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ABSTRACT

The recognized similarities between developing embryonic tissues and
neoplastic cells have led to a number of experimental demonstrations
which indicate that inductive microenvironments can alter the malignant
phenotype. In postnatal life a morphogenetic cascade resembling endo-
chondral bone development can be induced by s.c. implantation of de-
mineralized diaphyseal bone matrix. We have examined the ability of
this microenvironment to alter the phenotype of the transplan table Swarm
rat Chondrosarcoma in mixed implants. Neoplastic chondrocytes could
be distinguished from host cells by nuclear morphometry since the nuclear
area of the neoplastic chondrocytes was 2 to 3 times larger than that of
comparable host-derived chondrocytes. Through the first 7 days post-
implantation tumor cells in the presence of morphogenetically active
matrix are morphologically indistinguishable from those implanted with
morphogenetically inactivated matrix or implanted by themselves. With
the advent of host cell chondrogenesis, however, adjacent neoplastic cells
begin to undergo chondrolysis and calcification. Only those cells in the
immediate proximity of host morphogenetic foci appear affected. An
average of 26.7 Â±7.0% (SD) of the implant surface areas examined
revealed such changes. Chondrosarcoma cells implanted by themselves
or in the presence of morphogenetically inactivated bone matrix under
went no such changes. These results suggest that factors released from
host cells induced to undergo bone morphogenesis are capable of altering
the differentiated phenotype of neoplastic cells.

INTRODUCTION

Directing the differentiated state of malignant cells to a
benign state has become a recognized alternative approach to
the cytotoxic therapy of cancer (1). Historically, several inves
tigators have shown that, when malignant neoplastic cells are
placed in an appropriate enbryonic field or microenvironment,
their organization and cytological appearance are altered (2, 3).
Experiments in which embryonal carcinoma cells have been
placed into murine blastocysts have confirmed that, in the
presence of appropriate inductors, malignant cells can differ
entiate, contribute to organogÃ©nesis(4, 5), and stop expressing
their malignant attributes (6). Similar observations have been
made using leukemic cells which, when placed into the placentas
of developing murine embryos, colonize the marrow and differ
entiate to a benign form (7). It has also been shown that
inductive specificity and target cell competence are important
factors (1). However, the molecular mechanism through which
these transitions from malignant to benign states occur has
remained elusive. This is perhaps since embryos represent
highly complex microenvironments in which the molecular
nature of primary induction is poorly understood.

Inductive fields, operative in postnatal life, have also been
identified and are represented by such phenomena as epimor-
phosis (i.e., limb bud regeneration) or bone matrix-induced
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endochondral morphogenesis. In the latter, s.c. placed, de-
mineralized, diaphyseal bone fragments initiate a temporally
well-defined morphogenetic cascade of events (for review, see
Ref. 8) including: mesenchymal proliferation (Day 3); chondro
genesis (Day 5); chondrolysis (Days 8 and 9); and osteogenesis
(Days 10 and 11) followed by hematopoietic colonization. Pu
tative inductors for the chondrogenic phase of the cascade have
been identified (9) and partially purified (10, 11).

We have begun to investigate whether or not the inductive
microenvironment established in matrix-induced morphogene
sis has the ability to modulate the phenotype of malignant cells.
The tumor which we have chosen for these studies is the Swarm
rat Chondrosarcoma (12) which is a neoplastic caricature of
normal chondrogenesis at both the morphological (13) and
biochemical (14, 15) levels. We have previously reported that,
in the presence of morphogenetic matrix, the growth of the
Swarm rat Chondrosarcoma is decreased to varying degrees in
a geometry-dependent fashion (16). It was found that 5 wk

postimplantation only calcified remnants of tumor cells could
be identified in the centers of those implants made with mor
phogenetically active matrix. Residual tumor growth was local
ized to the outer aspects of the implants. The present study
extends these observations by attempting to define the way in
which the chondrosarcoma's growth is inhibited and to deter

mine which specific phase of matrix-induced morphogenesis is
responsible for such changes during the first 4 wk after implan
tation.

MATERIALS AND METHODS

Animals and Tumor. Female Sprague-Dawley rats were obtained at
21 days of age from Sasco, Inc., Omaha, NE. The Swarm rat Chondro
sarcoma was obtained from Dr. Bruce Caterson, West Virginia Univer
sity Medical Center, Morgantown, WV. The tumor was maintained as
previously described (13) by serial s.c. transplantation of 0.5 to 1.0 ml
of minced tumor. Animals used as tumor carriers were always less than
8 wk old at the time of transplantation, and tumors were harvested at
3 wk of s.c. growth. All animals used for studies of matrix/tumor
interaction were used at 4 wk of age, since both the growth of the
Chondrosarcoma and induction of bone morphogenesis are recognized
to be hormone dependent (17, 18).

Preparation of Morphogenetic Bone Matrix. The long bones (femurs
and tibias) cimature Sprague-Dawley rats were removed following CO2
euthanasia. After cleaning, delipidation, and dehydration as previously
described (19), they were pooled and stored at 4Â°C.Morphogenetic

matrix was prepared from lots of approximately 60 g of bone fragments
by pulverization through a Thomas-Wiley mill fitted with a No. 40
mesh screen. Particles ranging in sizes from 75 to 425 ^m were obtained
using American Society for Testing and Materials-approved sieves. The
fragments were decalcified in 0.5 N hydrochloric acid (25 meq/g) for 3
h at 4"( ' They were then rinsed exhaustively against distilled water

(until the pH of the rinse was greater than 6.0) to prevent inactivation
of the morphogenetic inductor by residual acid in the subsequent
alcoholic dehydration steps (20). The fragments were then air dried and
stored as previously described (19). For controls, morphogenetically
active matrix was inactivated by 72-h incubation with 0.1 N NaOH at
2'C(21).

Matrix/Tumor Implants. Fine minces of tumor were obtained by
forcing coarse particles through progressively smaller hypodermic
needles down to 16 gauge. The tumor fragments were mixed with 2
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volumes of rehydrated matrix particles, and 0.1 -ml aliquots were placed
into bilateral s.c. axillary pouches (n = 28). Controls consisted of tumor
particles mixed with inactivated matrix particles (n = 28) or tumor cells
injected by themselves (n = 28). Following implantation, two animals
from each group were sacrificed at 2-day intervals from Days 2 to 14.

Histology. The implants were fixed in 10% neutral buffered formalin
and were dehydrated and embedded without prior dÃ©calcification,in
JB-4 plastic resin (Polysciences, Warrington, PA). Three-fun sections
were cut using a Hacker microtome with glass Ralph knives. Routine
stains were carried out using Gill's Hematoxylin No. 3 (Polysciences,

Warrington, PA) and eosin. The von Kossa stain for calcium was
performed using a modification for plastic sections (22), after which
the slides were counterstained lightly with hematoxylin - eosin as above.

Morphometry. Morphometric analyses of implant surface areas and
nuclear areas were carried out using a Zeiss Interactive Digital Analysis
System. Measurements were made at effective magnifications of x3.3
(surface areas) and x 1450 (nuclear areas). Only intact, interphase nuclei
with discernible nuclear membranes were measured. For further anal
ysis, values for nuclear areas were passed to an IBM PC/XT via an
asynchronous communications adapter. Continuous values were con
verted to frequency histograms. Cumulative frequency distributions
were compared with the Kolmogorov-Smirnov test for goodness of fit
using published critical values (23).

Measurements of host-derived chondrocytes were made from cells
responding to implants of morphogenetic matrix by itself. Cells were
measured at various stages of maturation including chondroblasts/
chondrocytes (Day 5), hypertrophied chondrocytes (Day 7), and calci
fying chondrocytes (Day 9). Measurements of untreated tumor cell
nuclei were made from routine s.c. implants of tumor carriers.

RESULTS

Morphometric Analysis of Nuclear Area and Roundness. Val
ues for the mean nuclear area and roundness of host-derived
chondrocytes and tumor-derived chondrocytes are presented in
Table 1. It can be seen that, on the average, the nuclei of the
malignant chondrocytes were approximately twice as large
(with respect to cross-sectional area) as host chondrocytes of a
comparable state of maturation. This difference in size is sta
tistically significant at the Â«< 0.001 level.

Early Effects on the Swarm Chondrosarcoma during Host
Chondrocyte Induction. Chondrogenesis involving host cells
does not occur until 7 days post-matrix implantation. During
the first 6 days, therefore, the tumor implants were readily
discerned as rounded masses of hyaline cartilage cells, sup
ported by a loose connective tissue stroma, and deposited
between large numbers of eosinophilic fragments of lamellar
bone matrix (Fig. la). Host mesenchymal cells were seen to
infiltrate throughout the implants surrounding both the matrix
particles and tumor fragments. Nuclear morphometry (Table
1) revealed that there was no difference (Â«> 0.1) in the size of

Table I Nuclear areas of Swarm chondrosarcoma and host-derived chondrocytes

Control Swarm chondrosarcoma
(104.3 Â±30.0)Â°

Maturation
stageChondroblast/

chondrocyte
Hypertrophy
CalcificationSwarm

chondrosarcoma
+ morphogenetic

matrix103.9
Â±30.5'127.2

+ 35.5
82.9 Â±27.5'Host

chondrocytes52.8
Â±IS.S"'39.2

Â±13.6
36.8 Â±12.9Â«*<0.001<0.001<0.001

Â°Mean Â±SD (^m2) of the nuclear area values with n = 300 for each group.
* Â«,confidence level between the elements of a given row.
'No demonstrable difference (a a O.I) as compared to the control Swarm

chondrosarcoma group.
''Statistically significant (Â«< 0.001) as compared to the control Swarm

chondrosarcoma group.
'Statistically significant (a < 0.001) as compared to the host chondroblast/

chondrocyte group.

tumor cell nuclei implanted with bone matrix fragments as
compared to the untreated controls.

After Day 7, foci of induced chondrogenesis were apparent
in which large numbers of typical hyaline chondrocytes were
present, filling in the interstices between matrix fragments (Fig.
\b). The implanted tumor cells had retained their architectural
relationships to stroma and the matrix fragments and were,
therefore, still easily distinguished from the host's developing

chondrocytes. Those clumps of tumor cells away from morpho
genetic foci were indistinguishable from tumor cells in implants
made with inactivated matrix or those made without matrix.
These cells represent the typical appearance of the chondrosar
coma with indistinct lacunar borders and occasional mitotic
figures (Fig. \c). The neoplastic cells in proximity to the mor
phogenetic foci, however, began to show changes in their mor
phology (Fig. \d). The normally eosinophilic homogeneous
cytoplasm of these cells became more basophilic, and a "moth-
eaten" appearance was noted especially along their outer as

pects. In addition, the normally indistinct territorial matrix of
isogenous tumor cells became thickened and basophilic. Nu
clear morphometry again demonstrated a clear difference be
tween the nuclei of the altered tumor cells and host chondro
cytes at a similar stage of maturation (Table 1). No differences
in morphology were observed in the tumor cells of either control
group.

Effects on the Swarm Chondrosarcoma during Host Chondro
cyte Maturation. The morphological effects were most pro
nounced from 10 to 14 days after implantation. During this
period, the induced morphogenetic foci revealed the presence
of chondrocytes undergoing hypertrophy, chondrolysis, and
calcification (Fig. 2a) in 12 of 12 implants examined. Again,
the nuclear areas of calcifying tumor cells were significantly
different from either those of calcifying host chondrocytes or
even the larger host chondroblast/chondrocyte group (Table 1).
Von Kossa stains of these areas revealed the presence of calcium
deposits surrounding hypertrophied chondrocytes and in the
extracellular matrix around the implanted bone matrix frag
ments (Fig. 2b). The tumor cells near such foci appeared to
differentiate in a synchronous fashion. Measurements from 12
implant sections revealed that an average of 26.7 Â±7.0% (range,
15.9 to 36.4%) of the surface area was undergoing morpho
genesis. Amorphous basophilic material was seen around tumor
cell borders and in the matrix immediately surrounding the
tumor cells (Fig. 2c). Von Kossa stains (Fig. 2d) revealed that
this material represented active calcification, typical of the end
stages of endochondral chondrogenesis. Von Kossa stains also
demonstrated that most of the tumor cells adjacent to morpho
genetic foci were affected (Fig. 3a). A gradient effect was noted
in some larger tumor fragments with only those neoplastic cells
nearest the morphogenetic microenvironment being altered.
Tumor cells toward the outer margins of the implants or those
away from foci of active host morphogenesis appeared unaf
fected (Fig. 36) even when the tumor cells were surrounded by
fragments of implanted bone matrix. Likewise, no evidence of
induced maturation or calcification was seen in those tumor
cells implanted by themselves (0 of 12) or those implanted with
inactivated matrix (0 of 12).

DISCUSSION

Various interrelationships of differentiation and neoplasia
have been proposed for over 150 yr (for review, see Ref. 24).
These include features such as morphology and the ability to
invade and/or metastasize (for review, see Ref. 25), production
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Fig. 1. a. Swarm ral chondrosarcoma cells
and bone matrix fragments. 4 days after im
plantation. Note the loose connective tissue
surrounding the tumor fragment. H & E, x 90.
b. focus of host cell chondrogenesis 7 days
postimplantation. The developing chondro-
cytes fill the interstices between matrix parti
cles. H & E. x 90. The asterisks in a and h
indicate residual implanted bone matrix frag
ments, c. chondrosarcoma cells away from foci
of morphogenesis 7 days after implantation.
Note the homogeneous cytoplasm and pres
ence of mitotic figure at the arrowhead. H &
E. x 220. d. chondrosarcoma cells adjacent to
a morphogenetic focus. Note the retracted ap
pearance of the cytoplasm and the prominence
of the territorial matrix. H & E. x 220.
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of proteolytic enzymes (26), expression of oncofetal antigens
(27), and pleuripotentiality (5). Of particular interest are the
observations that certain malignant cells, when placed in an
appropriate embryonic field, express alterations in their phe-
notypes. Early investigators exposed neoplastic cells from a
human nephroma (2) or murine mammary carcinomas (3) to
appropriate embryonic tissues and obtained varying degrees of
morphological response. Recently, however, the production of
chimeric mice by injection of embryonal carcinoma cells into
blastocysts (4) or leukemic cells in the placentae of 10-day
embryos (7) has proven that malignant cells are capable of
differentiation in the presence of appropriate inductive fields
and that they do so at the expense of the malignant phenotype.

Waddington and Schmidt (28) first suggested that regulatory
microenvironments persist beyond primary commitment
("evocation") during embryogenesis. They coined the term "in-
dividuation" to describe the field effects which control morpho

genesis during later development. Needham (29) suggested that
the loss of such individuation fields could be permissive to the
process of neoplasia. Generally, with the exception of phenom
ena such as Urodele limb regeneration, it is thought that such
fields are lost during adult vertebrate life. The phenomenon of
bone matrix-induced morphogenesis appears, however, to rep
resent an example of an individuation field which can be evoked
in postnatal mammals. The morphogenetic cascade which fol
lows bone matrix implantation is a temporal reiteration of the
process of endochondral bone development.

Our original postulate was that the Swarm rat chondrosar
coma might differentiate in direct response to the chondrogenic
inductors known to be present in bone matrix. The present data
suggest, however, that the presence of later stages of morpho
genesis is necessary before the tumor cells are induced to
complete the normal differentiation program of chondrocytes
by undergoing chondrolysis and calcification. It seems most
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Fig. 2. a, morphogenetic focus 10 days
postimplantation. The host-derived chondro-
cyles have matured and are undergoing hyper
trophy and chondrolysis. H & E, x 90. b, von
Kossa stain of area seen in a showing calcium
deposition around the host chondrocytes and
in the extracellular matrix, x 220. c, chondro-
sarcoma cells from an area adjacent to a mor
phogenetic focus such as that seen in a. The
cell borders appear to be surrounded by baso-
philic amorphous material. H & E, x 220. il.
von Kossa stain of the tumor cells seen in c.
The amorphous material represents calcifica
tion, x 220. The asterisks in a, b, and d indicate
residual implanted bone matrix fragments.
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likely, therefore, that the neoplastic cells are responding to
diffusible substances released from the host's differentiating

cells in the morphogenetic foci. This is supported by the facts
that (a) gradients of effects exist along single tumor fragments;
(/>)those tumor cells at the margins of implants, although often
in direct contact with large numbers of matrix fragments,
appear unaffected; and (c) no effects on tumor cell phenotype
were seen in control implants where morphogenesis did not
occur.

Unlike other tissues in which the deposition of calcium
represents a relatively nonspecific event, calcification is an
integral feature of programmed chondrocyte maturation in
those tissues in which ossification will ultimately occur (8).
When first described, areas of the Swarm rat chondrosarcoma
underwent spontaneous calcification; however, this property
was lost during subsequent passages (13). The precise level at
which the control of chondrocyte terminal differentiation is

regulated is unclear. A number of molecular events are known
to occur during hypertrophy, chondrolysis, and calcification
including alterations of proteoglycan composition (30, 31),
vitamin D-dependent plasma membrane modification (32),

expression of alkaline phosphatase in matrix vesicles (33),
changes in metabolism from aerobic respiration to glycolysis
(34), increased synthesis of lysosomal enzymes such as arylsul-
fatase (35), and the expression of a specific extracellular calcium
binding protein (36).

The initiation of these events appears to involve changes in
both the intra- and extracellular metabolism of chondrocytes.

Shapiro et al. (37) found that initiation of endochondral calci
fication appears to involve an altered oxidation-reduction state
in which NADH is accumulated. Suzuki et ai. (38) have also
suggested that bone marrow cells are capable of modifying
proteoglycans and thereby initiating mineralization in cultures
of growth cartilage cells. It is possible that the morphogenetic
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Fig. 3. a, von Kossa stain of a Day 14 im
plant demonstrating proximity of calcifying
chondrosarcoma cells (C) to morphogenetic
(M) focus, x 90. *, von Kossa stain of chon
drosarcoma cells at implant margin, 14 days
postimplantation. Note lack of calcification,
even though the tumor cells are surrounded by
bone matrix fragments, x 90. The asterisks in
a and 6 indicate residual implanted bone ma
trix fragments.

' i
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foci in our studies provide a similar population of cells capable
of modifying proteoglycans. Another possibility is that the
expression of the necessary enzymes is induced in the neoplastic
chondrocytes. We are currently exploring both of these possi
bilities. At present, however, the molecular stimulus for the
phenotypic changes which we have observed is unknown.

In conclusion, the results presented here suggest that a mor
phogenetic microenvironment induced during postnatal life is
capable of elaborating factors which can alter the differentiated
phenotype of a transplantable sarcoma. At present, the therapy
of chondrosarcomas in humans often requires debilitating ex-
articulation or en bloc resection which, in high grade lesions,
provides only a 29% 10-yr survival (39). Our observations may
eventually provide an alternative therapeutic approach using
directed tumor cell differentiation for the homeostatic therapy
of such cancers.
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