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ABSTRACT

Difficulty in establishing long-term human prostate epithelial cell lines
has impeded efforts to understand prostate tumorigenesis and to develop
alternative therapies for prostate cancer. In the current study, we describe
a methodthatwassuccessfulin generating14inunortalbenignor malig.
nant prostate epithelial cell cultures from primary adenocarcinomas of
the prostate resected from six successive patients. Immortalization with
the E6 and E7 transforming proteins of human papilloma virus serotype
16wasne@ssaryto establishlong.termcultures.Microscopicexamination
of fresh tumor specimens exhibited a variable mixture of benign and
malignant epithelium. Thus, single-cell cloning of tumor-derived cell cal

tures was essential for defining tumor cell lines. Efforts to characterize
these cultures using traditional criteria such as karyotype, growth in nude
mice, and prostate-specific antigen expression were noninformative. How
ever, allelic loss ofheterozygosity (LOH) represents a powerful alternative
method for characterizing tumor cell lines originating from primary
adenocarcinomas of the prostate. Microdissected fresh tumors from four
of six patients revealedLOH at multiple loci on chromosome8p, as
assessed by PCR. LOH on chromosome Sp matching the patterns found in
microdissected tumors was also observed in a tumor-derived cell line and
its clones, as well as in one clone from a tumor-derived cell line from a
second patient. LOH was not observed in immortal lines generated from
autologous benign prostatic epithelium, seminal vesicle epithelium, or
fibroblasts. The multifocal nature of prostate cancer, as well as the

presence of an entire spectrum of malignant transformation within mdi
vidual prostate glands, necessitates this type of careful analysis of deny
alive cell culturesfor their validationas in vitromodelsthat accurately
reflect the primary cancers from which they are derived.

INTRODUCTION

In recent years, prostate cancer has emerged as the most commonly
diagnosed cancer in men in the United States. In this year alone, new
cases of prostate cancer are estimated to approach 300,000 with more

than 40,000 deaths, resulting in a cancer mortality rate second only to
lung cancer (1). Although prostate cancer mortality commonly results
from metastatic disease, nearly 60% of newly diagnosed patients
present with localized primary tumors. Surgery and radiation therapy
are often effective in treating localized disease, but disseminated
metastatic disease is largely untreatable. Despite considerable scien
tific effort, relatively little is known about the biological events
causing the initiation and progression of prostate cancer. The devel
opment of new strategies for the treatment of adenocarcinoma of the
prostate necessitates an increased understanding of the cellular and
molecular events involved in the generation of primary prostate can
cer and its meta.static progression.

Rodent models have provided valuable insights into the biology and
pathology of primary prostate cancer, as well as useful systems for
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assessing novel treatment strategies in vivo (2). However, transferring
information to the human disease situation has often proved difficult.
Therefore, the generation of immortal human prostate epithelial cell
cultures that accurately reflect the in situ characteristics of benign or
malignant prostatic epithelium is imperative. To date, only four prostate
cancer cell lines, initiated from metastatic lesions, have provided the basis
for the majority of in vitro experiments concerning the biological and
molecular events regulating prostate tumorigenesis. Extensive progress
has been made toward the in vitro cultivation of short-term lines from
primary (nonmetastatic) prostate cancers. These advances have included

culture media development and improvements in fresh tissue preparation
and prostate epithelial cell culture techniques (3, 4). However, the estab
lishment and maintenance of long-term human prostate epithelial cell
lines from primary tumors have been unsuccessful in the absence of in
vitro immortalization. To this end, only a small number of reports
describing long-term immortalized cell lines exist, and these have been
limited to normal prostatic epithelial cultures (5â€”8).Thus, the goal of the

current study was to develop reliable methods for generating and char

acterizing continuously proliferating prostate cancer cell lines derived
from primary tumors.

Beyond the difficulties inherent in establishing immortal prostate
epithelial cell lines are the problems associated with distinguishing
cultivated prostate cancer from normal epithelial cells. Past cytoge
netic evaluation of multiple, short-term prostate epithelial cell cultures
has revealed that the majority of lines generated from localized

prostate cancers exhibit a normal male karyotype (9â€”II). This, com
bined with the unremarkable microscopic morphology of short-term
cultures and a pervasive lack of success with xenotransplantation, has
rendered accurate identification and characterization of human pri
mary prostate cancer cell lines extremely difficult.

The initiation of prostate cancer is believed to occur as a result of
multiple genetic changes within the cell, including the inactivation of
potential tumor suppressor genes as manifested by allelic chromosomal

deletions (reviewed in Ref. 12). Early studies examining chromosomal
deletions in fresh (noncultured) primary prostate cancer specimens ex
hibited allelic LOH3 on chromosomes 8p, lOq, and l6q (13â€”IS).Subse
quent studies confirmed a remarkably high percentage of allelic loss on
the short arm of chromosome 8, thus moving chromosome 8p to the
forefront of the list of potential sites for prostate cancer-associated tumor
suppressor genes (16â€”18).Moreover, recent examinations of 99 micro
dissected tumors (19) and 54 microdissected PIN lesions (20) for LOH on

the short arm of chromosome 8p demonstrated strong evidence for the
inactivation of a tumor suppressor gene(s) on chromosome 8pl2-2l when
compared with matched normal controls. Accordingly, examination of
LOH within this minimal deletion region on chromosome 8pl2-2l rep
resents a potentially powerful alternative method for the identification

and characterization of human prostate epithelial cell lines derived from
primary tumors. In this study, we describe the successful generation and
unique genetic characterization of multiple immortalized human tumor
cell lines derived from primary adenocarcinomas of the prostate.

3 The abbreviations used are: LOH, loss of heterozygosity; PIN, prostatic intraepithe

hal neoplasia; FBS, fetal bovine serum; PSA, prostate-specific antigen; PAP, prostatic
acid phosphatase; PBL, peripheral blood lymphocyte; BPH, benign prostatic hyperirophy.
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MATERIALS AND METHODS

Initiation of Primary Cell Cultures. Tissue specimens used for generat
ing cell lines were obtained from six consecutive patients undergoing radical

prostatectomies at the National Cancer Institute for treatment of intermediate
to high-grade localized prostate cancer (Gleason grades 6â€”8,tumor stages
T2C to T3C). Fresh prostatectomy specimens obtained directly from the

operating room were dissected under sterile conditions by an experienced

pathologist. Tissues designated as normal prostate, prostate cancer, or normal
seminal vesicle on gross inspection were dissected separately for the purpose
of generating cell cultures. Cultures were initiated by mechanical disruption
(< 1-cm diameter fragments) or enzymatic digestion (>1-cm fragments; Ref.

21). Specimens from patients 1510 and 1512 were prepared by enzymatic

digestion, whereas other cultures were initiated by mechanical disruption. For

enzymatic digestion, minced tissue was suspended in 100 ml of digestion

medium and left on a stir plate overnight at room temperature. The resulting
single-cell suspension was then washed with sterile PBS, resuspended in
growth medium (see below), and dispensed into 6-well plates coated with type

I rat tail collagen (Collaborative Biomedical Products, Bedford, MA). For
mechanical disruption of specimens, tissue fragments were carefully minced

into 2â€”3-mm cubes in a small volume of growth medium, and the resultant

slurry of tissue and cells was dispensed into 6-well plates. All cultures were
initiated in a volume of 1 ml per well and incubated at 37Â°C,5% CO2. They
were not disturbed for 2â€”3days to allow viable cells and tissue chunks to settle
and attach to the plates. Then, the unattached debris was carefully aspirated,
and wells were refed with 3â€”5ml of fresh medium. Culture medium was
routinely replaced every 2â€”4days, and proliferating adherent cells were
passaged after detachment with trypsin. Established growing cultures were

maintained in tissue culture flasks (Falcon, Becton Dickinson, Lincoln Park,
NJ). Growth medium for prostate and seminal vesicle epithelial cell lines

consisted of keratinocyte serum-free medium (Keratinocyte-SFM, Life Tech

nologies, Grand Island, NY) containing 25 @g/mlbovine pituitary extract, S

ng/ml epidermal growth factor, 2 mr@iL-glutamine, 10 m@i HEPES buffer,

antibiotics, and 5% heat-inactivated FBS (Biofluids, Rockville, MD). For the

initiation of epithelial cultures from fresh tissue specimens, the concentration
of FBS was reduced to 1â€”2%,and/or cholera toxin (Sigma, St. Louis, MO) was
added at 10â€”20ng/ml to guard against outgrowth ofcontaminating fibroblasts.
In the rare event that fibroblasts persisted in epitheliabcell cultures, differential
trypsinization (incubation for 1â€”2mm at 37Â°C, followed by washing away

detached fibroblasts to leave the more adherent epithelial cells) was extremely
successful in achieving pure epithelial cell cultures.

Autobogous fibroblast cell lines were generated from mechanically dis

rupted benign prostate stromal tissue and cultured in RPMI 1640 containing
10% heat-inactivated FBS. Autobogous EBV-transformed B-cell lines were
generated using standard techniques and cultured in RPMI 1640 + 10% FBS.

Metastatic Prostate Cancer Cell Cultures. The adherent cell lines LN
CaP, DU145, PC-3 (American Type Culture Collection, Rockville, MD), and
TSU-Prl (kindly provided by Dr. William Isaacs, Johns Hopkins University,
Baltimore, MD) were maintained in RPM! 1640 supplemented with 10% FBS.

Immortalization of Primary Cell Cultures. Cell culture immortalization
was accomplished by transduction of actively proliferating cells with a recombi
nant retrovirus encoding the E6 and E7 transforming proteins of human papilloma

virus serotype 16 and the eukaryotic selection marker neomycin phosphotrans
ferase, designated LXSN16E6E7 (generously provided by Dr. Denise Galloway,
Fred HutchinsonCancer Research Center, Seattle, WA; Ref. 22). In preparation
for immortalization, short-term epitheliab cell cultures (culture passages 1â€”3)were

split I :2 and allowed to reattach in 6-well plates for at least 48 h, yielding cultures

that were 50-60% confluent. Transduction with the LXSN16E6E7 retrovirus was
accomplished by replacing the culture medium with culture supernatant collected

from the retrovirus producer line PA317, in the presence of 10 j.tg/mlDEAE
dextran (Sigma), for a period of 24 h.

Single-Cell Cloning of Immortalized Cell Cultures. Clonal populations
of immortal epithelial cell cultures were generated for use in LOH character
ization studies. Briefly, confluent cell cultures were harvested with trypsin,
washed, and counted. Cells were serially diluted to a concentration of 2â€”5

cells/mI in keratinocyte growth medium (see above) and dispensed into 8â€”10

individual 96-well flat-bottom microculture plates at 200 pi/well. Confluent

wells originating from dilutions of < 1 cell/well were expanded to 24-well
plates to ensure enough cells for DNA extraction and cryopreservation.

Immunocytochemical Analysis. For immunocytochemical studies of im
mortalizedculturedcells, cells were harvestedwith trypsin,washed,and pelleted.
Cell pellets were subsequentlyfixed in 10%buffered formalinand embedded in
paraffin. Fresh tissue sections from prostate specimens were also fixed in formalin
and paraffinembedded.Five-sm sections were prepared from fresh tumor spec
imens or cultured cell blocks and mounted on charged slides (Fisher Scientific,
Pittsburgh, PA; Ref. 23). Immunocytochemistry was performed using the avidin

biotin peroxidase complex method with the following primary antibodies: mono

clonal or polyclonal antihuman PSA (DAKO Corp., Carpenteria, CA); polyclonal
antihumanPAP (DAKO Corp.); antihumancytokeratinCAM 5.2 (Becton-Dick
inson, San Jose, CA); and antihumancytokeratin AE1/AE3 (Boehringer-Mann
heim, Indianapolis,IN). Cell lines and tumor tissuesectionswere evaluatedbased
on the percentageof cells staining(<25%, 25-50%, 50â€”75%,or >75%), as well
as staining intensity (1 + to 4+).

Flow Cytometry. For future studies and further characterization, it was of
interest to determine the extent of expression of surface molecules of immu
nologic importance on the long-term prostate epithelial cell lines. Immortalized
cell cultures were harvested and stained with the following monoclonal anti
bodies: CD54 (anti-ICAM-1), CD8O (anti-B7.I), CD86 (anti-B7.2; Becton
Dickinson), W6/32 (anti-HLA-A,B,C,), and L243 (anti-HLA-DR) (American
Type Culture Collection; Ref. 21). To enhance surface expression of MHC
molecules, cells were cultured in the presence of IFN-'y 500 units/mI for 72 h
before flow cytometric analysis.

Microdissection and DNA Extraction. Microdissection of selected foci of
normal prostate epithelial cells or invasive tumor cells from frozen tissue
sections was performed under direct light microscopic visualization as de
scribed previously (24â€”26). Briefly, unstained 5-@.tmhistological tissue sec
tions were prepared on glass slides. The adjacent section was stained with
H&E. Specific cells of interest were selected from the eosin-stained slides and
microdissected from the unstained slide using a disposable, modified 30-gauge
needle. DNA was extracted from 1â€”5X l0@cells procured by microdissecting
regions less than 2 mm in diameter to minimize the potential effects of cellular
heterogeneity. DNA was also extracted from 1â€”5X l0@ cells obtained from

actively growing immortalized cultures. Cells were immediately resuspended
in a solution (20 pi for microdissected cells or 200 p.1 for cultured cells)

containing 0.01 MTris-HCI (pH 8.0), 1 mM EDTA, 1% Tween 20, and 0.1
mg/mb proteinase K, and incubated overnight at 37Â°C. After incubation, the

mixture was boiled for 5â€”10mm to inactivate the proteinase K and stored at

4Â°Cfor subsequent PCR analysis.
Detection of LOH. The polymorphicDNA markersstudiedfor the detection

of LOH on chromosome 8pl2-2l included: SFTP-2, D8S133, D8S136, NEFL,
D8S137,D8S131,D8S339,andANK.PCRwas performedasdescribedpreviously
(19). Briefly, 12.5-pAPCR reactionmixturescontained200 p.MdATP,dGTP, and
dTFP; 40 p.M dCTP; 0.8 mrsi primers (Research Genetics, Huntsville, AL, or
synthesized on an Applied Biosystems DNA synthesizer); 2 MCi [a-32PIdCTP; 16

p@Mtetramethylammonium chloride (27); 1X PCR reaction buffer (containing 1.5

mM MgC12); and 1 unit of Taq polymerase (Boehringer Mannheim). Five percent

DMSO was added to reactionsfor the markers D8S133and D8S137 to improve
the amplification and resolution of the products. Reactions with all markers were

performedas follows:2 mm at 95Â°C,followedby 28â€”40cycles (dependingon the
marker) of annealing and extension (95Â°Cfor 30 s, annealing temperature for 30 s,
and 72Â°Cfor 30 s) and a 2-mm incubationat 72Â°C.Annealingtemperaturesfor
each marker were determined empirically after an initial estimate based on primer

length and composition.

The labeled amplified DNA samples were denatured for 5â€”10mm at 90Â°C
and loaded onto a gel consisting of 7% acrylamide (30:0.8 acrylamide:bisac

rylamide), 5.6 M urea, 32% formamide, and 1X TBE (0.089 M Tris (pH 8.3),
0.089 M borate, and 0.002 M EDTA; Ref. 28). Samples were electrophoresed

at 95 W for 2â€”4h. Gels were then transferred to sequencing gel filter paper
(Bio-Rad), and autoradiography was performed with Kodak X-OMAT film.
The criterion for LOH was at least 75% loss of one allele compared with an
autologous fresh PBL control, as determined by direct visualization by three

independent investigators. When sufficient DNA was available, LOH was

verified with at least two independent experiments.

RESULTS

Tissue Procurement for Cell Culture. Aware of the historical
difficulties associated with generating immortal prostate cancer cell
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malignant tissue; thus, culture morphology was not a useful criterion for
distinguishing benign from malignant cells (Fig. 18).

To confirm the epithelial and prostatic origins of the prostate
derived cell lines, immunocytochemistry was performed on cell
blocks from actively growing immortalized cultures. Both high and
low molecular weight cytokeratins were expressed by all of the
epithelial cell lines initiated in our laboratory, including those derived
from normal prostate, normal seminal vesicle, and prostate cancer
specimens. More than 75% of cells stained with 4+ intensity, similar
to staining observed with the established metastatic prostate cancer
cell lines LNCaP, DU145, PC-3, and TSU-Prl . Thus, the epithelial
origin of these cultures was confirmed. No significant cytokeratin
expression was observed in control fibroblast lines or melanoma cells
(data not shown).

Although positive cytokeratin expression indicated that cell lines
generated from primary prostate cancer specimens were in fact epi
thelial in origin, it was also of interest to assess expression of the
prostate-associated proteins PSA and PAP by these cultures. Only the
immortalized prostate tumor-derived cell line generated from patient
1519 (l519-CPTX) expressed detectable levels of these proteins
(>75% of cells staining with 2â€”3+intensity, and >75% with 4+
intensity, respectively) after five culture passages. However, after 30
culture passages, expression of PSA and PAP was no longer detect
able in 15l9-CPTX. Furthermore, expression was not inducible in late
passages of this cell line by IFN-'y, 5-aza-2'-deoxycytidine, or dihy
droxytestosterone (data not shown). Immunohistochemical examina
tion of fixed prostate cancer tissue sections for the expression of PSA
and PAP often showed weak and heterogeneous staining of tumor
cells, with some tumor foci demonstrating no detectable expression of
these proteins. In contrast, all normal glands in the same microscopic
sections stained strongly and uniformly for PSA and PAP (Fig. 2).
The sometimes weak, heterogeneous expression of PSA and PAP by
prostate cancer cells in situ may explain the absence of expression in
our immortalized prostate tumor-derived cell lines. However, lack of
expression in our benign prostate epithelial cell lines does not corre
late with the strong expression observed in the corresponding tissue
sections, indicating that loss of PSA and PAP expression may also
occur as a consequence of in vitro cell culture.

Examination of Chromosome 8p for LOH in Microdissected
Tissues. As noted above, our â€œprostatecancerâ€• cell lines were in most

cases actually derived from tissue samples containing a mixture of

benign and malignant cell types (Table 1). Because all cultures re
quired retroviral transformation to induce long-term proliferation, and
because benign and malignant transformed prostatic epithelial cells
were indistinguishable on morphological and histochemical grounds,
we investigated the use of LOH analysis as an alternative means of
characterizing our newly established cultures. To direct our studies of
cultured cell lines, LOH on chromosome 8pl2-2l was first assessed in
microdissected foci of tumor or normal epithelial cells from the
corresponding fresh tissue sections. A panel of eight microsatellite
markers, shown previously to detect a high percentage of LOH in
microdissected prostate cancer specimens ( 19), was selected to iden
tify chromosome 8p deletions. Hypothesizing that microscopically
normal-appearing cells might contain LOH as a precursor to malig
nant transformation, we used cryopreserved fresh autologous PBLs as
the normal controls for LOH analysis. All six patients proved to be
heterozygous (informative) at four or more of the eight loci examined
upon analysis of DNA from fresh PBLs. However, for two patients
(1519 and 1532), microdissected tumor specimens did not yield evi
dence of LOH, indicating that LOH analysis might not be useful in
characterizing cell cultures derived from those specimens (Table 2). In
contrast, microdissected tumors from patients 15 10 and 1512 demon
strated LOH at all examined informative loci. For patient 1535, six
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Table 1 Microscopic anai@vsisoffresh prostate tissue specimens

% Total cellsâ€•

â€˜,Estimation from microscopic examination of 10â€”20 high-power fields.

b Grossly dissected by an experienced pathologist.

C A mixture of cell types.

d Eighty percent of specimen consisted of benign fibromuscular stroma.

e One microscopic focus of cancer noted.

lines from primary (nonmetastatic) specimens, we initially selected
the largest grossly apparent tumor nodules (1â€”3cm diameter) as the
fresh tissue source for generating cultures. Subsequent microscopic
analysis of the immediately adjacent tissue sections from the first
three attempts (patients 1510, 1512, and 1519) revealed that â€œtumorâ€•

specimens actually contained a variable mixture of benign prostatic
epithelium, BPH, PIN, and invasive tumor cells. However, â€œnormalâ€•
specimens from patients 1512 and 1519 consisted entirely of benign
prostatic epithelium (Table 1).

To increase the likelihood of obtaining pure tumor tissue for start
ing tumor cell lines from subsequent patients, smaller tissue fragments
(< 1 cm) wereprocured,with neighboringsectionsdesignatedfor
tissue culture, and frozen and paraffin sections. In addition, whenever
possible, multiple, distinct tumor tissue fragments were selected from
individual specimens for culture initiation. By using these more strmn
gent conditions, it was possible to obtain tissue sections containing at
least 95% neoplastic cells (PIN plus invasive cancer) in six of seven
attempts on three radical prostatectomy specimens (patients 1532,
1535, and 1542). In addition, tissue fragments suitable for initiating
three benign prostate epithelial cell lines and two benign seminal
vesicle epithelial cell lines were successfully dissected from these
radical prostatectomy specimens (Table 1).

Immortalization and Immunocytochemical Characterization of
Prostate-derived Cell Lines. All but 1 ofthe 17 tissue specimens listed
in Table 1 (normal prostate from patient 1519) were readily established in
short-term culture. However, cell proliferation was relatively slow, and in
vitro immortalization ofepithelial cell cultures was necessary to establish
actively growing cultures capable of surviving beyond 5â€”6weeks. Ad
herent monolayer cultures were transduced at the second or third passage

with a recombinant retrovirus encoding the E6 and E7 transforming
proteins of human papilloma virus serotype 16, resulting in the establish
ment of 16 long-term epitheial cell lines: 4 derived from normal prostate,
2 from seminal vesicle, and 10 from primary tumor specimens. In
addition, immortal fibroblast lines initiated from prostatic stroma in four
patients were established. Thus, 20 of 20 attempts to immortalize cell
lines derived from a variety of tissue types were successful. Successful
transduction was confirmed by cell survival in 0418 at a concentration of
I mg/mi and by extended cell viability and rapid proliferation beyond 50
culture passages when compared with nonimmortalized cells cultured in
parallel (Fig. 1A). Microscopically, all immortalized prostate epithelial
cell lines exhibited a similar morphology, whether derived from benign or
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Fig. 1. Morphological and growth characteristics
of an immortalized prostate epithelial cell line. A,
immortalization with the retrovirus LXSNI6E6E7
was necessary to achieve continued proliferation of
culture 15l0-CP, initiated from a prostate cancer
specimen. Cells were transduced (1510-CPTX) or not
(1510-CPNV) at culture passage 3, and proliferation
in 24-well plates was monitored at passages 10 and 5,
respectively. B, photomicrograph of l510-CPTX af
ter 10 culture passages ( X200, phase contrast). This
culture appearance is typical of other prostate epithe
hal cell lines generated from benign or malignant
specimens.

Days

distinct microdissected foci of tumor were examined, and all exhibited
similar patterns of LOH. Of interest, LOH analysis of 12 distinct

microdissected tumors from patient 1542 revealed different patterns
of LOH, with 3 of 12 exhibiting retention of all four alleles examined
(Table 3). Microdissected normal epithelium failed to show evidence
of LOH on chromosome 8p, with the exception of specimens derived
from patient 1510. All three normal microdissected foci from patient
1510 exhibited extensive LOH consistent with the pattern of LOH
observed in the autologous tumor, emphasizing the importance of
using PBLs as the normal controls for this type of study.

LOH Analysis of Immortalized Cell Lines from Patient 1542.
LOH in cell cultures generated from patient 1542 was of special interest
in light of the diverse patterns of LOH manifested in 12 distinct micro
dissected tumor foci. This patient was informative at D8S133, D8S136,
D8S137, D8S131, D8S339, and ANK. Four of those loci were closely
examined for allelic loss in cultures derived from tumor, normal prostate,

normal seminal vesicle, and normal fibroblasts (Table 3). Repeated

998

analysis of early passage bulk cultures (passages 3, 6, and 13) derived
from tumor, designated l542-CP3TX, failed to reveal LOH for any of the
four microsatellite markers examined. However, after 21 serial culture
passages (approximately S months), l542-CP3TX exhibited loss of the
upper allele at all four loci examined. This pattern ofloss was identical to
that found in microdissected tumor focus 7. Thirty single-cell clones were
generated from passage 23 of 1542-CP3TX, and all demonstrated a
pattern of LOH identical to that of the uncloned late-passage culture and

microdissected tumor 7, suggesting the clonal or near-clonal composition
of the bulk late-passage cell line. These findings also suggested that the
failure to detect LOH in early passages of 1542-CP3TX might reflect the
presence of multiple tumor clones in the bulk culture with different

patterns of LOH, which would preclude the detection of LOH with a
PCR-based technique. To investigate this, single-cell clones were gener
ated from an early passage (passage 8) of 1542-CP3TX and examined for
LOH (Fig. 3). Seven of nine clones did not manifest LOH at D8S136 or
D8S131, similar to 3 of 12 microdissected tumors from patient 1542.
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Table 2 LOll on chromosome tSp in microdissectedfoci ofprostate cancer or benignepitheliumNo.

of
Patient foci testedChromosome

8plocusSFT'P-2â€•

D8S133 D85136NEFLD8S137â€•085131D8S339ANK1510Tumor

2â€¢ â€¢ â€¢NISNIâ€¢â€¢Normal
3I â€¢ â€¢NIâ€¢NIâ€¢â€¢1512Tumor

1NI â€¢ â€¢â€¢NDNIâ€¢NDNormal
1NI 0 00NDNI0ND1519Tumor

1NI 0 00NI000Normal
1NI 0 00NI0001532Tumor

8NI 0 00NDNI0NDNormal
1NI 0 00NDNI0ND1535Tumor

6â€¢ â€¢ Iâ€¢NIâ€¢0NINormal
10 0 00NI00NIa

bLOH;
NI, not informative (h

ND, not determined.omozygous
alleles); 0, retention of heterozygosity.
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Fig. 2. Expression of PSA by benign and malignant prostate epithelial cells in situ. A paraffin-embedded tissue section from the radical prostatectomy specimen from patient 1510
contains areas of invasive prostate cancer (single arrow), as well as normal prostatic epithelium (double arrows). Brownish pigmentation indicates binding of an anti-PSA monoclonal
antibody. PSA expression by normal prostatic epithelial cells is intense and homogeneous, whereas expression by cancer cells is weak and heterogeneous. Intervening stromal cells
do not express PSA. (X200).

However, a single clone (clone 4) exhibited a pattern of LOH similar to
that of microdissected tumor 7, the late passage of 1542-CP3TX and its
derivative clones, indicating that the tumor clone(s) that dominated the
late-passage bulk culture apparently resided in very early culture pas

sages. Of interest, clone 1 from the early passage 1542-CP3TX exhibited
a different pattern of LOH than that observed for the other eight early
passage clones, with loss of the lower alleles of D8S133, D8S136, and
D8S131.Thiswasagainconsistentwiththepatternof LOHdetectedin
two microdissected tumors (1 and 3). It is important to note that LOH was

not detected in repeated experiments with early and late passages of
immortalized cultured normal prostatic epithelium, seminal vesicle, or
fibroblasts from patient 1542, arguing against the possibility that the LOH
observed in cells derived from tumor might represent a culture artifact.

Examination of LOH of Chromosome 8pl2.-2l in Cell Cultures
Derived from the Five Remaining Patients. In patients 1510 and
1512, LOH was detected at multiple loci in microdissected tumor
specimens (Table 2). In contrast, immortalized epithelial cultures
generated from corresponding cancer-containing tissue specimens
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Table 3 LOH on chromosome 8p in microdissected prostate tissues and immortalized cell fines from patient1542Chromosome

8plocusCell

source D8S133â€•D8S136D8S137D8S131Microdissected

fociNormal
epithelium NLNLNLNLTumorI

LLLLLLLL2
NDNDNLNL3
LLLLLLLL4
NLNLNLNL5
LLLLNLNL6
NLNLNLNL7
LULULULU8
NLNLNLNL9
LUNDNLNL10
LLLLNLNL11
LULLNLNL12
NLLLLLNLCultured

celllinesNPTX
(p20)â€• NLNLNLNLCP1TX
(p3,6,l3) NLNLNLNLCP3TXclone

1 (p8) LLLLNDLLclone
3' (p8) NDNLNDNLclone
4 (p8) LULUNDLUCP1TX
(p2 1) LU LU

CP3TX clonesâ€•(p23) LU LULU LULULUâ‚¬1

NL, no LOH; LL, loss of the lower allele; ND, not determined; LU, loss of the upper allele.

I, Number of sequential culture

IMMORTALHUMANPROSTATICEPITHELIUMCELLCULTURES

passages.
( Representative of seven individual clones.

(I Representative of 30 individual clones.

failed to manifest LOH when examined on a bulk level at early or late
culture passages (data not shown). Likewise, clones grown from late
culture passages (passage 23 for 15 l0-CPTX, passage 3 1 for 1512-
CPTX) failed to show evidence of LOH. This may reflect the presence

of significant amounts of normal prostatic epithelium in the tissue
specimens from which these cultures were generated (Table 1), with
overgrowth of normal cells in vitro. Cloning these cell lines at very
early culture passages may yield more rewarding results.

Examination of microdissected tumor foci from patients 1519 (one
focus) and 1532 (eight foci) failed to reveal LOH (Table 2). Never
theless, cultures established from these tumors were assessed for
LOH. In the case of patient 1519, examination of the bulk culture

D8S1 36

123456

@, ;lâ€¢

.,(

..@((( .@ __

Fig. 3. PCR analysis of microsatellite D85136 on fresh and cultured cells from patient
1542. Lane 1, 1542-NVFX, passage 26. Lane 2, microdissected tumor 11. Lane 3,
uncboned 1542-CP1TX, passage 2 1. Lanes 4â€”6,tumor clones 1, 3, and 4 derived from the
8th passage of l542-CP3TX.

1519-CPTX showed retention of heterozygosity at six informative
loci that were examined. However, among I 1 single-cell clones de
rived from culture passage 24, 1 showed LOH at a single locus,
D8S133. In the case of patient 1532, the bulk-cultured line 1532-
CP2TX,generatedfrom one of two tumorspecimens procured(Table
1), showed LOH at D8S133, D8S136, and NEFL, but only after
prolonged culture (passage 24). All 10 clones generated from the late
culture passage also showed the same pattern of loss (data not shown).
However, an immortalized culture derived from normal prostate tissue
from patient 1532 failed to show evidence of LOH even after 20
culture passages. Likewise, an autologous immortalized fibroblast line
retained heterozygosity at the same three alleles that were lost in
l532-CP2TX. Thus, although we cannot exclude the possibility that
the LOH observed in a single 1519-CPTX clone and in l532-CP2TX
was induced by in vitro culture conditions, our experience with

cultures derived from patient 1542 (see above) suggests that these
findings may reflect LOH existing in an in situ tumor focus that was
not dissected for analysis.

Interesting results were obtained with cultures derived from patient
1535. In this case, extensive LOH was documented in six separate
microdissected tumor foci, all showing the same pattern of loss (Table

2). Early and late-passage cultures generated from prostate cancer, as

well as from normal prostate and normal seminal vesicle, failed to
show LOH. Likewise, 11 tumor clones generated at culture passage 27
failed to show loss. However, cloning of an early passage tumor
culture (passage 14) revealed one clone with a pattern of LOH
matching that of the six microdissected tumor foci. These results
reinforce those observed with patient 1542 and argue that early
cloning of immortalized cultures generated from histologically heter
ogeneous prostate cancer specimens may be needed to obtain pure
tumor cultures.

Expression of MHC Molecules by Immortalized Cell Lines
Derived from Prostate Cancer. Examination of surface MHC ex
pression on immortalized tumor-derived cell lines was of importance
in considering the potential usefulness of these lines for immunolog

ical studies. Cultures derived from all six patients expressed signifi
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1542 - CP3TX 1542 - CP3TX+ IFN'y 1542-EBV

a â€˜@@
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Relative Fluorescence

Fig. 4. IFN-y induces enhanced surface expression of MHC class I and II molecules on 1542-CP3TX. Untreated 1542-CP3TX cells expressed a moderate amount of class I molecules
(staining with monoclonal antibody W6/32) but did not express detectable amounts of class II molecules (monoclonal antibody L243). After exposure to IFN-'y 500 units/ml for 3 days,
class I expression was enhanced, and class II expression was induced. M}IC expression by autologous EBV-transformed B cells is shown for comparison.

cant surface levels of MHC class I and the adhesion molecule
ICAM-l as determined by flow cytometry. None of the immortalized
lines expressed detectable levels of either MHC class II or the B7
family of costimulatory molecules (B7.1 and B7.2; data not shown).
However, it was of interest to determine whether the expression of
MHC molecules could be up-regulatedin the presence of IFN-'y,as
has been reported previously for melanoma cell lines (29). Immortal
ized tumor-derived cell lines 1532-CP2TX, 1535-CP1TX, and 1542-

CP3TX were cultured in the presence of 500 units/mI IFN-'y for 72 h

and then assessed for MHC expression. All were induced to express
significant amounts of MHC class II molecules. In addition, MHC
class I molecule expression was enhanced when compared with un
treated controls (Fig. 4). In this light, these immortalized tumor
derived cell lines represent potentially valuable reagents for studying
CD4@ and CD8@ cell-mediated immune responses in patients with
primary adenocarcinoma of the prostate.

DISCUSSION

The need for human prostate epithelial cell cultures as in vitro
models to better understand the conditions affecting the initiation and
growth of prostate cancer has long been recognized (30). Efforts
spanning a half a century, since the pioneering work of Burrows et a!.,
have produced only a handful of cell lines derived from normal
prostatic epithelium (5, 7). To date, only four readily available and

commonly studied long-term human prostate carcinoma cell lines
exist: DU145, PC-3, LNCaP, and TSU-Prl. All four were isolated
from metastatic lesions, thus leaving a void in reagents representing
long-term human cell lines derived from primary localized adenocar
cinoma of the prostate. The present study represents a focused effort
to generate immortal cell lines from benign and malignant epithelial
cells from fresh prostatectomy specimens and illustrates some of the
well-chronicled difficulties involved. Although an experienced pa

thologist exercised extreme care to dissect pure tumor samples from
fresh specimens, even the smallest tumor samples obtained for culture
initiation contained mixtures of diverse cell types (stroma, normal
epithelium, BPH, PIN, and/or invasive tumor). This is not surprising

considering the tissue architecture of the peripheral zone of the
prostate and the disseminated and multifocal character of primary
prostate cancer. The unremarkable microscopic morphology and com
parable growth rates of newly initiated normal and tumor cultures
rendered mechanical separation and growth selection impossible. To
our knowledge, primary prostate cancer cells do not continue to
proliferate beyond 12 weeks in culture, and our cultures ceased to
grow well before that. Therefore, immortalization with the E6 and E7
transforming proteins was necessary to establish actively growing
long-term cultures. The 14 transformed prostate epithelial cultures
derived from six patients in this study have been continuously pas
saged for more than 1 year. Such stable, long-term cultures are
mandatory for molecular and immunological studies requiring a con
tinual source of large numbers of cells. Although the transformation
procedure may affect other aspects of cell phenotype, the availability
of paired autologous cell lines derived from normal and malignant
prostate epithelium, as well as fibroblasts and seminal vesicle epithe
hum, provides the opportunity for controlled studies.

Equally as challenging as establishing prostate epithelial cell lines
is the need to characterize them. The tumor-derived cell lines in this
study were confirmed as being of epithelial origin by their cytokeratin

expression. In the absence of other epithelial cell types within the
prostate gland, they therefore represented prostatic epithelium. How
ever, only one line, l5l9-CPTX, expressed PSA and PAP as assessed
by immunocytochemistry, and it lost expression after prolonged con
tinued culture passage. There is only one reported prostate cancer cell
line that expresses PSA in culture, the metastasis-derived LNCaP
(31). Studies examining PSA expression in LNCaP suggest that PSA
expression is androgen responsive (32), but our efforts to up-regulate
PSA in 15l9-CPTX with androgen were unsuccessful. Typical hall
marks of malignant cell lines such as growth in nude mice or aneu

ploid karyotypes were unrevealing in this study (data not shown), as
they have been in others (9). Subcutaneous inoculations of 1 X l0@
cultured cells into nude mice failed to produce measurable tumors
from 15lO-CPTX, l512-CPTX, or 15l9-CPTX even after 4 months of
observation, whereas inoculations of DU145 or the metastatic mela
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noma line 397-mel grew within 6 weeks. In addition, karyotypic
analysis of these three primary prostate cancer-derived cell lines using
standard banding techniques showed that most chromosome counts
were within the normal male diploid range. Thus, there was a critical
need to develop new methods for characterizing cell cultures derived

from prostate cancer specimens.
LOH representsa powerful alternativemethod for characterizing

tumor cell lines originating from primary adenocarcinomas of the
prostate. The complex mixture of normal and malignant cells sur
rounding a tumor focus, along with the evident multiclonal nature of
prostate cancer (12), has impaired the ability of techniques such as
RFLP to detect LOH in prostate cancer. However, innovative micro
dissection techniques coupled with PCR technology have permitted
more precise evaluation of LOH, revealing that >85% of prostate
cancer foci exhibit LOH on chromosome 8p (19, 20). Microdissected
tumors from four of the six patients described here revealed LOH at
multiple loci on chromosome 8pl2-2l, and those patterns of loss were
used as a basis for evaluating cell lines generated from neighboring
tissue fragments. However, even this method of evaluation carries
inherent uncertainties. For instance, in the case of patient 1542,
microdissected counterparts to LOH patterns observed in cultured cell

lines were encountered only with extensive sampling of multiple fresh
tumor foci. In addition, cell lines exhibiting retention of the tested
alleles cannot be evaluated for malignancy with this method, since
microdissected tumors, as well as normal glands, may fail to show
LOH. Conversely, allelic retention is not always characteristicof
normal prostate epithelium, as shown in the unusual case of patient

1510, in whom multiple normal glands exhibited extensive LOH.
Despite these methodological uncertainties, it was possible to char
acterize l542-CP3TX and its clones, as well as one clone from

1535-CP1TX, as representing prostate cancer cell lines. In this study,
single-cell cloning of cancer-derived cell lines represents a successful
and perhaps necessary step toward defining tumor cultures in the
setting of a heterogeneous starting cell population.

Efforts to generate defined, immortalized cell cultures from both
malignant and normal prostate epitheial cells are critical to ongoing
studies into the pathogenesis of prostate cancer. Such reagents are

essential to the biological and genetic studies that will accelerate the
development of new forms of prevention and therapy for this disease.
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