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We report the clinical evolution of a prostate cancer,
metastasizing to lungs and bones, recurring locally,
and escaping from anti-androgen therapy. Key event
of biological progression of the patient’s tumor was
the coincidence of allelic imbalance accumulation
and of bone metastases occurrence. The recurrent
tumor was established as the transplantable xeno-
graft PAC120 in nude mice, where it grew locally.
PAC120 displayed the same immunophenotype of the
original tumor (positive for keratin, vimentin, prostatic
acid phosphatase, and Leu-7) and expressed human
HOXB9, HOXA4, HER-2/neu, and prostate-specific anti-
gen genes, as detected by reverse transcriptase-poly-
merase chain reaction. It formed lung micrometastases
detected by mRNA expression of human genes. Cyto-
genetic analysis demonstrated numerous alterations
reflecting the tumor evolution. PAC120 was still hor-
mone-dependent; its growth was strongly inhibited
by the new gonadotropin-releasing hormone antago-
nist FE 200486 but weakly by gonadotropin-releasing
hormone superagonist D-Trp°-luteinizing-hormone
releasing hormone (decapeptyl). Tumor growth inhi-
bition induced by anti-hormone therapy was linked
to the hormone deprivation degree, more important

and more stable with FE 200486 than with D-Trp®-
luteinizing-hormone releasing hormone. Surgical cas-
tration of mice led to tumor regressions but did not
prevent late recurrences. Transition to hormone-in-
dependent tumors was frequently associated with a
mucoid differentiation or with a neuroendocrine-like
pattern. Independent variations of mRNA expression
of HER-2/neu and prostate-specific antigen were ob-
served in hormone-independent tumors whereas
HOXB9 gene expression was constant. In conclusion,
PAC120 xenograft, a new model of hormone-depen-
dent prostate cancer retained the progression poten-
tial of the original tumor, opening the opportunity to
study the hormone dependence escape mechanism.
(Am J Pathol 2001, 159:753-764)

Prostate cancer is an increasing dilemma because of its
frequency and of the difficulties encountered in its treat-
ment." Research into prostate cancer biology leading to
improved therapeutic approaches would benefit from a
greater availability of models.? Transplantation of human
prostate cancer tissue into athymic nude mice is rarely
successful, and even when the implanted tissue survives,
it usually fails to be maintained by serial transplantation.
Establishment of prostatic cancer cell lines is also not
easier. Thus, most biological or preclinical studies have
been conducted using a limited number of cell lines:
DU-145,% PC-3,% and LnCaP.® Similarly, a very limited
number of xenografts of prostate cancers have been
obtained.®~° The PPC-I model, originating from a primary
tumor, is tumorigenic and metastatic in nude mice;'° the
hormone-dependent prostate cancer xenograft, LU-
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Table 1. Immunophenotype of the Different Prostate Cancer Samples
Primary PAC120 xenograft
tumor* 1st Lung Primary tumor from the 2nd

Marker Source Dilution resection metastasis 2nd resection resection
Keratin (KL1) Immunotech 1/100 ++ (DT ++ (D) ++ (D) ++ (D)
EMA DAKO 1/40 ++ (D) ++ (D) ++ (D) ++ (D)
Vimentin DAKO 1/20 0 0 0 0
PSA Eurodiagnostics 1/100 0 0 0 0
PAP DAKO 1/200 ++ (F) + (F) ++ (F) ++ (F)
Leu-7 Becton 1/10 ++ (F) + (F) ++ (F) + (R)T
Chromogranin A Biosoft 1/50 0 nd 0 0
Synaptophysin Boehringer 1/10 0 nd 0 0
NSE DAKO 1/200 0 nd + (F) + (R)
Kie7 Immunotech 1/50 Ratio = 5% nd Ratio = 40% Ratio = 20%
bcl2 DAKO 1/50 0 0 0 0
CcD82 Gift* 1/500 nd nd 0 nd

*High-grade part of the tumor.

TStaining diffuse (D), focal (F), or on rare (R) cells. Staining intensity was assessed semiquantitatively; 0 (negative), + (weak), ++ (strong).

*Gift of Dr. H. Conjeaud, INSERM U283, Hopital Cochin, Paris.

nd, not done; EMA, epithelial membrane antigen; PSA, prostate-specific antigen; PAP, prostatic acid phosphatase; NSE, neuron-specific enolase.

CAP23.1, originated from a metastasis'" and transplant-
able prostatic tumors obtained in NMRI nude mice.'?
These difficulties were well illustrated by Klein and col-
leagues® who obtained four prostate cancer xenografts in
SCID mice. To search for biological information based on
alterations common to prostate cancers, more tumor
models are required, keeping in mind that their suitability
requires that they primarily share common biological fea-
tures with the original tumor. This must lead to identifying
the cellular and molecular markers of progression.

Hormone dependence of prostate cancers represents
the main therapeutic target. Endocrine therapy is usually
successful initially, but generally fails after a variable
period.'® Surgical castration interrupts the main source of
testosterone required for hormone-dependent cancer
growth. Although effective, castration does not ensure
protection from recurrence of a hormone-independent
(HID) cancer. Castration can be achieved by gonado-
tropin-releasing hormone (GnRH) analogs. The efficacy
of available compounds is variable; although they have
clearly led to a decrease of serum testosterone or sub-
sequently of prostate-specific antigen (PSA), they do not
have a major effect on survival. New GnRH antagonists
represent promising therapeutic tools. Loss of hormone
dependence marks an essential step in tumor progres-
sion, as it deprives patients of the only effective therapy
for metastatic prostate cancers. The mechanisms and the
molecular determinants of tumor adaptation to hormone
deprivation are far from being understood; inactivation of
androgen receptors by mutation has been described but
remains an exceptional event. Pathways of androgen
receptor activation or androgen target genes through
MAP kinase and HER-2/neu signal cascade activation
have been described,*'¢ constituting a putative way to
escape from hormone deprivation.

We report here the clinical evolution in two steps of a
prostate cancer; we transplanted a sample obtained dur-
ing transurethral resection of a primary adenocarcinoma
into nude mice and established this tumor as a trans-
plantable xenograft model and studied its progression.
The features of the xenografted tumor were compared

with those of the corresponding patient tumor tissue, with
regard to morphology and immunohistochemical charac-
terization. Karyotype and allelic imbalances (Als) allowed
reconstructing its progression. The hormone-dependent
PAC120 xenografts permitted the in vivo testing of a new
GnRH antagonist. In view of the history of the patient,
which indicated that loss of hormone dependence was a
step of progression, we designed experiments to test the
ability of PAC120 to adapt to hormone deprivation.

Materials and Methods

Preparation of Specimens for Engraftment in
Mice

Tumor material for xenografting was obtained by trans-
urethral resection of a locally recurrent prostate cancer.
The sample was free from necrotic and connective tis-
sues and cut into pieces of 5 X 5 mm. Swiss nu/nu (nude)
male mice, 5 weeks old, were used as xenograft recipi-
ents. They were bred in the animal facilities of Institut
Curie and maintained in specified pathogen-free condi-
tions. Their care and housing were in accordance with
institutional guidelines as put forth by the French Ethical
Committee (Ministere de I’Agriculture, Paris, France) and
under the supervision of authorized investigators. Each
tumor fragment was subcutaneously implanted under the
wall of the lower abdomen, near the prostate of mice, and
maintained by serial transplantation. All these proce-
dures were done aseptically, under anesthesia.

Immunohistochemical Studies

For light microscopic examination, 4-um-thick formalin-
fixed paraffin-embedded sections were stained with he-
matoxylin and eosin (H&E) safran. Immunohistochemical
studies, using a panel of antibodies listed in Table 1,
were performed on the resected tumor of the patient (first
resection), on lung metastases, on the second resection,
and on the xenografted prostatic tumor after three pas-
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Table 2. Allelic Imbalances on Six Chromosomal Regions in DNA from Tumor Samples

13g12-g13
8p21-p22 10922-g23 D135153 17921 18g21
Chromosome location D8S133 16924 D10S541 D13S171 D17S800 D18S39
Polymorphic loci studied D8S261 D16S507 D10S1765 D1352491 D17S855 D18S42
DNA origin
At the diagnosis Al Al no Al no Al no Al no Al
Lung metastasis*®
At the recurrence Al Al Al Al Al Al
Primary tumor*
PAC120 xenograft Al Al Al Al Al Al

*Obtained from corresponding microdissected histological preparations, as described in Materials and Methods.

TAl allelic imbalance.
*Second resection.

sages in nude mice. The tissue sections were pretreated
using a microwave antigen retrieval method and immu-
nostaining was performed using the avidin-biotin com-
plex. Staining intensity was assessed semiquantitatively:
0 (negative), + (weak), and ++ (strong). The pattern
distribution of staining was focal (F), diffuse (D), or occa-
sional to rare cells (R). Appropriate positive and negative
controls were used throughout. The Ki67 score was de-
fined as the average number of cells with nuclear staining
divided by the total number of cells counted. Five hun-
dred tumor cells were counted and this was repeated
three times. The mitotic rate was expressed as the aver-
age mitotic count present in 10 high-power fields.

Karyotype and Chromosome Painting

Tumors removed from the mice were mechanically dis-
rupted and seeded in Dulbecco’s modified Eagle’s me-
dium (4.5 g of glucose/L; Gibco) with 15% fetal calf
serum. Metaphases were harvested after a 2.5-hour col-
chicine block, 72 hours after the initiation of the cultures.
Chromosome spreads were obtained according to pre-
viously described techniques.”” Karyotypes were estab-
lished after R-banding, and chromosome painting was
used for all chromosomes to allow greater precision. On
the whole lot, more than 100 metaphases were studied, of
which 10 were karyotyped. Fluorescence in situ hybrid-
ization was performed as described.’® Biotinylated
paints (Oncor Appligene, lllkirch, France) were used as
probes. The biotinylated probes were detected by goat
anti-biotin antibody (Vector Laboratories, Burlingame,
CA) and fluoresceinated anti-goat rabbit antibody (Bio-
sys, Compiegne, France). Chromosomes were counter-
stained with 0.1 mg/ml of propidium iodide.

Allelic Imbalances

DNA was extracted from clinical specimens. Formalin or
Bouin-fixed, paraffin-embedded tumor samples with cor-
responding normal tissues surrounding the tumoral tissue
were used. Normal and neoplastic tissues were identified
on H&E-stained tissue sections. Manual microdissection
of selected areas on serial sections was done. Ten slides
of 10-um sections were microdissected and DNA purified
as previously described.’® The markers used and their

chromosomal locations are listed in Table 2. Microsatel-
lite markers were detected by polymerase chain reaction
(PCR) amplification with standard methods, except that
samples were subjected to 35 cycles of denaturation for
40 seconds at 94°C, and 30 seconds of annealing. The
final extension step at 72°C was lengthened to 10 min-
utes. The magnesium concentration and annealing tem-
perature were optimized for each primer set. Products
were diluted 1:3 in denaturing loading buffer and then
heat-denatured; 1.5 ul of each sample was loaded on 6%
acrylamide gel containing 7.5 mol/L urea. DNA was then
transferred to nylon membrane filters. Probes (CA repeat
oligonucleotide or specific primer) were labeled with 32P-
dCTP. The membrane filters were hybridized overnight at
42°C with the labeled probe, washed, and autoradio-
graphed at —80°C for an appropriate period. For detec-
tion of Al, each tumor DNA sample was run in adjacent
tracks, together with corresponding normal-tissue DNA.
Normal DNA that was polymorphic at a given locus was
considered informative. The signal intensity of the frag-
ments was determined by means of densitometry and
blind inspection by three independent observers. Al was
considered to be present when the relative intensity of the
two alleles in tumor DNA differed from the relative inten-
sity in normal DNA. The reduction in signal intensity that
was observed for one allele with respect to normal tissue
DNA was 50 to 100%. Each analysis was performed at
least twice (independent PCR amplification, gel separa-
tion, and quantification).

Detection of PSA by Northern Blot Analysis

Denatured RNA in 50% formamide/2.2 mol/L formalde-
hyde and 1xX MOPS (3-(N-morpholino) propanesulfonic
acid buffer) were size-fractionated on a gel containing
1.2% agarose, 2.2 mol/L formaldehyde, 1X MOPS. RNA
was then transferred overnight to Hybond-N membrane
(Amersham Pharmacia Biotech, Uppsala, Sweden) by
the capillary method. The membrane was UV-crosslinked
(0.12 J/cm?) and baked 2 hours at 80°C. RNA were
prehybridized for 30 minutes at 68°C with the QuikHyb
hybridization solution (Stratagene, La Jolla, CA) and hy-
bridized overnight in this buffer at the same temperature.
After appropriate washing, the membrane was exposed
to Kodak AR X-ray film at —70°C using intensifying
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screens for 2 to 7 days. The *?P-labeled probe used was
generated by the random primer method from the exon 3
of the hKLK3 gene encoding PSA.

Detection of Micrometastasis by Reverse
Transcriptase (RT)-PCR

Brain, lung, and liver of mice bearing PAC120 tumors
were harvested 6 to 8 weeks after grafting and immedi-
ately frozen for subsequent RNA extraction. RNA was
prepared using a commercially available kit (Trizol, Life
Technologies). RT-PCR was performed using human
HOXB9,%° PSA primers,®" HER-2/neu primers {AGAGT-
GAATGTGTGTGGAGTTATGGTGT(S) and ATTCAGAGT-
CAATCATCCAACACATTT(AS)} and HOXA4 primers
{CATTCTCCGGTTCTGAAACCAGATC(S) and TGTAC-
CCCTGGATGAAGAAGATCC(AS)}. The quality of all RNA
was confirmed by ethidium bromide staining for ribo-
somal RNA and by RT-PCR using murine glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) primers
{GACCCCTTCATTGACCTCAACTACA(S) and CATGT-
GGGCCATGAGGTCCACCAC(AS)} as a control.

Growth of Xenografts, Orchidectomy, and
Hormone Deprivation

Tumor growth was assessed by measuring two perpen-
dicular diameters with a caliper. The volume of each
tumor was measured every 3 days. Tumor volume (V)
was calculated as previously described:?? V = a2 X b/2
where a is the width of the tumor in millimeters and b is the
length of the tumor in millimeters. Median of tumor vol-
umes was calculated by group of mice. The relative
tumor volume (RTV) was calculated as follows: RTV =
Vx/V1, where Vx is the mean tumor volume in mm? at any
given time and V7 is the mean tumor volume in mm?® at the
beginning of treatment. Tumor growth inhibition was cal-
culated as the ratio between the RTV in the treated group
and that of the tumors in the control group at a given time
X 100. Tumor growth rate was calculated as the median
time necessary to multiply by 5 the initial size of tumors.
The statistical significance of the differences between the
tumor volumes reached in each group was calculated
using Student's t-test. Mice were sacrificed when the
tumor volumes reached 2000 mm?®.

Bilateral orchidectomy was performed under anesthe-
sia. Castrated male mice were used as recipient for HID
variants of PAC120. Anti-androgen compounds were ad-
ministered subcutaneously in the flank of nude mice.
D-Trp®-luteinizing-hormone releasing hormone (LHRH)
(decapeptyl 3.75; Ipsen/Biotech, Paris, France) was ad-
ministered at a dose of 0.15 mg/kg, in the excipient
provided, once every 2 weeks. FE 200486, was obtained
from the Ferring Research Institute Inc., San Diego, CA.
FE 200486 was given every 2 weeks at a dose of 2 mg/kg
solubilized in 5% mannitol, in a 0.1-ml volume. Testoster-
one supplementation of castrated male nude mice was
done using testosterone pellets, 12.5 mg/pellet, 60-day
release (Innovative Research of America, FL), grafted

Clinical Events Therapy Biology
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Figure 1. Global scheme of clinical, biological, and experimental progres-
sion of the prostate cancer.

subcutaneously in the flank, a week after castration and
24 hours before tumor graft.

Testosterone Assay

Mice were treated and bled after different delays after
start of treatment, as indicated in the text. Twenty mice
were used as controls; 5 to 10 mice were included in
groups of treatment. The serum was discarded and se-
rum testosterone levels measured by radioimmunoassay
(Linco Res., MO), according to the manufacturer’s proto-
col. Data are expressed in median of pg/ml.

Clinical Findings

A 51-year-old man was admitted to our hospital with
dyspnea. Pulmonary radiography showed multiple lung
metastases and extensive investigation led to the discov-
ery of a prostatic neoplasm. The plasma PSA level was 16
ng/ml. A transurethral resection was performed and the
patient was treated with GnRH agonist and anti-andro-
gen. The PSA normalized (below 4 ng/ml, for 15 months),
but lung metastases remained unchanged. Different
combinations of chemotherapy were given to the patient
without any valuable benefit. Two years after diagnosis,
the plasma PSA increased to 10 ng/ml, whereas recurrent
hematuria with dysuria required a palliative transurethral
resection of a voluminous prostate cancer; tumor sam-
ples were grafted into male nude mice. The patient re-
ceived chemotherapy, associated with anti-androgen
therapy, without any effect. A few months later the patient
developed bone metastases in the hip and sacrum. The
patient died 36 months after diagnosis. The natural his-
tory of the disease is reported in Figure 1.

Results

Histological Examination and Markers of the
Clinical Samples and of Xenografts

Tumor tissue samples from the patient were examined at
two stages of the disease: at diagnosis, samples of the
lung metastases and of prostate tissue, and at the sec-
ond transurethral resection. In the initial biopsies, histol-
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Figure 2. Histology and immunohistochemistry of the prostate cancer from the patient and after xenografting. A and B: Second resection of a human primary
prostatic adenocarcinoma, composed of glands appearing irregular, fused, sometimes with a cribriform pattern [HES: original magnifications: X200 (A) and X400
(B)]. B: At higher magnification nuclei appeared enlarged with a prominent nucleolus. In C and D (HES; original magnification, X250), a focus of Gleason pattern
2 adenocarcinoma in the transition zone was prostate cancer, similar to that shown in A and B; tumoral glands are loosely packed, round, of medium size with
variability in shape with definite separation from each other by stroma, the cells have pale cytoplasm and are frankly nucleolated; immunostaining with anti-PSA
antibody was positive (D). E: Histology of the PAC120 xenograft shows a high-grade adenocarcinoma with gland lumens in some areas. Nucleoli are prominent

(HES; original magnification, X400).

ogy of the primary prostatic tumor showed a high-grade
adenocarcinoma with a Gleason score of 9 (5 + 4) (Fig-
ure 2, A and B). The neoplastic cells exhibited enlarged
nuclei with a prominent nucleolus. Fifteen mitoses were
counted per 10 high-power field. These same features
were found in the lung metastases. In the first resection,
a focus of prostate cancer with Gleason pattern 2 was
also present in the transition zone (Figure 2C), displaying
a high PSA staining (Figure 2D). The histology of the
sample obtained from the patient at the second resection
was very similar to the high-grade tumor.
Macroscopically, PAC120 xenograft showed a dense
purple tumor, highly vascularized. It consisted in Gleason
pattern 5 (Figure 2E); glandular differentiation was rare,

and mitotic index was high. Two weeks after surgical
castration, mitotic activity was absent; few necrotic areas
were detected, without evidence of apoptotic cells (Fig-
ure 2F). Immunohistochemistry performed on the clinical
tumor samples and the PAC120 xenograft (Table 1)
showed a very close immunophenotype, with a high ex-
pression of cytokeratin (KL1), epithelial membrane anti-
gen, and more focally CD57 antigen (Leu7). Scattered
tumor cells were positive for neurone-specific enolase in
the second resection and in PAC120. There was no stain-
ing for vimentin, chromogranin A, and synaptophysin.
PSA was found positive only in the focus of Gleason
pattern 2, found in the biopsy of the initial tumor (Figure
2D). The other samples were negative for PSA and pos-
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A
Direction of chromosome alterations evolution  ——fj
Pre-endoreduplication Pre or post endoreduplication Post-endoreduplication
den(X)(X;19) der(2)t(2;14) der(1)t(hsr1;8;17)
der(3)(3;17) del(6) i(4)p10)
der(5)(5;17) den(11)1(1;11) der(4)t(4;20)
add(5) der(22)1(Y;22) der(7)t(4;7)
der(8)(X;8) der(17;18) del(8)
del(9) der8(3;8)
der(10)t(8;10) i(9Xp10)
t(10;15) der(14)t(10;15)
-13 -14
der(17)t(5;15:17)
21
den(21)t(12;17;21),-der(12)
=22
B del(1)t(1;hsr;3;8;17)
8
der(1)hsr(1;17) 13
del(1)(p33) hsr(1;17)
der(11)t(1;11)
chromosomes 1
chromosome 11

Figure 3. Cytogenetic features of PAC120 xenograft. A: Reconstitution of the
karyotype evolution; a first group of alterations observed in two copies
occurred before endoreduplication; another group of alterations observed in
only one copy, in addition to the three copies of the parental homologous
chromosome, indicating that the alterations occurred after endoreduplica-
tion; for five rearrangements, this classification was not possible. B: Recon-
stitution of chromosomes 1 and 11 after painting.

itive for prostatic acid phosphatase (not shown). PSA
mMRNA transcript was highly expressed as a strong signal
in the 1.6-kb range was obtained when total RNA was
hybridized with a hKLK3 DNA probe by the Northern
blotting (data not shown). PSA was also detected in
PAC120 protein extract by Western blotting using a poly-
clonal anti-PSA antibody (data not shown) and by RT-
PCR as a 240-bp transcript. PSA was detected at a level
of 0.55 ng/ml in the serum of nude mice, bearing PAC120
tumors of 2200 mm? of median size.

Tumor Progression as Seen by Cumulative
Genomic Anomalies

Als were found in the DNA extracted from the clinical
samples from the biopsies of lung metastases performed
at the diagnosis and from samples obtained at the sec-
ond resection and in PAC120. The markers used are
listed in Table 2. They displayed two different profiles of
genetic alterations: only two Al of 8p21-22 and 16924
were detected in the lung metastases, four additional Al
(17921, 10g22-23, 13g12-g13, and 18g21) were found in
the recurrent tumor. The six Als were present in PAC120
xenografts.

Karyotype of PAC120 comprised 55 to 69 chromo-
somes of which approximately half were rearranged.
Most rearranged chromosomes were in duplicate. Al-
though no karyotypes were identical, most rearrange-
ments were observed in all karyotypes, indicating a rel-
ative stability.

The formula was: 55-69, —X, der(X)t(X;19)
(g24;?7)x2, del(1)(p33), hsr(1)}{p35;hsr(1;17)}, der(1)t(hsr1;3;
8;17)(1gter->1p35::hsr1;17::8?->87::3q13->3qter), der(2)t(2;
14)(g32;923), +3, der(3)t(3;17)(q13;023(x2, der(4)t(4;20)(p11;
qg12), i(4)(g10), —5, add(5)(q12)x2, der(5)t(5;17)(p12;922(x2,
del(6)(p22), +der(7)t(4;7)(022;g21), del(8)(q11g22), der(8)t(X;
8)(g23;p11)x2, +der(8)t(3;8)(q13;023), del(9)(p12)x2, +i(9)
(p10), der(10)t(8;10)(?;15(x2, der(10)t(10;15)(923;924), der
ADt(1;11)(g12,p15), —12,+der(12)t(12;19;21)(12g24->12p
11:19? ->197:21g11->21qgter)x2, —13, —15, +der(15)t(10;
15)(g928;025(x2, +del(16)(g?p?), add der(17;18)(q10;p10)
(g21), der(17)t(5;15;17)(17pter->17g22::15? ->157::5023->
Bater)x2, —19, del(20)(p11), —21, —21, —21, del(22)g11),
der(22)t(Y;22)(gq11;p12)+0-6 mar.

All of the rearrangements were confirmed with the use
of chromosome painting. Assuming a monosomic-type
karyotype evolution, the following scheme can be recon-
structed: at early stages, many chromosomes were rear-
ranged and/or lost, leading to an hypodiploid karyotype.
Endoreplication occurred, generating duplicate deriva-
tive chromosomes such as the der(3)t(3;17) and del(9),
among others (Figure 3A). Chromosome rearrangements
continued to occur after endoreduplication, leading to
either a single copy of new derivatives, such as the
del(8)gq11922), or complex single copy chromosomes
deriving from a previously formed and duplicated deriv-
ative such as the der(1)t,(1;3;8;17) probably derived from
the der(1)hsr(1;17) (Figure 3B).

Micrometastasis in Mice Bearing the PAC120
Xenograft

Search for micrometastasis was done by the RT-PCR
assay using human-specific oligomers of HOXB9, PSA,
and HER-2/neu. Micrometastases were detected in lungs
of mice bearing PAC120 xenografts. These three human
genes PSA, HER-2/neu, and HOXB9 were expressed in
seven distinct PAC120 xenografts (Figure 4), although at
variable levels. In lung extracts, PSA was detected in four
lungs, HER-2/neu in four, and HOXB9 in two. No human
gene signal was detected in the lungs of mice 1 and 2. In
lung extracts, expression of a murine GAPDH, was used
as a control of total deposited RNA. Finally, five lungs of
the seven tested displayed a positive signal correspond-
ing to the presence of human RNA; no signals were
detected in the RNA extracted from brain or liver of the
corresponding mice.

Androgen Dependence of PAC120 Xenogratfts,
Efficacy of Surgical and Pharmacological
Castration, and Hormone Escape

Initial reduction of circulating PSA after treatment with an
anti-androgen therapy indicated that the tumor was ini-
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Figure 4. mRNA transcripts of human PSA, HER-2/neu, HOXA4, and HOXB9
genes and of the murine GAPDH gene. mRNA was extracted either from
seven different primary xenografts of PAC120, collected at a size of 1.2 to 2
cm? or from corresponding lung.

tially hormone sensitive. PAC120 established in male
mice was not transplantable in castrated males or in
females. Surgical castration of mice bearing PAC120
tumors led to almost complete regression; however, all
tumors locally recurred, 160 to 220 days after castration
(Figure 5). Hormone-dependent PAC120 tumor-bearing
male mice were treated with the new GnRH FE 200486
(antagonist) and the long acting formulation D-Trp®-
LHRH (agonist) (decapeptyl 3.75). A single injection of 2
mg/kg of FE 200486 decreased the serum testosterone
level of 2669 to 104 pg/ml within 24 hours. Serum testos-
terone was decreased below 100 pg/ml for 9 days (Fig-
ure 6) and returned to normal level between day 16 and
day 23. FE 200486 treatment completely suppressed the
growth of PAC120 xenografts, as long as the treatment
was administered (Figure 7). When the treatment was
stopped after the fourth injection (at day 45), tumors
regrew 35 to 45 days later. Repeated injections of D-Trp®-
LHRH reduced transiently the serum testosterone level
(266 pg/ml 24 hours after the first injection) but less
efficiently than the antagonist (Figure 6). Decapeptyl pro-
duced a significant but modest growth inhibition (36% of
growth inhibition, optimal at day 42, P < 0.003).
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Figure 5. Relative tumor growth of PAC120 tumors, effects of surgical cas-
tration. PAC120 fragments were grafted into 10 male nude mice; 4 to 6 weeks
after grafting, tumors appeared; when the tumor size reached 500 mm? (on
average), the mice were surgically castrated (day 1). Individual growth
curves were established. Five mice sacrificed at day 100 displayed complete
regression; the five other mice survived to day 220, when they were sacri-
ficed. Mean tumor growth in control mice is shown (filled circles).
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Figure 6. Serum testosterone levels in nude mice, treated with D-Trp®-LHRH
(open squares) and FE 200486 (filled diamonds) as a function of time, as
medians. FE 200486 was diluted in 5% mannitol was injected as a single dose
subcutaneously at 2 mg/kg. GnRH superagonist D-Trp®-LHRH (decapeptyl
3.75) diluted in 5% mannitol was given daily, subcutaneously, at a dose of
0.15 mg/kg.

HID Variants of PAC120 Xenogratfts,
Morphological Changes, and Gene mRNA
Expression

PAC120 bearing mice were castrated when the local
tumor reached 250 to 500 mm?®. After several months,
HID tumors started to grow. Six HID variants were inde-
pendently derived, designated as HID25, -28, -33, -16,
-19, and -34. Recurrence latencies were, respectively, of
15, 7, 8, and 12 months for the two latter variants. Time
delays before the second passage in precastrated males
were of 3, 5, 5, 3, 4, and 6 months, respectively. HID28
tumors were transplanted either into intact or castrated
males. After transplantation, latency for tumor appear-
ance of HID28 tumors was 45 and 180 days, respectively,
and growth rate was 18 and 35 days. Testosterone de-
livered by slow-releasing pellets in castrated males in-
creased similarly the growth rate of HID tumors (data not
shown). HID tumors were studied at the second passage;
the microscopic pattern of HID33 (Figure 8A) was close
to that of the hormone-dependent PAC120 tumor, some
glandular structures were still present, the mitotic rate
was high. HID19 (Figure 8B) consisted in large sheets of
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Figure 7. Individual growth curves of PAC120 established in male nude
mice; effects of FE 200486 on the growth of mice. FE 200486 diluted in 5%
mannitol was administered subcutaneously at a dose of 2 mg/kg, every 2
weeks. For five mice, the treatment was stopped after the fourth injection
(dotted lines), or continued for five others (solid lines). The average
growth control is shown (filled circles).
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Figure 8. Histological features of hormone-independent recurrences of PAC120, the HID xenografts, at the second transplantation in castrated male (HES; original
magnification, X400). A: HID33, a microscopic pattern close to that of the hormone-dependent PAC120 tumor. B: HID19, large sheets of tumor cells, without
glandular differentiation. C: HID-34, focal neuroendocrine-like pattern. D and E: HID-28 and HID-25, mixed forms composed of well-limited mucoid cell areas
contiguous with areas morphologically similar to PAC120. F: HID25, a fully mucoid adenocarcinoma.

pleomorphic tumor cells, without glandular differentiation.
HID34 tumors were characterized by a focal neuroendo-
crine-like pattern (Figure 8C); HID28 and HID25 pre-
sented mixed forms composed of well-limited mucoid cell
areas contiguous with areas morphologically similar to
PAC120 (Figure 8, D and E), or as fully mucoid tumors
(Figure 8F).

Expression of mMRNA transcripts of PSA tested by RT-
PCR was variable whereas that of HER-2/neu and HOXB9
were constant (Figure 9). Five of the six distinct HID25
tumors expressed PSA, but at variable levels. HID16 and

HID34 expressed the 240-bp transcript of PSA, whereas
HID19 and HID33 did not. Levels of PSA in the serum of
mice bearing HID variants was 0.26 ng/ml and below
detection threshold, respectively.

Discussion

We report here the case of a patient with prostate cancer,
with a classical progressive disease, although atypical
for its initial presentation of lung metastases and because
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Figure 9. mRNA transcripts of human PSA, HER-2/neu, and HOXB9 genes.
mRNA was extracted from hormone-independent tumors. Products of RT-
PCR of six different HID-25 tumors were deposited into lanes 8 to 13, HID
33, HID-16, HID-19, and HID-34 into lanes 14 to 17, respectively.

of his young age. After transurethral surgery and anti-
androgen therapy, the patient succumbed at the end of
the third year with recurrence of the primary tumor and a
wave of bone metastases. This clinical history comprises
the two key events in the evolution of prostate cancers, ie,
escape from hormone dependence and metastatic dis-
semination. We characterized some biological features of
this tumor at different steps in its progression, which was
further prolonged by xenografting in nude mice. This
allowed us to evaluate the pertinence of correlation be-
tween biological markers and tumor progression.

Disease progression is linked with genomic instabili-
ty.2%2* We observed here two waves of metastatic dis-
semination: firstly, massive lung involvement that did not
progress for 3 years under anti-androgen treatment; then,
later, bony metastases that grew rapidly, preceding
death by a few months. These two waves of dissemina-
tion did not have the same prognostic significance and
seemed to be related to different genetic events, the
second wave corresponding to an increased genomic
instability.

A link between metastatic dissemination and hormone
independence is currently observed and has been repro-
duced experimentally.?2 However, this case report illus-
trates the complexity of such a relationship. During the
first phase of the disease, lung metastases appeared
long before escape from hormone deprivation. The sec-
ond wave of metastases occurred as the primary tumor
recurred under anti-androgen treatment. Thus, meta-
static dissemination to bones and hormone dependence
would be correlated, at the opposite of metastatic dis-
semination to lungs which was not.

Although escape from hormone deprivation is consid-
ered to be an endpoint, which is clinically true, this does
not mean that transition to hormone independence is an
irreversible event. Moreover, clinically, the disease pro-
gressed under anti-androgen therapy, whereas the tumor
was not transplantable into castrated animals, demon-
strating that it was still hormone-dependent. This could
indicate that the hormone deprivation was not sufficient in
the patient to inhibit the growth of his tumor. Our exper-
imental study suggests that growth of hormone-indepen-
dent variants in castrated males results either from an
adaptation to hormone deprivation, or to a selection of a
pre-existing subpopulation of HID cells, as emphasized
by Isaacs and Coffey®®, but not from a deficiency of
androgen-dependent pathways because they are still
able to benefit from hormone supply when grafted into
intact male mice.
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The validation of this model benefits of the comparison
with the original tumor. The histology of the first transure-
thral resection revealed that the main part of the tumor as
the recurrent one was of high grade. The histological
grade of the xenograft was also high. Transcripts of PSA,
a prostate-specific protease of the kallikrein family, were
detected in PAC120; Western blotting confirmed the
presence of the encoded protein. PAC120 formed micro-
metastases in the lungs of nude mice although no mac-
roscopic metastases were detected.

The proliferation index was high in PAC120. A corre-
lation between the Ki67 index and a high Gleason grade
has been reported.?®2” The high Ki67 positivity of the
PAC120 is surprising, given to its relatively slow growth.
PAC120 did not express bcl-2, and had a mutated p53
(data not shown). KAI-1/CD82,%® a marker repressed in
metastatic cell lines, was not expressed. In the clinical
samples and in PAC120, only dispersed neuroendocrine
cells were identified both before and after endocrine
therapy. After hormone escape, one HID variant dis-
played a neuroendocrine-like pattern. Neuroendocrine
differentiation was observed in prostate cancer, corre-
lated with tumoral aggressiveness, short survival, and
early failure of endocrine therapy.?® Mucoid differentia-
tion was observed in two of the six HID variants. Muci-
nous adenocarcinoma is a rare subtype of prostate can-
cer and is considered as poor responder to hormone
therapy.3° On the other hand, production of neutral mucin
assessed by histochemistry is frequent, found in up to
55% of prostate carcinomas.®’

Karyotype of PAC120 was near-triploid, resulting from
multiple alterations. Most rearranged chromosomes were
in duplicate, indicating that this tumor underwent a tet-
raploidization and should be considered as hypotet-
raploid. In karyotypes reported in the literature, chromo-
somes 1, 3,5, 8, 10, 17, 19, and Y are recurrently lost or
rearranged.®273* Deletion of chromosome 10 in the g24
region was first noticed by Atkin and Baker®® and was
associated to PTEN gene mutation.®¢3” Loss of the chro-
mosome 8p arm suggests the presence of another sup-
pressor gene.®® Losses of heterozygosity were de-
scribed at specific regions of chromosome arms 5q, 6q,
79, 8p, 10qg, 13qg, 16qg, 179, and 18, where genes con-
sidered as critical for tumor progression, such as a-cate-
nin, E-cadherin, BRCA1, BRCA2, and PTEN, are located.
In the late resection sample, Als were detected at six loci,
including 8p21-22, 10g22-g23, 13q12-gq13, 16924,
17921, and 18g2. Because five of these six chromo-
somes were found as two copies, in hypotetraploid cells,
it is likely that they derived from the duplication of one
parental chromosome. The Als found in PAC120 exactly
reproduced the profile of Als detected in the tumor sam-
ple obtained from the patient at the second resection.
Interestingly, the initial lesions from the biopsy of the lung
metastases displayed only two of these loci, 8p21-22 and
16924, whereas these lesions did not progress. Con-
versely, DNA from the recurrent tumor displayed an ac-
cumulation of Als. These anomalies might be associated
with the aggressive progression of the disease.

The initial biopsy revealed co-existence of foci of dif-
ferent grades: a small focus of low-grade, PSA-positive,
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of the transition zone type, and large infiltrate high-grade
adenocarcinoma. Co-existence of foci of different grades
in the same tumor has been reported previously.®® This
observation suggests that either an initial focus has
evolved to a less differentiated one, or there were initially
two distinct tumors. Prostate cancer is a hormone-depen-
dent cancer and this is the therapeutic basis of the use of
androgen deprivation. Escape from androgen depriva-
tion is a facet of tumor progression. Mutations of andro-
gen receptors have been incriminated but they are not
always associated with loss of function and finally are not
recognized as the main mechanism of hormone es-
cape.*°

In our study, the original tumor was hormone-depen-
dent. Disease progression in the patient could be inter-
preted as a loss of hormone dependence, ie, there was
tumor growth despite anti-androgen therapy. Yet,
PAC120 was still hormone-dependent, which is surpris-
ing because of the inefficiency of the anti-hormone ther-
apy in the patient. This suggests that, in some cases, the
dogma that late progression of prostate cancers is be-
cause of an irreversible escape from hormone depen-
dence is wrong and that the final stage of this disease
could be because of mechanisms involving a metabolic
adaptation of tumor cells. Our data showed that hormone
supply in the castrated male accelerated growth rate of
HID tumors, demonstrating that androgen receptors were
still functional, and that the HID tumors were still hormone
sensitive.

FE 200486 is a new competitive antagonist of the
GnRH receptor that has been shown to produce an im-
mediate and sustained inhibition of the release of gona-
dotrophins and sex steroids in rats and monkeys. In rats,
a single injection of FE 200486 at 2 mg/kg can suppress
testosterone down to castration level for more than 40
days.*’ In nude male mice, a single injection of FE
200486 at 2 mg/kg suppressed testosterone level and
suppression was maintained for 2 weeks. The level of
testosterone in mice treated with repeated administra-
tions of D-Trp®-LHRH decreased, the maximal efficacy
being obtained after 24 hours, but it increased rapidly.
The remarkable anti-tumoral efficacy of FE 200486 as
compared to that of decapeptyl provides insights into the
activity mechanism of such compounds and the possible
processes of escape: the hormone has to be rapidly and
highly suppressed, and efficiently maintained at a con-
stant low level. A direct inhibitory effect of FE 200486 on
tumor growth, as shown by Lamharzi and colleagues*®
with another GnRH antagonist, was ruled out by its inabil-
ity to inhibit the growth of HID xenografts, although
PAC120 and its HID variants expressed the GnRH recep-
tor gene, as detected by RT-PCR (data not shown). Thus,
FE 200486 reproduced the effects of surgical castration.

Surgical castration did not cure the mice, despite initial
regressions of the xenografted PAC120 tumors. Recur-
rent growth of PAC120 under testosterone deprivation
indicates a change in the biology of this tumor. These
changes were evidenced by alterations of mRNA expres-
sion of PSA (decreased) and HER-2/neu (increased);
PSA mRNA expression was found in all hormone-depen-
dent tumors but not in all HID. HER-2/neu mRNA expres-

sion was found in all tumors but was lower in PAC120
tumors, showing that mRNA expression of PSA and HER-
2/neu was not correlated, as observed in other studies.*®
Expression of HOXB9 was constant in all tumors.

Candidates for molecular determinants supporting
growth of HID tumors, as reviewed by Djakiew,** include
fibroblast growth factor,*® epidermal growth factor, and
epidermal growth factor receptor mutations,*® fibroblast
growth factor,*® HER-2/neu tyrosine kinase,’**3 IGF-BP
or IGF growth factor*”“® and PDEF, (prostate-derived Ets
factor), a novel prostate epithelium-specific Ets transcrip-
tion factor, which interacts with the androgen receptor
and activates PSA genes in an androgen-dependent or
-independent manner.*® All together, these different
studies implicate the role of PSA-regulation, HER-2/neu,
MAP-kinase, and insulin growth factor and insulin growth
factor binding protein proteins, in complex signal cas-
cades;° %" this is conforted by the cDNA and tissue array
techniques of Bubendorf and colleagues,*® which de-
tected high expression of IGFBP2 and HSP27.

In conclusion, we have extensively characterized
PAC120, a hormone-dependent human prostatic tumor,
as a prolongation of a clinically growing tumor. As a
prostate cancer, it was peculiar because of the relatively
young age of the patient, the ability of the tumor to be
transplanted into nude mice, and its persistent hormone
dependence even though it was derived after clinical
escape to androgen therapy. It is thus representative of
aggressive metastatic prostate cancers. We have used
this model to test therapeutic approaches. This model
allowed us also to derive several HID variants that could
lead to further study mechanisms of adaptation to hor-
mone deprivation of prostate cancers.
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