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Introduction

Cancer of the prostate (CaP) is unique with regard to its
tropism for bone tissue and ability to induce osteoblastic
response (osteosclerosis). With the increasing life expectancy
of men, CaP has become a major medical problem. Most
prostate cancer patients initially respond to anti-androgen
therapy due to early testosterone dependence of all prostate
cancer. The switch of the cancers cells from hormonal
dependence to independence and the resulting relapse in

tumor growth is one of the main clinical problems of prostate
cancer1. Metastatic spread of CaP towards bone signals an
incurable disease state and is the main cause of morbidity
among prostate cancer patients2. In contrast to men, other
mammalian species rarely develop prostatic cancer sponta-
neously upon aging3. This characteristic, in addition to poor
growth of available prostate cancer cell lines, are significant
barriers to the development of representative animal models
of the various stages of human metastatic prostate cancer. In
1991, Petlow et al.4 first reported on their efforts to develop a
new human prostate tumor xenograft. Properties of the
CWR22 tumor cell line include: slow growth rate, hormone
dependence/independence and secretion of prostate-specific
antigen (PSA), all features that characterize the early stages
of prostatic cancer in human patients. In addition, CWR22 is
a primary human prostate cancer cell line in which both hor-
mone dependent and hormone independent stages exist.
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We investigated the utility of CWR22 human prostate cancer cells for modeling human metastatic prostate cancer, specif-
ically their ability to induce bone formation following intra-tibial injections in the nude rat. Prostate cancer is unique in regard
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op prostatic cancer spontaneously upon aging and do not have the propensity for bone metastasis that is the hallmark of can-
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vated levels of serum prostate-specific antigen. However, osteosclerosis dominates the skeletal response to tumor burden.
Radiological and histological evidence revealed osteosclerotic lesions with trabeculae of newly formed bone lined by active
osteoblasts and surrounded by tumor cells. Toward the end of the 7-week study, osteolytic bone lesions become more evident
on X-rays. Paraffin and immunohistochemical evaluations revealed mature bone matrix resorption as evidenced by the pres-
ence of many tartrate resistant acid phosphatase positive multinucleated osteoclasts. We conclude that the CWR22 human
prostate cell line used in an intra-tibial nude rat model provides a useful system to study mechanisms involved in osteoblastic
and osteolytic bony metastases. This type of in vivo model that closely mimics all major features of metastatic disease in
humans may provide a critical tool for drug development efforts focused on developing integrated systemic therapy targeting
the tumor in its specific primary or/and metastatic microenvironments. In addition to targeting bone marrow stroma, this strat-
egy will help to overcome classical drug resistance seen at the sites of prostate cancer metastasis to bones.

Keywords: Cancer of the Prostate, Nude Rat, CWR22, Bone Formation, Osteosclerosis, Bone Resorption, Prostate-Specific
Antigen, Testosterone

Original Article Hylonome

Corresponding author: Cedo M. Bagi, M.D., Ph.D., Pfizer Inc., Global Research
and Development, DSE/CEM, Eastern Point Road 8274-1312, Groton, CT
06340, USA
E-mail: cedo_bagi@groton.pfizer.com

Accepted 6 January 2003



C. Andresen et al.: Intra- tibial injection of prostate cancer cells

149

Therefore, this tumor cell line has all the major characteris-
tics of early stage prostate cancer in men5. There are scant
data available regarding the ability of human prostate cancer
cell line CWR22 to grow in the bone microenvironment and
characterizing the subsequent development of bone lesions.
If indeed this tumor cell line can elicit an osteoblastic bone
response with concomitant osteosclerosis, CWR22 cells
could be an ideal cell line to study early stages of prostate
cancer development and its progression to bones. In this
study, we investigated the ability of CWR22 human prostate
cancer cells to induce bone formation in nude rats following
intra-tibial injection of the tumor cells. We have attempted to
describe the osteoblastic and/or osteolytic character of the
bone lesions by utilizing different histological and radiologi-
cal means. Finally, we explored the use of this model to bet-
ter characterize the initial phase of the prostate cancer
metastasis to the skeleton and provide options for exploring
novel treatment modalities.

Materials and methods

Cell line and culture conditions. CWR22 human prostate
cancer cell line was purchased from the American Type
Culture Collection (ATCC, Manassas, VA). The tumor orig-
inates from prostate adenocarcinoma and consists of moder-
ately and poorly differentiated carcinoma tissue. The tumor
cells were maintained in culture in DMEM-10% fetal bovine
serum. Cell line was used at low passage number. The prop-
erties of CWR22 tumor cell line; slow growth rate, hormone
dependence/independence and secretion of prostate-specific

antigen are comparable with those of prostatic cancer in the
patient.  CWR22 is a primary human prostate cancer cell line
in which both hormone dependent and relapsed versions
exist4-7.

Animals. Immunodeficient male homozygous Sprague
Dawley rats were purchased from Taconic Farms (German-
town, NY). Rats arrived at 3 months of age and were main-
tained according to the NIH standards established in the
“Guidelines for the Care and Use of Laboratory Animals”.
The Internal Animal Care and Use Committee (IACUC)
approved experimental protocols. All rats in the study were
single housed in polycarbonate microisolator cages lined
with autoclaved bedding. Autoclaved reverse osmosis (RO)
water and autoclaved standard rat chow were provided ad
libitum. Body weights were recorded weekly throughout the
course of the study.

Tumor injections. Rats were maintained under isoflurane
anesthesia during the tumor injection procedure. The skin
surface at the injection site was prepped with betadine scrub
followed by alcohol wipe. A 23-gauge needle with one cc
syringe was inserted extra-capsulary through the tibial crest,
epiphysis and growth plate (Figure 1A). Five million tumor
cells in a 0.2 ml volume were injected into the bone marrow
space of both tibial metaphysis. The eight rats with X-ray
detectable tumors in both tibias were kept in the study. In
addition, four rats were injected in one tibia with the 23-
gauge needle while the contralateral tibia served as an intact
control to evaluate the effect of injection trauma on bone
remodeling. No media alone was injected in this study to test
for the non-specific bone response. All rats enrolled in the

Figures 1A and 1B. Figure 1A depicts X-ray image of intra-tibial injection. Rats were injected extracapsulary through the epiphysis and
growth plate ending in tibial metaphysis (arrowhead). Two weeks following intra-tibial injection there is a visible osteosclerotic scar indi-
cating healing process caused by the injection trauma (arrowhead; 1B). No other signs of non-physiological bone formation or resorption
were noted on the X-rays and confirmed by paraffin histology as a consequence of injection trauma.
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study were euthanized six weeks following tumor injections.
Other procedures. Fluorochrome bone marker calcein

(Sigma, St. Louis, MO) was given as i.p. and s.c. injections
(12.5 mg/kg each) 3 days prior to euthanasia. Testosterone
(Sigma), (3 mg/kg) was given twice per week by s.c. injection
as a suspension prepared at 3 mg/ml in sesame oil.
Testosterone concentration in serum was measured twice, at
the beginning of the study before tumor inoculation and at
the end of the study. Testosterone was administered to all
animals to minimize variations in tumor growth between
individual rats since serum testosterone substantially varied
between rats before tumor inoculation.

Blood collection. Blood was collected weekly by retro-
orbital bleed for hematology and serum chemistry measure-
ments. Animals were lightly anesthetized during the bleed
procedure with CO2/O2. Hematology parameters were ana-
lyzed on a Bayer Advia 120. Chemistry endpoints were ana-
lyzed using Hitachi 917 auto-analyzer. Terminal blood was
taken under CO2 anesthesia by cardiac puncture. Serum lev-
els of prostate-specific antigen and testosterone were meas-
ured using Clinigamma analyzer by RIA.

Urine. Urine was collected during a five-hour fasting peri-
od, one day prior to termination using a metabolism cage.
Samples were analyzed for creatinine, phosphorus and calci-
um using auto-analyzer Hitachi 917.

Radiography. X-rays were taken of each of the hind limbs
once per week using a Faxitron® (Faxitron X-ray Corporation,
Wheeling, IL) digital capture X-ray at kv 26, magnification
1.5 and 2-second exposure. Rats were anesthetized for the X-

ray procedure with isoflurane. No attempts were made to
quantify tumor growth from the X-rays due to loss of bone
anatomy with the progression of tumor growth. However,
tumor progression was monitored weekly by comparing new
X-ray images with the ones obtained the previous week.

Histology. Decalcified bone. At the end of the study the right
rat tibias were excised and placed in 4oC, 10% neutral buffered
formalin (Decal. Congers, NY) for three days to allow for fix-
ation. Tibias were then washed with cold running tap water for
one hour then placed in 5% EDTA at 4oC for decalcification,
and paraffin processed. Sections were cut at 5 Ìm, stained with
hematoxylin and eosin (H&E) and osteoclasts were stained
with Tartrate-resistant Acid Phosphatase (TRAP) using a
Leukocyte Acid Phosphatase Kit #387-A (Sigma Diagnostics,
Inc., St. Louis, MO). Cell number and morphology were eval-
uated in the proximal tibial metaphyses.

Undecalcified bone. The left tibias were fixed in neutral
buffered formalin for 48 hours, dehydrated with a series of
graded ethanols and embedded in methyl-methacrylate.
Longitudinal sections of the proximal half of the tibias were
cut at 4 and 10 Ìm in thickness and analyzed under UV light
for the presence of fluorochrome label (calcein) at the areas
affected by the prostate cancer.

Statistical Analysis. Statistical analysis of the data was per-
formed by a nonparametric test (Wilcoxon’s test) or Student’s
t-test (when indicated). Differences were considered to be sta-
tistically significant when a p value of <0.05 was found.

Figures 2A-2D. Intra-tibial injection of 105 human CWR22 prostate carcinoma cells elicited osteosclerotic response at 4 weeks after tumor
inoculation (black arrowheads). Tumor growth is associated with amorphous, cloud-like calcification in the soft tissue (green arrow) with
osteosclerotic specula clearly visible on the outside of the tibial cortex.  At week five osteolytic lesions start appearing on the radiographs
(red arrows), and by week six osteosclerotic and osteolytic lesions are both clearly visible. Osteosclerotic features dominate radiographic
appearance of the CWR22 prostate tumor growth in the bones of nude rats.

A Day 0 B Day 28 C Day 35 D Day 42
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Results

The number of animals developing tumors following inoc-
ulation of tumor cells was high and at the end of the study
tumor mass was detectable in both tibias of each of the eight
rats enrolled in the study. Signs of local invasion were seen
in several rats with tumor penetrating bone cortex and grow-
ing locally into soft tissue next to the bone. As expected, dis-
tant metastases in visceral organs or bones other than tibia
were not found at necropsy.

Body weight. During the course of the study all rats were
eating well and on average each animal gained approximate-
ly 10% of their initial body weight.

Serum chemistry. Serum markers including total alkaline
phosphatase, calcium, phosphorus, and creatinine were
measured weekly. No statistically significant difference was
seen in serum chemistry markers between day 0 (before
tumor inoculation) and day 42 (end of the study).

Serum testosterone. Serum testosterone measured before
tumor inoculation substantially varied between individual
animals (158 to 523 ng/dL). Serum testosterone measured
from blood samples drawn on the final day of the study prior
to euthanasia was within narrow limits in all rats with a mean
value of 205.83±12.3 ng/dL.

Prostate-specific antigen. Serum PSA was measured
from blood samples drawn on the final day of the study prior
to euthanasia. PSA was not detectable in controls (assay
limit 0.01 ng/mL) and was 0.184±0.091 ng/mL in rats admin-
istered the CWR22 cell line. Qualitative analysis of Faxitron
tumor images showed a trend towards higher PSA levels in
rats with the greatest tumor burden (data not shown).

Urine chemistry. At the end of the study calcium, phos-
phorus and creatinine in urine were all within the normal
physiological range. The two rats with the highest tumor

burden (and highest PSA values) showed the highest calci-
um/phosphorus ratios 1.24 and 0.84 respectively, compared
to 0.39, which was the average for the rest of the group.

X-ray analysis. The sites of intra-tibial injections in all
rats were visible on the X-rays at week one and two. Rats
that received no tumor cells or media showed signs of bone
healing seen as a mild sclerosis at the site of injection prob-
ably due to callus formation (week 2, Figure 1B).
Radiographic data revealed the appearance of osteosclerot-
ic bone lesions 3 to 4 weeks following intra-tibial injection of
CWR22 human prostate tumor. Also, the growth of the
tumor is radiologically evident from the formation of amor-
phous, cloud-like calcification in the soft tissue. The intensi-
ty of osteosclerosis gradually increased as time passed after
inoculation of the tumor cells (Figures 2A to 2D).
Approximately 4 to 5 weeks post-inoculation osteolytic bone
lesions became visible.  Endosteal scalloping with develop-
ment of bone transparencies that gradually increased in size
was evident by week 5 (Figures 2C and 2D). All experimen-
tal animals showed a certain degree of radiologically evident
osteosclerosis and osteolysis in both tibias, suggesting tumor
progression from purely osteoblastic to a mixed phenotype.
Similar changes in men are the hallmark of metastatic
prostate cancer.

Histology. Undecalcified bones bearing tumors showed a
high degree of mineralization at areas with osteosclerotic
changes when stained by the von Kossa method for mineral
(Figures 3A and 3B). Newly formed bone (also visible on the
X-rays) appeared as a calcified, spindle-shaped trabeculae
perpendicular to the tibial cortex (3A), or as a “spot-like”
intraoseal sclerosis (3B) on the von Kossa stained slides.  Both
osteosclerotic formations are clearly distinguishable from the
old bone matrix. The fluorochrome labeling of the osteoscle-
rotic bone showed intensive fluorescence under the UV light
indicating rapid collagen ossification (Figures 4A and 4B).

Figures 3A and 3B. Examples of osteosclerotic, fully mineralized, newly formed bone surrounded by the tumor cells.  Figure 3A depicts
new "rod-like" bone formation (green arrowheads) perpendicular to old cortex.  Figure 3B depicts example of "spot-like" calcification (green
arrowheads) inside tibial metaphysis clearly distinguishable from old trabeculae.  Bone marrow is almost entirely replaced with tumor cells.
The image was obtained from von Kossa stained section. Magnification x10.
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Paraffin histology and TRAP immunohistology. Paraffin
histology revealed a large tumor mass within the tibias of rats
injected with CWR22 cells. The bone marrow has been
largely replaced with the tumor cells. The nests of the tumor
cells are composed of small and medium-sized principal cells
that vary in shape and appear hyperchromatic (Figure 5A).
Old bone matrix is clearly distinguishable from the newly
formed bone. Numerous multinucleated TRAP+ cells
(osteoclasts) are clearly visible covering the old bone matrix
(Figure 5B) and indicate extensive bone resorption as judged
by the cell size, number of nuclei and scalloped bone sur-
faces below the cells. Surfaces of the newly formed bone are
covered with osteoblasts indicating extensive bone formation
with very few and rather small osteoclasts.

Discussion

Historically, for in vivo models, human tumors have been
implanted subcutaneously8. The incidence of subcutaneous
primary malignant tumors or metastases is extremely rare in
all mammals. The subcutaneous microenvironment is very
different from the tissue of origin of the primary tumors and
sites of metastasis such as lungs, liver and bones. Human
tumor cells subcutaneously implanted in immunodeficient
rodents lose their innate ability to invade the circulatory sys-
tem and cause distant metastases.  In addition, it has been
documented that radical differences exist in drug response
of tumors in the orthotopically or metastatic tissue sites com-
pared to tumors growing subcutaneously9,10.

The phenomenon of prostate cancer metastasis to bone
has been difficult to mimic in animal models. In syngenetic
animal prostate cancer models such as the Dunning rat
model10 and the transgenic mouse model11 lymph node and
pulmonary metastases are common, but the occurrence of
bone metastases from a primary tumor site are rare. It is

equally difficult to mimic clinical patterns of bony metas-
tases by using immunodeficient rodent models of human
prostate cancers. Various experimental variations utilizing
mice and rats12 have been used in the past to address patho-
physiology of bone metastasis including co-injections of
tumor cells with bone stromal cells13 or with human bone tis-
sue14, intracardiac injections15, orthotopic injection of
prostate tumor cells to bone16, or brief occlusion of the vena
cava during intravenous injections of tumor cells17. Despite
the initial difficulties regarding development of an animal
model18, the molecular mechanisms underlying osteolytic
bone metastases are well described19-22. As a consequence of
improved understanding of the role that the bone environ-
ment plays in disease progression, therapeutic modalities
targeting bone stromal cells have proven to be a very effica-
cious way of dealing with lytic bone metastases in breast and
prostate cancer patients23,24. Our experience over the last
decade by using different osteolytic breast and prostate
tumor cell lines in different experimental setups provided
data that closely predicted the clinical outcome of antire-
sorptive therapies such as the new generation of nitrogen-
containing bisphosphonates24-27.

Prostate-specific antigen (PSA) is expressed in more than
99% of all prostate cancers and is a very reliable marker for
monitoring the disease and response to therapy28. All
prostate cancers in humans are androgen dependent in their
early stage. Recent improvements in the diagnosis and
screening of prostate cancer have identified an increasing
number of patients with lesions confined to the prostate,
even though results from bone biopsies show that between
35 and 75 percent of those patients tested positive for tumor
cells. Because of unpredictable biological potential and the
clinical course that disease may take, bone metastases repre-
sent a serious threat even though disease has been diagnosed
early. Since the majority of prostate cancer patients experi-

Figure 4A and 4B. Typical detail illustrating intensive fluorochrome labeling of newly formed "spindle-like" bone (4A) such as one shown
in Figure 3A, and "spot-like" calcification (4B) such as one shown in Figure 2B. Calcein was injected 3 days before the necropsy.
Undecalcified, unstained 4Ìm thick longitudinal section of the proximal tibia bearing CWR22 tumor. Microradiograph was taken under UV
light. Magnification x10.
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ence osteoblastic type of bone metastases, identification of a
human prostate cancer cell line that will reproducibly induce
osteosclerotic bone changes will be highly desirable. In the
past, because of non-availability of human prostate tumor
cell lines with osteoblastic potential, several studies have
been performed on rat models of osteoblastic metastasis.
Pollard and Luckert29 developed a model using Lobund-
Wistar rats that develop spontaneous adenocarcinoma, but
limitations include long incubation periods before tumor
induction (a year or longer) and low tumor incidence (10%).
Also, these tumors lack the testosterone receptor and do not
cause spontaneous bone metastases and therefore are not
suitable for drug discovery or drug validation. Finally,
prostate cancer can be induced in rodents by either testos-
terone alone, or in combination with estrogen within a year,
but the limitations mentioned earlier are hard to overcome if
such models are to be used to develop anticancer therapies.

Currently, there are few established prostate cancer cell
lines suitable for study both in tissue culture and in clinical-
ly relevant animal model systems. The properties of the
CWR22 tumor cell line; slow growth rate, hormone depend-
ence/independence and secretion of PSA are comparable
with those of prostatic cancer in man. The CWR22 is a pri-
mary human prostate cancer cell line of which both hormone
dependent and relapsed versions exist4-8. Our results show
that this cell line has yet another crucial property of the
human prostate cancer, that is to induce osteoblastic bone
response when injected in the proximal tibial metaphysis of
the nude rat.  Osteosclerotic lesions seen on X-ray closely
mimic those seen in the prostate cancer patients with bone
metastases. Bone lesions are characterized by increased
osteoblastic activity associated with a fibrous stroma. The
normal trabecular and cortical architecture is overlaid by

new bone deposited on quiescent surfaces. The newly
formed bone appears to be fully mineralized, as judged by X-
ray appearance, von Kossa staining for mineral and by fluo-
rochrome labeling. At the moment it is unclear whether the
newly formed bone has any mechanical purpose in the skele-
ton.  Similar sclerotic structures in men are the main cause
of neurological symptoms and bone pain due to nerve com-
pression. The trabeculae of the newly formed bone were
lined by active osteoblasts and surrounded by the tumor
cells. In attempts to explain the predominantly osteosclerot-
ic nature of CaP many osteoblast stimulating factors pro-
duced by cancer cells have been described including peptides
with selective mitogenic activity for osteoblasts, these
include: urokinase-type plasminogen activator, TGF-‚, IGF-
I, FGF, BMP-6 and ET-130-33.

Even though it has been proposed that tumor cells are
capable of eroding bone directly by producing proteolytic
enzymes, much more important is the indirect action of can-
cer cells on bone resorption through the osteoclasts.
Evidently CWR22 tumor cells are capable of inducing bone
resorption that is the late event in prostate cancer patients
with bone metastases. It is not rare to see osteosclerotic
lesions next to the areas of bone resorption similar to the
one depicted in Figure 2D. The higher calcium/phosphorus
ratio detected in the urine of two rats with the highest tumor
burden in this study may indicate more vigorous develop-
ment of osteolytic metastases with tumor progression and
consequent increase in renal calcium excretion. In addition
there is a strong correlation between the tumor burden in
rats, PSA levels in serum and urinary calcium. Urinary pyri-
dinium excretion is augmented in patients with active dis-
ease, and indeed, bone resorption markers correlate well
with the extent of bone metastases34,35. Human prostate can-

Figures 5A and 5B. Intra-tibial injection of 105 human CWR22 prostate carcinoma cells elicited osteosclerotic and osteolytic response.
Figure 5A (H&E) depicts old bone matrix surrounded by the tumor cells, and new bone matrix formed as a consequence of tumor.  Figure
5B (TRAP) is showing the same bone detail as the one seen in Figure 5A.  The numerous multicellular osteoclasts (TRAP+; red arrows)
can be seen engulfing the old bone matrix.  At the same figure, osteoblasts (green arrowheads) are depositing a new bone matrix. 
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cer cells express Receptor Activator of NF-Kappa B ligand
(RANKL) and osteoprotegerin (OPG) particularly when
they metastasize to bones, which could further influence vig-
orous bone remodeling36 and improve survival of hormone-
resistant prostate cancer cells37. Numerous TRAP+ osteo-
clasts seen at the scalloped bone surfaces (Figure 5) testify
for the vigorous bone resorption promoting the growth of
the tumor by release of the numerous growth factors stored
in the bone matrix38,39. It is also worth mentioning that
prostate tumors like many other tumors are capable of pro-
ducing parathyroid hormone related peptide (PTHrP),
which contains proteins involved in the regulation of both
bone resorption and bone formation40,41. The presence of
PTHrP is associated with all lytic tumors and is believed to
be a major cause of hypercalcemia of malignancy42.

Our data suggest that the CWR22 cell line when used in a
combination of several orthotopic models (including one
described here) can provide data valuable to further the
understanding of the biology of metastatic prostate cancer.
Without suitable orthotopic animal models, development
and testing of novel therapies aimed to target not only the
tumor cells, but also the stroma of the bone marrow will be
simply impossible. Finding an efficacious single or combina-
tion therapy that is potent enough to eliminate or reduce the
tumor burden in the skeleton and slow disease progression is
much needed since all current therapies fail once bone
metastases develop. The CWR22 human prostate cell line
used in the intra-tibial nude rat model provides a useful sys-
tem to study mechanisms involved in bony metastases of
androgen-dependent/independent, PSA positive human
prostate cancer with ability to form osteosclerotic lesions.
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