acetic acid anhydride (in 0.1
mol/L triethanolamine, pH 8), washed again in PBS
and double-distilled water, and dehydrated. The
sections were hybridized for 12 to 16 hours at 43°C
with riboprobes at a final activity of 3 X 107 to 6 X
107 cpm/ml depending on their length. The hybrid-
ization buffer contained 50% formamide, 10% dex-
tran sulfate, 20 mmol/L dithiothreitol, 1 mg/ml tRNA,
300 mmol/L NaCl, 10 mmol/L Tris/HCI (pH 7.4), 10
mmol/L NaH,PO, (pH 6.4), 5 mmol/L EDTA, 0.02%
Ficoll 400, 0.02% polyvinylpyrrolidone, and 0.02%
bovine serum albumin. After hybridization, the tissue
sections were washed at 40°C in 2X standard saline
citrate (SSC)/0.5% B-mercaptoethanol and at 40°C in
0.5X SSC/0.5% B-mercaptoethanol, treated with
RNAses A (20 ug/ml) and T, (50 U/ml), washed
again for 2 hours at 45°C in 2X SSC/50% formamide/
0.5% B-mercaptoethanol. After three washes in 0.1X
SSC at room temperature, the slides were dehy-
drated.

Autoradiography was performed (Kodak NTB-2
nuclear track emulsion) for 4 to 20 days, and sec-
tions were counterstained in 5% Giemsa dye.

Control Experiments

The specificity of the cDNA probes was ascertained
by computerized homology search and in situ hybrid-
ization experiments in the fetal growth plate. Four
samples of fetal growth plate cartilage were investi-
gated as controls in parallel and showed the typical
matrix gene expression pattern*®37: moderate to
high mRNA expression levels for collagen types |,
IX, and Xl as well as aggrecan and link protein in
chondrocytes of all zones (resting, proliferative, hy-
pertrophic) of the fetal growth plate cartilage (see
Figure 2, a, d, g, m, p, and s). Type X collagen mRNA
expression was restricted to hypertrophic zone
chondrocytes (see Figure 2j). No significant amounts
of type | or lll collagen mRNA expression were found
in any fetal chondrocytes except very weak expres-
sion levels in two samples at the very surface (epi-
chondral area; not shown). Non-neoplastic tissue
within the tumor specimens served as internal posi-
tive and negative controls (see Results). Sense tran-

Differentiation of Neoplastic Chondrocytes 2135
AJP June 1997, Vol. 150, No. 6

scripts were used as nonspecific negative controls
and never showed more than background signals
(not shown). A probe for 18 S rRNA3® was used as a
positive control for preservation of RNA during the
technical procedure and showed strong signal in the
vast majority of cells of all samples analyzed (not
shown). Areas containing significant foci of cell ne-
crosis were not used for this study.

As negative control for immunohistochemical
staining, the primary antibody was replaced either
by preimmune serum, nonspecific mouse or rabbit
serum (BioGenex, San Ramon, CA), or Tris-buffered
saline (pH 7.2).

Results

To account for the morphological heterogeneity be-
tween and within different specimens, tumors were
subdivided into chondroid, chondromyxoid, myxoid,
and anaplastic areas (Figure 1; for details on mor-
phology see Refs. 38 and 39). Chondromas and well
differentiated chondrosarcomas (low grade, G1)
showed mostly lobular chondroid and chondromyx-
oid areas, whereas poorly differentiated chondrosar-
comas (high grade, G3) consisted mostly of myxoid
and anaplastic tissue. Moderately differentiated
chondrosarcomas (G2) showed chondroid, chon-
dromyxoid, and myxoid tissue types in various pro-
portions.

Neoplastic cells in all except the anaplastic tumor
areas were positive for S-100 protein (Figure 1, g-i),
which distinguished the tumor cells from non-neo-
plastic cells such as fibroblasts and osteoblasts.

In chondroid tumor areas, the single or clustered
neoplastic cells had a normochromatic nucleus and
a round shape and were surrounded by an abun-
dant, hyaline extracellular matrix (Figure 1, a and d),
which was strongly positive for proteoglycans (Fig-
ure 1a) and collagen type Il (Figure 1d). Many of the
neoplastic cells expressed high mRNA levels for
collagen types Il (Figure 2, b and e), IX (Figure 2h),
and XI (Figure 2n), aggrecan core (Figure 2q), and
link protein (Figure 2t), which was comparable to
fetal growth plate chondrocytes (Figure 2, a, d, g, m,
p, and s). It is noteworthy that morphologically iden-
tical cells within the same tumors did not show any
mRNA expression for these proteins (not shown),
although histochemical and immunohistochemical
analysis showed the same distribution of matrix com-
ponents in these sites as in areas of actively synthe-
sizing cells. This indicated previous synthetic activity
of these cells, which were now silent. Most of these
cells were not necrotic as shown by in situ hybridiza-
tion with the probe for 18 S rRNA.
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Figure 1. Low-power micrographs showing the morphological appearance and proteoglycan (@ to ¢; toluidine blue staining) and collagen type 11 (d
tot) distribution in chondroid (a, d, and @), myxoid (b, €, and h), and anaplastic (¢, 1, 1) tumor areas. g toi: High-power micrographs showing the
expression of S-100 protein in these areas. In anaplastic areas, only nuclear counterstain but no immunohistochemical signal was observed for S-100

protein. Magnification, X 50 (a to ¢) and X 100 (d toi).

In nearly all chondrosarcomas and in three of the
chondromas, there was focal expression of collagen
type X mRNA and protein (Figures 2k and 3, a and
b). In two chondrosarcomas, neoplastic chondro-
cytes also expressed type | collagen (Figure 3, ¢ and
d). No significant amount of type Il collagen mRNA
or protein was observed in these or other cells of
chondroid areas.

Cells in chondromyxoid tumor areas (not shown)
expressed the typical cartilage matrix components
as in chondroid areas. The histochemical and immu-
nohistochemical staining for proteoglycans and col-
lagen type |l was present but irregular. Additionally,
type | and, to a lesser extent, type lll collagen ap-
peared in many sites in the extracellular matrix. The
cells of these areas therefore showed an intermedi-
ate cellular phenotype.

In myxoid tumor areas (Figure 1b), the cells were
spindie shaped or stellate and surrounded by a less
abundant extracellular matrix. Histochemical analy-

sis showed a considerably lower content of collag-
ens and proteoglycans (Figures 1b and 4f) in these
areas. Immunohistochemically, a severe reduction or
absence of type Il collagen was found (Figures 1e
and 4c). The lack of cartilage matrix gene expression
was clearly confirmed at the mRNA level; the neo-
plastic cells expressed little, if any, collagen types I,
IX, X, and X| or aggrecan and link protein mRNAs
(Figure 2, ¢, f, i, I, o, r, and u). Instead, expression of
collagen types | (Figure 4, a and b) and Il (Figure 4,
d and e) was found at the protein and mRNA level.
Some cells were negative for all mMRNAs (not shown),
although in situ hybridization with the 18 S rRNA
probe showed that these cells were not necrotic.

In anaplastic areas of high-grade neoplasms,
the neoplastic cells were pleomorphic with poly-
morphic, mostly hyperchromatic nuclei (Figure 1, f
and i). The extracellular matrix was sparse, con-
sisting of collagen types | and lll and presumably
associated with numerous vascular structures
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Figure 2. In situ hybridization analysis of chondroid (b, e, h, k, n, q, and t) and myxoid (c, f, i, |, 0, r, and u) areas in chondrosarcomas in
comparison with fetal growth plate cartilage (a, d, g, j, m, p, and s) using riboprobes for a 1(ID (@ to ), a 1(IX) (g to ), a (X ( to D), a (XD (M to
0), aggrecan core (p to 1), and link protein (s to U). @ to . Contrast phase photographs (corresponding to d to f). d to u: Dark-field photographs.
Magnification, X 300.

found between the tumor cells. No collagen types Non-Neoplastic Tissue (Not Shown)

Il and X or proteoglycan (Figure 1, ¢ and f) was

detectable. These neoplastic cells were negative Non-neoplastic extracellular matrix and cells showed
for S-100 protein (Figure 1i). a typical mRNA expression and protein distribution



2138  Aigner et al
AJP June 1997, Vol. 150, No. 6

Figure 3. In monphologically chondroid neoplastic areas, focally
strong expression of collagen type X was observed at the mRNA (a) and
protein (b) level. In some of these areas, expression of type I collagen
mRNA () and protein (d) was also detected. a and c: In situ hybrid-
ization with probes for a1(X) (@) and al(D) (C); dark-field photo-
graphs. b and d: Immunobistochemical staining. Magnification,
X 250.

pattern.“#°4" The fibrous bands separating the tu-
mor lobules were positive for collagen types | and IlI.
The matrix of surrounding bone was solely positive
for collagen type |. The endosteal layer was addition-

ally positive for collagen type lll. Type | collagen
mRNA was the only gene found to be strongly ex-
pressed by osteoblasts lining bone trabecules
around and in between the tumor lobules. Mesen-
chymal bone marrow cells as well as fibroblastic
cells in the interlobular septae expressed addition-
ally type Ill collagen mRNA. No expression of colla-
gen types ll, IX, X, and X| or aggrecan core and link
protein mMRNAs was seen in the non-neoplastic fi-
brous or osseous tissue.

All non-neoplastic cells were negative for S-100
protein in the specimens investigated.

Discussion

The hallmark of all differentiated cartilaginous neo-
plasms was the occurrence of neoplastic cells,
which showed the same gene expression profile as
mature chondrocytes of the fetal growth plate carti-
lage*® and which were of the typical rounded chon-
drocytic cell shape. These mature neoplastic chon-
drocytes were responsible for the formation of the
hyaline-cartilage-like extracellular matrix, which is
highly characteristic for these neoplasms.2* Our re-
sults confirm and extend earlier biochemical and
immunohistochemical reports,?42742 which showed
that the matrix composition of cartilaginous tumors is
qualitatively similar to normal hyaline cartilage. How-
ever, they do not support the notion of Mankin and
co-workers®425 that the collagen content is much
lower than in hyaline cartilage irrespective of the
local matrix composition. Our histochemical and im-

Figure 4. In morphologically myxoid tumor areas, collagen types I (b) and III (€), but not collagen type Il (C), and reduced proteoglycans (f) were
detectable. In situ bybridization confirmed the expression of type I(a) and I (d) collagen by the spindle-sbaped or stellate neoplastic cells at the mRNA
level. @ and d: In situ bybridization analysis; dark-field photographs. b, ¢, and €. Immunobistochemical staining. f. Toluidine blue staining.

Magnification, X 350.



munohistochemical data showed that chondroid ar-
eas had a high content of cartilaginous collagens
(types II, IX, X, and Xl). The extracellular matrix of
myxoid areas, on the other hand, had a much lower
content of collagens*3#4 and they were composed
of noncartilaginous types (I and lil).

Using collagen gene expression pattern as a well
established tool to monitor chondrocyte differentia-
tion,"2 our study demonstrates that neoplastic chon-
drocytes in vivo do show the full differentiation ca-
pacity of their physiological counterparts. Besides
mature chondrocytes, hypertrophic differentiation
with the expression of collagen type X was observed.
The onset of type | collagen expression without type
Il collagen in differentiated, rounded neoplastic
chondrocytes of chondroid areas represents the first
experimental evidence of the potential of mammalian
chondrocytes to undergo differentiation to osteo-
blast-like cells in vivo. However, this needs further
investigation. In some nonchondroid areas, the cells
were spindle shaped and expressed collagen types
I and Il instead of the cartilage typical genes, fea-
tures that are characteristic for so-called dedifferen-
tiated chondrocytes in vitro.'®'7:'® Interestingly,
S-100 protein was positive in these neoplastic cells.
S-100 protein is a specific marker for chondrocytic
mesenchymal cells*® and thus distinguishes these
cells, despite many phenotypic similarities, from fi-
broblasts and other cell types.

All of the observed phenotypes, including the
dedifferentiated phenotype, were forms of differenti-
ated neoplastic cells in contrast to the undifferenti-
ated cells found in the anaplastic areas of poorly
differentiated neoplasms, which were negative for all
markers analyzed for the chondrocytic phenotype
including S-100 protein. Thus, our data show that the
term dedifferentiated, although well established in
the literature,*6=4° is a misnomer.

It remains unclear from our study whether the
observed differentiation patterns are early, subse-
quently stable events during tumor development or
whether phenotypic switches do occur more fre-
quently during the growth of the neoplasms. From
our studies, it is also unclear whether neoplastic cell
differentiation is reversible within the neoplasms, as
happens during chondrocyte dedifferentiation in
vitro.#7° Our study also does not allow significant
conclusions on the cellular origin of these neo-
plasms, in particular, whether any sort of primary
tumor cell exists that resembles fetal chondropro-
genitor cells and expresses the specific splice prod-
uct COL2A.34 Most likely, the origin of these tumors
are multipotent mesenchymal stem cells, which were
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demonstrated to exist in virtually all connective tis-
sues of the body (for review see Ref. 51).

The striking heterogeneity of the extracellular matrix
appearance not only between different but also within
chondroid tumors is one of the characteristic and
poorly understood features of these neoplasms.?42%
Our results do not support the assumption of Mankin
and co-workers that the heterogeneity of the extracel-
lular tumor matrix is a phenomenon primarily due to
different cell clones with different genetic errors.?*25
Instead, the phenotypic diversity of the neoplastic cells
combined with a varying cellular synthetic activity re-
sults in a rather large diversity of biochemical compo-
sition and abundance of the tumor matrix and cell and
tissue morphology. In support of this conclusion, in our
study, matrix morphology correlated well with matrix
gene expression patterns. However, comparison of the
cellular DNA content with tumor appearance sug-
gested a correlation with the distribution pattern of the
cellular phenotypes. Thus, the mature phenotype was
mainly found in well differentiated neoplasms with nor-
mally appearing nuclei, whereas the anaplastic cell
type was restricted to the poorly differentiated neo-
plasms with highly pleomorphic and hyperchromatic
aneuploid nuclei.

Our data also substantiate why matrix appearance
is one of the criteria of defining the tumor grade®®
and, thus, one predictor for biological and clinical
behavior of the neoplasms. The dedifferentiated cel-
lular phenotype, which in vitro shows significant pro-
liferative activity,®2 is the dominant phenotype in
chondrosarcomas with intermediate growth rates.®®
The anaplastic cells, which were restricted to poorly
differentiated neoplasms, exhibit a high proliferation
and growth rate.%® In contrast, the mature pheno-
type, which is responsible for the hyaline-cartilage-
like matrix of the tumor, is the predominant pheno-
type in chondromas and well differentiated
chondrosarcomas. Both mature chondrocytes in vitro
as well as well differentiated chondrogenic neo-
plasms in vivo show little proliferative activity,3252
which is reflected by the low cell content in chon-
droid tumor areas and the slow growth of these
neoplasms. Thus, our study provides good experi-
mental evidence that phenotypic features correlate
not only with tumor matrix biochemistry and morphol-
ogy but also with growth and clinical behavior of the
neoplasms. Furthermore, malignant neoplasms
showed greater phenotypic diversity compared with
the benign chondromas. However, our results do not
provide specific biochemical or molecular markers
for malignancy or grading of cartilaginous tumors.*
This is particularly true as many expression patterns
were found focally within the neoplasms. Whether
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the appearance of certain collagen types might be of
independent diagnostic and prognostic value needs
additional investigation.26-2”

Overall, we were able to show true chondrocytic
differentiation and phenotypic modulation of neo-
plastic chondrocytes in vivo. We provide evidence
for two phenotypes for the first time in mammalian
chondrocytes in vivo, which were so far only de-
scribed in vitro or in the chick system. Despite the
considerable heterogeneity and many transitional ar-
eas within the tumors, we were able to establish a
relationship between neoplastic cellular phenotype,
tumor matrix biochemistry, and morphological ap-
pearance within the chondrogenic tumors.
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