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EGTF receptor signaling enhances in vivo invasiveness
of DU-145 human prostate carcinoma cells
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Carcinomas of the prostate and other lineages often present an autocrine stimulatory loop acting via the
EGF receptor (EGFR). We have recently shown that EGFR-mediated signals enhance DU-145 prostate
carcinoma cell transmigration of an extracellular matrix in vitro, and that this increased invasiveness was
independent of proteolytic degradation of the matrix (Xie et al., 1995, Clin Exp Metastasis, 13, 407). To
determine whether up-regulated EGFR signaling promotes tumor progression in vivo and to define the
EGFR-induced cell property responsible, we inoculated athymic mice with genetically-engineered DU-145
cells. Parental DU-145 cells and those transduced to overexpress a full-length wild type (WT) EGFR formed
tumors and metastasized to the lung when inoculated in the prostate and peritoneal cavity. The WT DU-
145 tumors were more invasive. DU-145 cells expressing a mitogenically-active, but motility-deficient (¢'973)
EGFR formed small, non-invasive tumors without evidence of metastasis. All three sublines demonstrated
identical, EGFR-dependent rates of cell growth in vitro, suggesting that the differential invasiveness was
not due to altered growth rates. To determine whether cell motility may be, in part, responsible for tumor
invasiveness, we treated WT DU-145 intraperitoneal tumors with a pharmacologic agent (U73122) which
blocks EGFR-mediated cell motility but not mitogenesis. Under this treatment regimen, the WT DU-145
cells formed tumors of similar numbers and size to those formed without treatment; however, these tumors
were much less invasive. These data suggest that EGFR-mediated cell motility is an important mechanism
involved in tumor progression, and that this cell property may represent a novel target to limit the spread
of tamors.
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Introduction

Prostate carcinoma is the most widespread and pesti-
lent malignancy encountered in the human male
population. The frequency and mortality rate of
prostate cancer has increased over the past 40 years
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and is expected to rise steadily in the impending
years [1]. Androgen dependency of prostate carci-
noma usually accompanies initial neoplastic growth,
during which tumors respond favorably to hormonal
therapy. However, androgen-independent tumors
often emerge [2]. Deaths related to prostate cancer
are invariably due to tumor invasion and metastasis
to the lungs, skeleton, and lymph nodes [1, 3]. Once
the tumor escapes it natural surroundings to invade
and metastasize, none of the available treatments
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yield positive effects on patient survival [3-6].
Consequently, efforts to improve our understanding
of the basic biology of this disease and particularly
the progression to the invasive and metastatic stages
should enhance the chances for developing mean-
ingful therapeutic approaches.

Polypeptide hormones or growth factors play
important roles in the normal and pathologic devel-
opment of the prostate. Various growth factors
promote cell proliferation, motility, and invasiveness
of epithelial cells in vitro, all properties required for
tumor invasiveness and metastasis. Growth of
explanted cells is stimulated by non-steroidal growth
factors, such as epidermal growth factor (EGF) [7]
and not by steroids such as DHT [8, 9]. Prostatic
fluid has the highest concentration of EGF in the
human body [10]; numerous EGF-like factors are
expressed by normal and neoplastic prostatic cells
[9, 11-14]. Recent evidence suggests androgens
stimulate prostate proliferation in the androgen-
dependent cell line, ALVA-31, by upregulating an
autocrine stimulatory growth loop involving the
EGF receptor (EGFR) and one of its ligands, trans-
forming growth factor-a (TGFa) [14]. However, the
roles of EGFR and its ligands in tumor progression
have not been defined.

EGFR, a transmembrane protein which possesses
intrinsic tyrosine kinases activity, is the growth
factor receptor found most often upregulated in
human carcinomas [15]. Augmentation of the EGFR
gene or the number of EGF binding sites directly
correlates with tumor progression to the invasive
and metastatic stages in a number of different
tumors, most dramatically in glioblastomas [16, 17],
gastric carcinoma [18], bladder carcinoma [19, 20],
and breast cancer [21, 22]. In addition, in an animal
model, a direct correlation was seen in the metastatic
potential of human colon carcinoma cells and EGFR
level and function [23]. Examination of normal
prostate epithelial, benign prostatic hyperplasia
(BPH) and carcinoma cells demonstrate increased
levels of EGFR expression as one progresses
through the different hyperproliferative states [9,
24], the highest levels of EGFR expression corre-
lating with the loss of androgen-dependency by
prostate carcinoma cells [25]. In prostate cancer one
detects either an increase in the level of EGFR [25,
26] or in the production of its activating ligands,
EGF and TGFa [9, 27], or both [28, 29]. In many
cancers, the synchronous overexpression of EGF/
TGFa and EGFR has been associated with more
invasive phenotypes [30-33]. This autocrine stimu-
latory loop is often present in prostate carcinoma;
an example of this autocrine system can be seen in
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the DU-145 human prostate carcinoma cell line [34],
which produces TGFa and expresses EGFR [28, 29,
35, 36].

Previously, we genetically engineered DU-145
cells to overexpress a full-length, wild-type (WT)
EGFR in order to delineate the role EGFR signaling
plays in cell proliferation and invasion [36]. We
demonstrated in vitro transmigration of a human
extracellular matrix was increased for the cells over-
expressing WT EGFR. Disruption of the TGFa-
EGFR autocrine stimulatory loop by an EGFR
antibody diminished DU-145 parental and WT
EGFR-expressing cell invasion through the extra-
cellular matrix in vitro, thus emphasizing the impor-
tance of EGFR signaling in cell migration and
invasion. EGFR-dependent migration and invasion
observed in DU-145 sublines expressing WT EGFR
was not linked to increased proteolytic activity [36],
but did correlate with signals which lead to increased
cell motility [37, 38]. We have investigated whether
EGFR-mediated signaling promotes tumor progres-
sion in vivo. Three DU-145 sublines were inoculated
either into the prostate (to reflect an in siru lesion)
or peritoneal cavity (to recapitulate the initial stages
of localized invasiveness) of athymic mice. Tumor
formation and invasiveness was assessed histologi-
cally. The mechanism by which EGFR signaling
promotes tumor progression was probed by treat-
ment with a pharmacologic agent which prevents
EGFR-mediated cell motility.

Materials and methods

Animals

Male athymic BALB/c nu/nu mice were purchased
from the Animal Production Area of the National
Cancer Institute-Frederick Cancer Research and
Development Center (Frederick, MD, USA). The
mice were housed in laminar flow cabinets under
specific pathogen-free conditions. Mice were used at
6-8 weeks of age, and weighed 20-27 g. Animals
were maintained in accordance with established
institutional guidelines and approved protocols.

Pharmacologic agents

The pharmacological agent, U73122 (1-(6-((178-3-
methoxyestra-1,3,5(10)-trien-17-yl)amino)hexyl)-
1H-pyrrole-2,5-dione) (BIOMOL, PA, USA) was
used to inhibit phospholipase C (PLC) activity. The
inhibitory effects on EGF-induced PLC activity by
this compound were determined previously [38];
U73122 inhibits PLC activities but not phospho-



lipase A, or phospholipase D activities (|39, 40] and
our unpublished observations). The inactive con-
gener of U73122, U73343 (1-(6((17B-3-meth-
oxyestra-1,3,5(10)-trien-17-yl)amino)hexyl)-2,5-
pyrrolidine-dione), served as a control. Neomycin
sulfate served as a second control. This biologically-
active agent will bind to phosphoinositide bisphos-
phate (PIP,) accessible on the cell surface. However,
this agent does not inhibit PLC-dependent, EGF-
induced fibroblast cell motility (unpublished obser-
vations), and is unlikely to disrupt this signaling
pathway.

Cell culture and establishment of infectant
cell lines
DU-145 cells, derived originally from a human pros-
tate carcinoma brain metastasis [34], were grown in
high glucose (4.5 g/l) Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, NY, USA) supplemented
with fetal bovine serum (FBS; 7.5%), penicillin
(100 U/ml), streptomycin (200 mg/ml), non-essential
amino acids, sodium pyruvate (1 mMm), and gluta-
mine (2 mMm) (37°C, 90% humidity, 5% CO,). WT
and ¢’973 EGFR transduced DU-145 were passaged
in G418 (1000 pg/ml; Gibco) until subpassaging for
testing; all cells were cultured in the absence of G418
for at least 3 days prior to testing. Cells were
passaged at subconfluence by trypsinization (0.25%,
1 mm EDTA). .
Infection of DU-145 cells by retroviral-containing
EGFR constructs was accomplished by established
protocols [41] as described previously [36]. A SV40
early promoter-driven neomycin phosphotransferase
gene in the env position served as the selectable
marker. Polyclonal lines consisting of > 20 colonies
were established and maintained in G418-containing
media. DU-145 cells transduced with either the WT
EGFR or the ¢/973 EGFR construct will hereafter
be referred to as WT or ¢’973, respectively; unin-
fected DU-145 cells are referred to as parental cells.
WT EGFR is a full-length cDNA [42] derived from
a placental cDNA library [43]. The WT construct,
expressed in appropriate cells, elicits all of the
responses of WT EGFR. ¢'973 EGFR represents a
carboxy-terminal-truncated EGFR in which a stop
codon was introduced just distal to amino acid 973;
although this construct fails to possess phosphoty-
rosine motifs or induce cell motility, it does present
ligand-induced kinase and mitogenic activities. The
presence of EGFR on the surface of infectant cell
lines was determined by Scatchard analyses,
immunohistochemistry and immunoblotting as
described previously [36]. Expression of retrovirus-
transduced EGFR is considered stable following
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passage both in vitro and in vivo as has been demon-
strated previously for EGFR in fibroblastic tumors
[41, 44]. A cell line, rescued from WT DU-145
intraprostate tumors, was found to present EGF
binding and receptor levels and characteristics
similar to the original WT DU-145 cells.

Tumor cell inoculations

For intraprostate injections, mice were anesthetized
with ketamine hydrochloride/xylazine hydrochloride
and placed in the supine position. Methoxyflurane
(Pittman-Moore, NJ, USA) was used as an inhala-
tion anesthetic during surgical procedures. The
abdomen was cleaned with alcohol and betadyne; a
lower midline incision was made and one lobe of the
anterior prostate gland was exposed for injection.
Tumor cells (2 x 10°) resuspended in Ca®*- and Mg?*-
free Hanks’ balanced salt solution (total volume,
20 wpl; HBSS, Gibco) were injected into one lobe of
the anterior prostate gland using a 30-gauge
needle, a 1-ml disposable syringe, and a calibrated
push-button Hamilton dispensing device (Hamilton
Syringe Co., NV, USA). A visual localized bleb
within the injected prostate was accepted as the indi-
cator of a satisfactory injection. The abdominal
wound was initially closed utilizing discontinuous
stitches; the skin was closed with stainless steel
wound clips (Autoclip; Clay Adams, NJ, USA).
Tumor cells (2 x 10°) for intraperitoneal injections
were suspended in HBSS (total volume, 200 pl) and
injected (26.5-gauge needle, 1-ml! disposable syringe)
into the peritoneal cavity.

Pharmacologic treatments of tumors were on a
q4d schedule starting 4 days after the mice were
inoculated with the WT DU-145 tumor cells and
continuing until day 44. Agents were dissolved in
10% DMSO in HBSS in a total volume of 100 pl.
Neomycin sulfate was used at 150 pg/mouse and
U73122 was used at 12 or 24 pg/mouse, doses below
toxic levels but within therapeutic levels [45].
U73343 was injected at 12 pg/mouse, consistent with
U73122 treatments.

Necropsy procedures and histologic studies

Mice were killed by CO,-induced hypoxia at various
times (intraprostate, 120 days; intraperitoneal,
50 days). All lobes of the mouse prostate (anterior,
ventral and dorsal/lateral), regional lymph nodes
(preaortic or axillary), kidneys, spleen, pancreas,
liver, lungs and diaphragm (only taken from
animals receiving intraperitoneal injections) were
fixed in 10% buffered formalin, paraffin embedded,
serially sectioned, and stained with hematoxylin and
eosin.
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Table 1. Prostate tumor progression by parental, WT and ¢’973 EGFR-expressing DU-145 cells

(A) Intraprostate

Subline Tumor formation® Invasiveness® Lung metastases?
Parental 11/16 3.0+ (0-4) 8/16
WT EGFR 9/16 33+ (2-4) 7/16
¢’973 EGFR 2/15 1.0+ (1,1) 0/15

(B) Intraperitoneal

Subline Tumor formation® Diaphragm tumors® Diaphragm invasiveness® Lung metastases®
Parental 510 5/10 1.6 + (0-3)¢ 3/10
WT EGFR 9/11 8/11 34+ (2-4) 4/11
¢’973 EGFR 4/11 4/11 0.5 + (0-2)° 0/11

These numbers are a composite of three intraprostate (analysed after 120 days) or two intraperitoneal (after 50 days) inoculations of

five to six mice per group.

2 The number of mice with macroscopic tumors (confirmed by microscopic examination) in the prostate, peritoneal cavity, on the
diaphragm surface or in the lungs over the number of mice challenged.

Invasiveness was scored microscopically on a scale of 0 (non-invasive) to 4 (prostate: tumor invading through capsule into surrounding

tissue; intraperitoneal: tumor obliterating the diaphragm); the number is the average invasiveness of all prostate or diaphragm tumors
(not including mice which did not present tumors), the range of invasiveness is shown in parentheses.

¢ We did not detect invasion by one of the five parental DU-145 diaphragm tumors. One of the ¢’973 DU-145 diaphragm tumors
showed 2+ invasiveness; the other three tumors did not invade the diaphragm.

In vitro growth assays
Cell proliferation was evaluated by assessing mito-
chondrial reduction of 3-(4,5-dimethythiazol-2y1)-
2,5-diphenyl  tetrazolium bromide (MTT) as
described [46], with the following modifications.
Cells were plated at 5000 cells/well in 96-well
microtiter plates in 200 pl growth medium (7.5%
FBS in DMEM) and allowed to attach for 24 h.
Serum-containing medium was removed and cells
were quiesced for 2 days in 0.5% dialysed FBS in
DMEM. For all dose and time course studies using
anti-EGFR, this medium was removed and replaced
with 7.5% FBS in DMEM; in addition the following
agents were evaluated: neomycin (0.01-1000 pMm),
U73122 (0.001-100 pMm) (BIOMOL), and anti-
EGFR antibody (0.001-4 pg) (AB-1, Oncogene
Science, NY, USA). At harvest, medium was
removed from the appropriate wells, replaced with
50 pl of MTT solution (2 mg MTT/ml PBS; Sigma,
MO, USA) and incubated for 4h at 37°C. After
incubation, the MTT solution was carefully aspi-
rated; 100 pl dimethylsulfoxide (DMSO) was added
to each well. Data were analysed on plate reader
using the Soft Max program (Molecular Devices
Corp., Menlo Park, CA, USA).
Anchorage-independence was determined by
growth in soft agar as described previously [41].
Briefly, 200 or 1000 cells were suspended in 3 mi of
0.35% agarose (Low-Melt Agarose, FMC, ME, USA),
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DMEM, 7.5% FBS, with antibiotics and supple-
ments (in a 60 cm tissue culture dish), and cultured
for 15 to 19 days. Cells were fed weekly by an
overlay of 4 ml 0.70% agarose with complete media.
Numbers of colonies were counted manually.
Relative size of colonies was assessed using CCD
camera (Sony, CA, USA), maximum cross-sectional
area using microscopy (using NIH Image 1.47 soft-
ware), with estimated volume calculated assuming a
spherical colony shape.

Results

Infectant DU-145 cell lines form tumors in the
prostate and peritoneal cavity

We examined the tumorigenicity of DU-145 sublines
in vivo by injecting 2 x 10¢ cells either into one lobe
of the anterior prostate (to reflect the in sifu situa-
tion) or the peritoneal cavity (to recapitulate the
initial stages of local invasion) of athymic mice. In
intraprostate inoculated animals, an orthotopic site,
tumor formation was observed in all DU-145
sublines, though ¢’973 DU-145 cells formed tumors
only at a significantly lower rate. Distinct differ-
ences existed between the different cell lines when
tumor invasiveness (local and distal) and metastasis
(to lung) were examined (Table 1A). Only parental
and WT sublines formed large tumors at the site of
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(a) (b) (c)

Figure 1. Invasion of parental (a), WT EGFR (b) and ¢’973 EGFR (c) DU-145 cells into the diaphragm. Mice were
inoculated with 2 x 108 cells in the peritoneal cavity. Mice were euthanized 45 days later, and tumor growth, invasive-
ness and metastasis determined. Shown are representative tumors on the diaphragmatic surface as a measure of inva-
siveness. Parental tumors are fixed to the diaphragm with microscopic evidence of invasion, while WT EGFR cells have
obliterated the diaphragm and have formed lung metastases. ¢’973 EGFR cells fail to attach firmly to the diaphragm
with no evidence of invasion. The parental DU-145 tumor is shown at twice the magnification of the other tumors.

(a) (b) (c)

Figure 4. Invasion of control (a, b) and U73122 (c) treated WT DU-145 cells into the diaphragm. Mice were inocu-
lated with 2 x 10° cells in the peritoneal cavity, and q4 day treatment initiated on day 3. Mice were euthanized 45 days
later, and tumor growth and invasiveness determined. Shown are representative tumors on the diaphragmatic surface
as a measure of invasiveness. Control-treated cells have obliterated the diaphragm (a, 40 x; b, 100 x). U73122-treated
cells form tumors which fail to invade the diaphragm (100 x).
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Figure 2. Inhibition of DU-145 cell growth by interrup-

tion of EGFR-TGFa autocrine pathway by an anti-EGFR
antibody. (A) Parental (O), WT (O) and ¢’'973 (A) infec-
tant lines were exposed to anti-EGFR antibody (4 pg/ml)
for up to 4 days in the presence of 7.5% FBS. Time zero
(TO) was after 2 days in 0.5% dFBS quiescing medium;
this medium was then changed to 7.5% FBS growth
medium =+ 4 pg/ml of anti-EGFR antibody for the dura-
tion of the experiment. Open symbols indicate growth
medium only; closed symbols indicate the presence of anti-
body. (B) The infectant lines were exposed to various
concentrations of anti-EGFR for 4 days in the presence
of 7.5% FBS. Cell growth is expressed as a percentage
(mean = S.E.M., n=3) of cells (A) at time 0 (T0) or (B)
at day 4 (D4). Medium =+ antibody was only added at the
beginning of the experiments.

injection (WT > PA >> ¢’973); ¢’973 tumors formed
in the prostate were restricted to site of injection
and were not locally invasive. Local (adjoining
seminal vesicle; scored as 3+) and distal (through
the capsule and into surrounding tissue; scored as
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Figure 3. The effects of neomycin sulfate and U73122 on
DU-145 cell growth. Parental (filled), WT (slashed) and
¢’973 (stippled) infectant lines were incubated with various
concentrations of (A) neomycin sulfate (0.01-1000 um)
and (B) U73122 (0.001-100 p™m) for 3 days in the pres-
ence of 7.5% FBS. Cell growth is expressed as a
percentage (mean + S.E.M., n = 3) of cells receiving 0.5%
dFBS quiescing medium. Medium + pharmacologic agents
were only added at the beginning of the experiments.

4+) tumor invasion and metastases (preaortic lymph
nodes, pancreas, liver) were evident only in the
parental and WT sublines, though the WT cells
invaded to a greater extent. The incidence of macro-
scopic lung metastases for parental and WT sublines
was similar (50% and 44%, respectively).
Intraperitoneal inoculations were utilized to assess
tumor spreading outside of the prostate environment



(Table 1B). Again tumors formed in all groups, with
the WT producing the most tumors in various areas
of the peritoneal cavity and on the diaphragm
serosal surface. Using the extent of tumor invasion
into the diaphragm as an indicator of cell invasion
[47, 48], DU-145 sublines expressing WT EGFR
were aggressively invasive compared to parental
and ¢’973 sublines (WT >> PA >> ¢'973) (Figure 1).
Macroscopic lung metastases were seen only in
parental and WT sublines (30% and 36%, respec-
tively). The greater extent of invasion seen in
sublines expressing WT EGFR in these in vivo
models for prostate tumor progression emphasizes
the importance of EGFR in tumor invasion.

All three DU-145 sublines require an EGFR-
mediated autocrine loop for cell proliferation

One explanation for the differences found in tumor
formation and invasiveness would be differential
growth rates of the DU-145 sublines. We determined
the cell growth rates in vitro using the MTT dye
reduction method. All three sublines grew at com-
parable rates (Figure 2A). In an attempt to more
closely approximate the in vivo situation, we
performed soft-agar growth assays on the three
DU-145 cell lines. All three lines presented similarly
high cloning efficiencies. However, the volumes of
the colonies formed after 15-19 days incubation
mirrored the differences in in vivo tumor size
with WT DU-145 cells forming the largest colonies
(144 + 7% of parental DU-145 cells) and ¢’973 DU-
145 cells the smallest (42 +2%) (n=4, with 10
colonies calculated for each experiment).

These cells both express EGFR and produce
TGFa [36]. This autocrine stimulatory loop has been
shown to be important for promoting in vitro inva-
siveness as determined by transmigration of human
extracellular matrix [36]. The importance of this
EGFR-TGFa stimulatory loop for cell proliferation
was investigated by determining cell proliferation in
the presence of a antagonistic anti-EGFR antibody
[49]. Anti-EGFR antibody reduced cell proliferation
in all three sublines in a dose-dependent manner
(Figure 2B). In paraliel studies over a 4-day time-
course study using 4 ng/ml of the anti-EGFR anti-
body, a decrease in cell proliferation was observed
in all sublines. Inhibition of proliferation was evident
in all groups by day 3 (Figure 2A). Exposure to
the anti-EGFR antibody did not result in reduction
of cell number below initial plating density, indi-
cating inhibition of the EGFR is not a result of or
resulting in cell death. In this study and a previous
report from this laboratory [36], analysis of sublines
exposed to anti-EGFR antibody for induced apop-
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totic cell death using the terminal deoxytransferase
method (Apoptag Kit, Oncor, MD, USA) showed
only marginal levels of apoptotic cell death (<4% of
the exposed cells) resulted from the highest con-
centration of EGFR antibody (4 pg/ml; data not
shown).

An inhibitor of phospholipase C activity reduces
tumor invasiveness

In our earlier study [36], we found that in vitro
invasiveness correlated with the capacity of the
EGFR construct to induce cell motility; WI' EGFR
promotes both proliferation and chemokinesis
whereas ¢'973 induces only proliferation [37].
Furthermore, we have shown that EGFR-mediated
cell motility requires PLC activity, and can be inhib-
ited by the pharmacologic agent U73122 (1 pum)
(BIOMOL) [38]. We postulated that if in vivo inva-
siveness was promoted by EGFR-mediated motility
signaling, U73122 should diminish tumor invasive-
ness.

First, the cytotoxicity of this agent was tested in
vitro (Figure 3). In addition, neomycin was used as
a control as it binds to the PLC target PIP,. U73122
had no effect on cell proliferation over a 3-day
period, even at doses 100-times greater than that
which limits cell motility in NR6 fibroblasts [38].
Neomycin sulfate decreased cell proliferation only
at the highest concentration tested, but even in this
situation there was still significant cell growth over
the 3-day period. These results give further credence
to the predicted duality of the EGFR-mediated
motility and mitogenesis pathways [37, 50].

The effect of neomycin sulfate and U73122 on
prostatic tumor progression was determined in
athymic mice bearing intraperitoneal injections of
DU-145 WT, as this line was the most aggressive.
Treatment with neomycin sulfate and U73122 was
given to ascertain if the inhibition of PLC in vivo
played any role in the inhibition of tumor invasion.
The extent of tumor cell penetration into the muscu-
lature of the diaphragm serosal surface was the
criteria measured. Neomycin sulfate, U73122 or
control PBS and U73343 (the inactive congener of
U73122) injections were initiated 3 days post tumor
inoculation and continued every 4 days until the
experiment was terminated on day 45 (Table 2). The
WT DU-145 subline formed numerous tumors at
several sites, with those on the diaphragm being
extremely invasive. Tumor formation within the
peritoneal cavity or on the diaphragm occurred in
more than 60% of all treatment groups. Extensive
invasion of the diaphragm was observed in control-
treated animals (Figure 4). This identical pattern of
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Table 2. Effects of neomycin sulfate and U73122 on WT DU-145 prostate tumor progression

Treatment Tumor formation? Diaphragm tumors Diaphragm invasiveness®
Control® 7/8 718 3.6+ (2-4)
Neomycin? 3/4 3/4 33+ (3-9)
U73122¢ 8/12 8/12 0.6+ (0-2)

This table is a composite of two independent experimental series. In the first series, one control group (diluent alone; four mice) was
compared with U73122-treated mice (five mice). In the second series, two control groups (U73343 or neomycin sulfate treatments;
four mice each) were compared to U73122 treatments at two different doses.

2 The number of mice with macroscopic tumors in the peritoneal cavity over the number of mice challenged.

b Invasiveness was scored microscopically on a scale of 0 (non-invasive) to 4 (tumor obliterating the diaphragm); the number is the
average invasiveness of all diaphragm tumors (not including mice which did not present tumors on the diaphragm); the range of
invasiveness is shown in parentheses.

¢ Control consists of two independent experimental series of four mice each. In the first series, mice were injected intraperitoneally
with 0.1 ml of 10% DMSO in HBSS (diluent) q4d; in the second experiment the treatment consisted of U73343 (12 wg/mouse) in
diluent. These two groups are listed together as there was no difference between them.

4 Neomycin (150 pg/mouse) was injected intraperitoneally q4d in diluent.

¢ U73122 treatment consisted of three groups. In the first experimental series five mice were injected q4d at 12 pg/mouse; three of
these mice formed tumors. In the second experimental series four mice were treated q4d at 12 pg/mouse (two formed tumors) and

three mice (a fourth mouse died before initiation of treatment) received 24 wg/mouse (three formed tumors).

tumor progression was seen in the neomycin sulfate-
treated animals (not shown). In U73122-treated
animals, an aggressive pattern of tumor invasion was
observed in only one animal. In the other seven
animals presenting tumors on the diaphragm, only
initial or negligible tumor cell invasion was observed
histologically (Figure 4); the extent of invasiveness
was reduced below that of parental cells. The results
suggest that the PLC inhibitor, U73122, may have
promise in inhibiting EGFR-mediated tumor
progression.

Discussion

Up-regulated EGFR signaling has been correlated
with tumor invasion and metastasis [23, 30-33].
However, the cell properties responsible for this
increased progression are unknown. In this study,
we demonstrate that in vivo invasiveness of DU-145
cells depends on EGFR signaling via phospholipase
C and is independent of EGFR-mediated cell prolif-
eration.

Recent reports have suggested that EGFR-medi-
ated cell motility may, in pari, promote tumor cell
invasiveness [32, 36]. We utilized a panel of DU-145
cells which have been genetically engineered to
overexpress either WT EGFRs, which promote both
cell motility and proliferation, or ¢'973 EGFRs,
which are fully mitogenic but non-motogenic [37].
We had shown earlier that the WT DU-145 cells
invaded a human extracellular matrix in vitro to
a greater extent than parental DU-145 cells.
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Expression of ¢’973 EGFR negatively regulated DU-
145 invasiveness by down-regulating endogenous
WT EGFR [36]. When inoculated either into the
prostate or the peritoneal cavity of athymic mice,
the same pattern was observed; WT DU-145 cells
were the most invasive, whereas ¢973 DU-145
cells were virtually non-invasive.

The differences in tumor invasiveness may have
been secondary to altered cell growth rates, but in
vitro all three sublines proliferated at indistinguish-
able rates. While it is difficult to assess cell growth
in vivo; programmed cell death was not responsible
for the lesser invasiveness of parental and, espe-
cially, c’973 DU-145 cells as we could detect few
(<5%) apoptotic cells in any of the tumors exam-
ined by the TUNEL method. It is possible that the
smaller size and number of the ¢’973 DU-145 tumors
in the peritoneal cavity is due to decreased growth
secondary to a failure of the cells to spread within
the cavity or adhere to underlying structures.
Alterations in cell aggregation and adhesion are
currently being investigated. Failure to induce
neovascularization also may have limited the size of
¢’973 DU-145 tumors, as autocrine binding of ligand
by the non-down-regulating ¢973 EGFR may
prevent angiogenic TGFa from spreading beyond
the tumor mass. However, this would not explain
the markedly fewer tumors noted.

More plausibly, the increased invasiveness of the
WT DU-145 tumors was secondary to other EGFR-
mediated effects. We have previously shown that
EGFR-mediated proliferation is separable from



motility [37, 50]. WT EGFR signals both mitogen-
esis and motility, but ¢’973 EGFR induces only mito-
genesis while down-regulating endogenous WT
EGFR [36, 37]. Thus, we could test the hypothesis
that cell motility contributes to invasiveness by
specifically disrupting the motogenic pathway.
U73122, a pharmacologic agent which inhibits PL.C
[39, 40], inhibits EGFR-mediated cell motility but
not mitogenesis [38]. U73122 had no effect on DU-
145 cell proliferation in vitro. When athymic mice
were inoculated intraperitoneally with WT DU-145
cells, equal number and size of tumors were formed
in the presence or absence of U73122. However, the
tumors were significantly less invasive after treat-
ment with U73122, being less invasive than parental
DU-145 and similar in invasiveness to cells
expressing the non-motogenic ¢'973 EGFR. Thus,
invasiveness is a tumor property which can be modu-
lated or inhibited independenily of tumor growth.
These data strongly support a major role for cell
motility of the EGFR-mediated behavior linked to
tumor progression. This is not to argue that other
mechanisms are not also required for tumor inva-
siveness. Many reports attest to the necessity of
proteases in the invasive process. All three DU-145
sublines produce copious amounts of collagenases,
UPa, and other proteases [36], even though ¢’973
DU-145 tumors were essentially non-invasive. This
suggests that, while proteolysis is required for
invasiveness, other properties, such as motility, may
play a major regulatory role in tumor invasiveness.
The results herein also highlight the feasibility of
targeting cell motility mechanisms as novel targets
for control of nascent and metastasized tumors.
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