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ABSTRACT Primary tumors often give rise to dissemi-
nated tumor cells (DTC’s), which acquire full malignancy
after invading distant site(s). Thus, DTC’s may be a pro-
ductive target for preventing prostate cancer metastasis
progression. Our prior research showed that PHSCN pep-
tide (Ac-PHSCN-NH,) targets activated aSPB1 integrin to
prevent invasion and metastasis in preclinical adenocarci-
noma models, and disease progression in Phase I clinical
trial. Here, we report that D-stereoisomer replacement of
histidine and cysteine in PHSCN produces a highly potent
derivative, Ac-PhScN-NH, (PhScN). PhScN was 27,000-
to 150,000-fold more potent as an inhibitor of basement
membrane invasion by DU 145 and PC-3 prostate cancer
cells. A large increase in invasion—inhibitory potency
occurred after covalent modification of the sulfthydryl
group in PHSCN to prevent disulfide bond formation;
while the potency of covalently modified PhScN was not
significantly increased. Thus PhScN and PHSCN invasion
inhibition occurs by a noncovalent mechanism. These
peptides also displayed similar cell surface binding disso-
ciation constants (Ky), and competed for the same site.
Consistent with its increased invasion—inhibitory potency,
PhScN was also a highly potent inhibitor of lung extrava-
sation and colonization in athymic nude mice: it was sev-
eral hundred- or several thousand-fold more potent than
PHSCN at blocking extravasation by PC-3 or DU 145 cells,
and 111,000- or 379,000-fold more potent at inhibiting
lung colonization, respectively. Furthermore, systemic
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5 mg/kg PhScN monotherapy was sufficient to cause
complete regression of established, intramuscular DU 145
tumors. PhScN thus represents a potent new family of
therapeutic agents targeting metastasis by DTC’s to pre-
vent parallel progression in prostate cancer.
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Abbreviations

SF Serum—free

FBS Fetal bovine serum

Bio Biotin

CI Combination index

IC50 Concentration for 50 % inhibition

DRI Dose reduction index

HBSS  Hanks buffered salt solution

DTC Disseminated tumor cells

ELISA Enzyme-linked immunoabsorbant assay

Dil 1,1’-dilinoleyl-3,3,3'3'-
tetramethylindocarbocyanine perchlorate

MAP  Multiantigenic peptide
MADb Monoclonal antibody
SEM Standard error of mean
O.C.T. Optimal cutting temperature
FITC Fluorescein isothiocyanate
Me Methyl

OAc Acetyl

acm Acetamidomethyl

ng Microgram

ng Nanogram

pg Picogram

fg Femtogram

ag Attogram
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Introduction

Lung metastasis is found in 4049 % of metastatic prostate
cancer patients at autopsy, with higher rates when multiple
organs contain metastases [1, 2]. Invasion is a key process
in metastatic progression because it enables tumor cells to
spread into the tissue surrounding the primary tumor, enter
the circulatory or lymphatic systems, and extravasate at
distant sites [3, 4]. Subsequently, microvascular endothelial
cell invasion of metastatic nodules supports their growth by
promoting angiogenesis [5]. The aSP1 integrin fibronectin
receptor has been shown to play a key role in both meta-
static invasion during extravasation, and angiogenic inva-
sion [3-5]. Hence, inhibiting the function of a5B1 integrin
may inhibit extravasation to prevent lung colony formation,
as well as reducing subsequent metastatic progression. The
availability of a potent, nontoxic inhibitor of a5p1 inte-
grin—mediated invasion could thus greatly improve out-
come in patients with metastatic prostate cancer.

We previously devised the acetylated, amidated PHSCN
peptide (Ac-PHSCN-NH,), as a potent inhibitor of o531
integrin—mediated invasion by suspended prostate adeno-
carcinoma, and microvascular endothelial cells [3, 5]. It
was licensed as ATN-161, and its efficacy confirmed by
others for a variety of cancers [6—10]. In Phase I clinical
trial, ATN-161 was well tolerated; and about one-third of
patients receiving thrice—weekly, systemic ATN-161
monotherapy, at dosages of 0.5-16 mg/kg, exhibited pro-
longed stable disease [11].

Here, we present data showing that substitution of p-
isomers of histidine and cysteine in PHSCN, forming Ac-
PhScN-NH, (PhScN), increases its in vitro basement
membrane invasion—inhibitory potency, relative to
PHSCN, by many orders of magnitude: 27,000- and
150,000-fold, for DU 145 and PC-3 cells, respectively. We
also found that PHSCN derivatives incapable of disulfide
bond formation [S-acetylated PHSC(S-OAc)N, S-methyl-
ated PHSC(S-Me)N, and S-acetamidomethylated PHSC(S-
acm)N] have similarly increased potencies. Moreover,
while these covalently modified PHSCN derivatives have
greatly increased invasion—inhibitory potencies, relative to
PHSCN, the covalently modified PhSc(S-acm) N peptide
had an insignificant increase in potency, relative to PhScN.
Hence, the productive mechanism is noncovalent and
disulfide bond formation between PHSCN and its integrin
target is a side reaction that significantly reduces its
potency.

In order to predict therapy response two fundamental
models of metastasis have been proposed, the linear pro-
gression and the parallel progression models [12]. In the
linear progression model, tumor ontogeny proceeds to full
malignancy within the microenvironment of the primary
tumor, after which metastatic dissemination occurs. In the
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parallel progression model, the primary tumor continuously
gives rise to DTC’s, which acquire full malignancy by
somatic progression and metastatic growth at distant
site(s). Thus, DTC’s may be a productive target for pre-
venting metastasis progression.

Since established tumors may constantly give rise to
DTC’s which intravasate, later extravasating to colonize
the lung, we confirmed the necessity of aSB1 integrin
function for lung extravasation by DU 145 and PC-3 cells.
Next, we investigated the efficacy of a single exposure to
PhScN on suspended DU 145 and PC-3 cells prior to tail
vein injection as an inhibitor of lung extravasation.
Because many DTC’s may never give rise to actual lung
colonies, the extravasated cells were also allowed to grow
into discernable lung colonies without further treatment, to
measure the effect of PhScN exposure on successful lung
colonization by DTC’s. We found that, consistent with its
increased potency as an inhibitor of a5f31-mediated inva-
sion, PhScN also exhibits greatly increased efficacy as a
lung extravasation and colonization inhibitor. A brief pre-
binding of PhScN to suspended DU 145 or PC-3 cells, just
before tail vein injection substantially decreases extrava-
sation, and results in a 379,000-fold reduction in DU 145
and an 111,000-fold reduction in PC-3 lung colonies after
6 weeks of growth without further treatment. Furthermore,
to show that 5 mg/kg PhScN monotherapy is well toler-
ated, and to compare its antitumorigenic potency with that
of 5 mg/kg PHSCN, DU 145 cells were injected intra-
muscularly and tumors allowed to grow for 6 weeks prior
to initiation of 5 weeks of monotherapy. PhScN mono-
therapy was very well tolerated, and was sufficient to
cause complete tumor regression, at both macroscopic and
microscopic levels. These results indicate that the greatly
increased efficacy of PhScN as lung extravasation and
colonization inhibitor derives from a noncovalent inter-
action with its target, and suggest that determination of
the PhScN target site on o5B1 integrin could result in a
potent new family of therapeutic agents for prostate
cancer.

Materials and methods
Cell lines and cell culture

DU 145 [13] and PC-3 [14] metastatic human prostate
cancer cells were obtained from American Type Culture
Collection (Manassas, VA). They were cultured as rec-
ommended, aliquoted, and frozen in liquid N,. Single ali-
quots were subsequently resuscitated as needed, and
cultured as recommended. No aliquot of cells was cultured
for more than 4 months, and the morphologies of all cul-
tures were routinely checked by phase contrast microscopy.
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For all assays in serum—free (SF) medium, cells were first
serum—starved overnight.

Peptide synthesis

N-terminal-acetylated, = C-terminal-amidated  PhScN,
PHSCN, hSPNc, and HSPNC peptides, and the
PhScNGGK-MAP polylysine dendrimer, and associated
cysteine or biotinylated (-Bio) peptide derivatives were
synthesized and purified to 95 % by either Peptide 2.0
(Chantilly, VA), Peptisyntha, Inc. (Torrence, CA) or by the
University of Michigan Peptide Synthesis Core (Ann
Arbor, MI). Stock concentrations of peptides were prepared
fresh prior to use by gravimetric measurement from
lyophilized material.

In vitro invasion assays

Naturally SF, selectively permeable basement membranes
from sea urchin embryos (SU-ECM) were utilized as
in vitro invasion substrates, as described [3-5, 15-19]. All
cells were serum—starved prior to addition of 10 % FBS to
stimulate invasion. For assays evaluating the effects of
blocking anti o581 MADb on invasion, serum-starved,
suspended cells were incubated for 30 min on ice in
serum—containing medium with 10 or 50 pg/ml anti a5p1
JBSS5 [20] function—blocking monoclonal antibody (MAD)
(Serotec, Oxford, England), prior to placement on SU-
ECM basement membranes. Peptides were briefly pre-
bound to suspended cells prior to placement on basement
membranes. Data, mean invasion percentages, were ana-
lyzed using Prism software (GraphPad Software, San
Diego, CA) as a function of log (inhibitor) versus nor-
malized data, variable slope.

Determination of dissociation constants, Ky,
and inhibition constants, K;, for cell surface binding
by the PhScN and PHSCN peptides

Dissociation constants of the PHSCN and PhScN peptides,
and their relevant S-acm cysteine derivatives, to cell sur-
face receptors of PC-3 and DU 145 were performed by
centrifugation [21] using lengthened, biotinylated (—Bio)
versions of the N-acetylated, C-amidated peptides (Ac-
PHSCNGGK-Bio and Ac-PhScNGGK-Bio) as previously
described [8]. Because PHSCN and PhScN bind to acti-
vated a5B1 integrin, maximal a5B1 activation was pro-
moted by addition of manganese to the binding buffer [22].
Unlike DU 145 cells, PC-3 cells were found to have vari-
ances in binding affinity, suggesting disparities in activa-
tion states between cell preparations. Therefore all binding
experiments were performed as pairs to ensure that the
activation states were consistent.

In brief, 125,000-150,000 cells, suspended in binding
buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 0.1 %
bovine calf serum, and 2 mM MnCl,), were incubated with
varying concentrations of biotinylated peptides for 2 h at
4 °C. Cells were pelleted, and the pellets were washed
twice with ice—cold binding buffer, prior to incubation at
4 °C for 30 min with Streptavidin—peroxidase (Sigma).
After three additional washes, the cell pellets were incu-
bated with o-phenylenediamine substrate, stabilized by the
addition of HCl and the absorbance values recorded at
490 nM.

Competition assays were similarly performed by adding
a constant concentration of the biotinylated, labeled com-
pound with varying amounts of unlabeled competitor, and
the equilibrium time was extended to 3 h [23]. Binding
data were analyzed using Prism software (GraphPad soft-
ware, San Diego, CA), and binding curves were fit using
non-linear regression approaches [23].

Fluorescent Dil labeling of cells

Confluent DU 145 or PC-3 cells were washed with Hanks
buffered salt solution (HBSS), harvested with 0.25 trypsin/
1 % EDTA rewashed in HBSS, and orange—fluorescently
labeled in 6 ml SF medium with 25 pl of the lipophilic
carbocyanine vital dye Dil, 1,1’-dilinoleyl-3,3,3'3'-tetra-
methylindocarbocyanine perchlorate (Invitrogen), for
20 min in dark at 37 °C, as described [24, 25]. Dil has been
utilized as a vital dye in numerous studies, for example, to
define neural crest invasive/migratory pathways in devel-
oping embryos [26]. After labeling, cells were pelleted at
1,000 rpm for 2 min, prior to resuspension in 6 ml of
medium, and allowed to recover for 72 h prior to use.

Mice

Female Foxnl1™ athymic nude mice (Harlan) were housed
in pathogen-free conditions according Association for the
Assessment and Accreditation for Laboratory Animal Care
guidelines. Studies were performed with approved institu-
tional animal care and use protocols, and adhere to

ARRIVE guidelines. No body weight loss or morbidity was
associated with the study protocols.

Extravasation of DU 145 or PC-3 cells in the lungs
of athymic mice

To compare the effects of blocking anti 51 MADb on the
accumulation of labeled cells in lung tissue after intrave-
nous injection, Dil-labeled cells were incubated for 30 min
on ice with 10 or 50 pg/ml anti o581 JBSS [20] anti a5B1
function—blocking MAb (Abcam, Cambridge MA). A total
of 10,000 pretreated cells in 0.1 ml HBSS were injected
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into the tail vein of each 8-week, nude athymic mouse
(Harlan Laboratories). Each treatment group consisted of
10 mice. All mice were euthanized 24 h later, and their
lungs were removed. The frozen-tissue samples were then
prepared and analyzed at 400-fold magnification with a
Zeiss Scanning Laser Confocal microscope (LSM510). A
total of 25 10-um sections were analyzed for one lung in
each mouse, for treatment groups consisting of 10 mice
each. The sections were taken at intervals of 100 pm;
hence, the total thickness of tissue analyzed for each mouse
was 2.5 mm. The invaded Dil-labeled DU 145 and PC-3
cells in the lungs were scored using fluorescence micros-
copy, and the data are presented as mean = SEM as
described [15, 16].

Similar methods were utilized to compare the potencies
of a single, systemic PhScN or PHSCN pretreatment on
extravasation into lung tissue. Suspended, Dil-labeled cells
were prebound with 1, 10 or 100 ng/ml Ac-PhScN-NH,;
10, 100, or 1,000 ng/ml Ac-PHSCN-NH,; 1,000 ng/ml Ac-
HSPNC-NH,, for 10 min at 37 °C, or left untreated.
Groups of ten, eight week—old, nude mice received one
systemic pretreatment with the appropriate peptide con-
centration by tail vein injection. Immediately after pre-
treatment, 10,000 cells, prebound with the appropriate
peptide concentration or with HBSS only (untreated), were
injected into the tail vein of each mouse in 0.1 ml HBSS.
To enable the effects of single exposures on extravasation
to be quantitated, mice received no other systemic treat-
ments. All mice were euthanized 24 h later, and their lungs
were removed. The frozen—tissue samples were then pre-
pared and analyzed as above and as previously described
[15, 16]. A total of 25 10-um sections were analyzed for
one lung in each mouse, for treatment groups consisting of
10 mice each. The sections were taken at intervals of
100 um; hence, the total thickness of tissue analyzed for
each mouse was 2.5 mm. Slides were sealed by Mounting
Medium for fluorescence with DAPI conjugated with green
fluorescence labeled actin (Vector Laboratories, Burlin-
game, CA). All red Dil-labeled DU 145 and PC-3 cells in
one lung of each mouse were scored with a Zeiss Scanning
Laser Confocal microscope (LSM510) using a 40x
objective, and the data are presented as mean + SEM as
previously described [15, 16].

Lung colonization assays

To compare the potencies of Ac-PhScN-NH, and Ac-
PHSCN-NH, as inhibitors of productive extravasation,
resulting in lung colony formation, suspended, Dil-labeled,
peptide—treated cells were prepared and injected as
described above for assessment of extravasation. Mice
received a single systemic pretreatment with the appro-
priate peptide concentration by tail vein injection.
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Immediately after pretreatment, 10,000 cells, prebound
with the appropriate peptide concentration or with HBSS
only (untreated), were injected into the tail vein of each of
10 mice per treatment group. To enable the effects of single
exposures on extravasation leading to colony formation to
be quantitated, no additional systemic peptide treatment
occurred during lung colony growth. Six weeks after
injection, mice were euthanized, and lungs were removed,
fixed, prepared, and stored. Twenty sections of 10-pm
thickness, each taken at 200 pum intervals, were evaluated
for each treatment group. Hence, a total tissue thickness of
4 mm was analyzed in one lung of each mouse. Slides were
sealed by Mounting medium with green fluorescence
labeled actin (Vector Laboratories, Burlingame, CA). The
total numbers of fluorescent lung colonies, each composed
of more than 50 Dil-labeled DU 145 or PC-3 cells (red),
were scored using a Zeiss Scanning Laser Confocal
microscope (LSM510) with a 40x field, and the data are
presented with mean == SEM as previously described [15,
16].

Tumorigenesis assays

Suspended DU 145 cells (1.5 x 10° per mouse) were
injected intramuscularly into the right hind legs of a total of
60 athymic nude mice. Tumors were allowed to grow for
6 weeks, prior to the initiation of systemic therapy. All
tumors were palpable, but not measurable, when systemic
therapies were initiated. Dosages of 5 mg/kg Ac-PhScN-
NH,, Ac-PHSCN-NH, or Ac-HSPNC-NH,, each in a total
volume of 0.05 ml per injection, were administered thrice—
weekly via tail vein injection as described [3]. Untreated
mice received 0.05 ml normal saline on the same injection
schedule as the PhScN—, PHSCN—, and HSPNC-treated
mice. After 5 weeks of treatment, all DU 145 tumors or
injection sites were harvested, fixed, sectioned, and stained
with hematoxylin and eosin. A total of 20 sections of 5-
micron thickness, each separated by 200 microns, were
assessed for tumor cells throughout each tumor or injection
site. Hence, a total tissue thickness of 4 mm was analyzed
in each injection or tumor site in each mouse. A total of 15
mice were evaluated for each treatment group, including
the untreated mice.

Data analysis

Dose response data for extravasation and lung colony
formation were analyzed by the Combination index (CI)
method of Chou-Talalay [27], as described [28]. The ana-
lysis was based on the multiple drug effect equation
derived from the median effect principle of the mass-action
law. The median—effect equation, y = log(f./f,), with
respect to x = log(dose), defines the dose and effect
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relationship in the absence of reaction rate constants, where
f, is the fraction of cells affected (invasion—inhibited), and
f, is the fraction of cells unaffected (invaded). The x
intercept represents the IC50 value. CI and DRI values
were determined for Ac-PhScN-NH,, relative to Ac-
PHSCN-NH,.

Results

Increased invasion inhibitory potency of the PhScN
peptide, Ac-PhScN-NH,, and PhScN dendrimer, Ac-
PhScNGGK-MAP

Naturally SF, selectively permeable SU-ECM basement
membranes have previously been used to identify plasma
fibronectin (pFn) as the invasion—inducing protein in serum.
Moreover, the PHSRN sequence of the pFn cell binding
domain has been shown to be sufficient for o531 integrin—
mediated invasion induction in human prostate and breast
cancer cell lines [3, 18], in normal prostate and mammary
epithelial cells [3, 18], in normal microvascular endothelial
cells [5], and in normal human keratinocytes and fibroblasts
[17]. Thus, quantitating invasion with naturally SF basement
membranes (SU-ECM) has been an effective assay for
evaluating the potencies of invasion inhibitors.

The mean percentages of cells invaded, after placement
on SU-ECM in the presence of serum and varying con-
centrations of PhScN or PHSCN, or scrambled sequence
controls are shown in Fig. la, b for DU 145 and PC-3,
respectively. The PhScN peptide was 4-5 orders of mag-
nitude more potent than PHSCN as an in vitro basement
membrane invasion inhibitor. High concentrations of the
scrambled sequence controls, HSPNC or hSPNc, had no
significant inhibitory effect on invasion. The ICs, values
derived from the Hill-Slope plots (Fig. 1a, b) are listed in
Table 1. As shown by the dose reduction index (DRI)
values, the PhScN peptide was 10*-10°-fold more potent at
blocking FBS—induced invasion. Quantitatively similar

% Relative Invasion >
% Relative Invasion W

results were obtained for SF invasion induction by stimu-
lation with a peptide consisting of the PHSRN sequence of
the pFn cell binding domain, Ac-PHSRN-NH, (not shown).

Because our prior studies demonstrated that a multivalent
presentation of the PHSCN sequence on the polylysine
multiantigenic peptide (MAP) dendrimer resulted in a 100-
to 6,700-fold increase in in vitro invasion—inhibitory potency
(on amolar basis) as well as similarly increased potencies for
inhibition of lung extravasation and colonization by both
prostate and breast cancer cell lines [15, 16], we determined
the invasion—inhibitory potencies of the Ac-PhScNGGK-
MAP dendrimer. Similarly, we found that a multivalent
presentation of the PhScN sequence produced an additional
10°fold increase in potency, with ICsy’s of 0.16 and
0.08 ag/ml for DU 145 and PC-3 cells respectively (Fig. 1a,b;
Table 1). Since our previous work for PHSCNGGK-MAP
(7,500 Da) for prostate [15], and breast [ 16] adenocarcinoma
cell lines demonstrated a significantly smaller increase in
potency, a 10- to 100-fold reduction in ICs, relative to the
PHSCN monomer (598 Da), the greatly increased potency
(106) for PhScNGGK-MAP, relative to PhScN, indicates
PhScN is an even more attractive candidate than PHSCN for
a multivalent presentation (Table 1).

Increased invasion inhibitory potency of PHSCN
and PhScN peptides, modified to prevent disulfide bond
formation with target

Induction and inhibition of a5B1-mediated invasion are
rapid responses in vitro, complete in less than 4 h [4, 18].
The inhibition mechanism of PHSCN or PhScN with its
disulfide-rich target, a5B1 integrin, could be either non-
covalent, or covalent—by forming a stable mixed disulfide,
or by inducing disulfide rearrangement, which may or may
not include the loss of the intermediate mixed disulfide. It
has been proposed that PHSCN inhibits invasion via
disulfide bonding with a5B1 integrin, forming a mixed
disulfide [6]. To determine the importance of disulfide
bonding, the effects on invasion—inhibitory potencies of

120 -@ PHSCN
00 & PhSCN
0 -4 PhScNGGK-MAP
- HSPNC
4 ¥ hSPNc
20

log(pg/ml)

Fig. 1 Hill-slope plots of increased invasion inhibitory potency of
the bp-His, p-Cys—containing Ac-PhScN-NH, peptide and Ac-
PhScNGGK-MAP dendrimer for DU 145 and PC-3 cells induced
by serum (FBS). Panels a DU 145 cells and Panels b PC-3 cells.

6 -4 -2 0 2 4 6

log(pg/ml)

Specific agents are listed on the right. X axes, log peptide
concentration in pg per ml; Y axes, mean relative percentages of
invaded cells (+SD). IC5, and DRI values are summarized in
Tables 1 and 2
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substituting commercially available derivatives of L-cys-
teine in the PHSCN peptide, S-acetylated (S-OAc) or
S-methylated (S-Me), were tested. Commercially available
derivatives of D-cysteine were limited to S-acetamidom-
ethyl (S-acm). For invasion inhibition comparison and
additional Ky determination studies, the biotin—labeled
forms of both PHSCN and PhScN and their S-acm deriv-
atives were acquired.

As shown in Fig. 2a, b for DU 145 and PC-3 cells
respectively, and summarized in Table 1, the invasion—
inhibitory potencies of PHSCN derivatives incapable of
disulfide bond formation, PHSC(S-OAc)N or PHSC(S-
Me)N, were increased on average 10*-10°- or 10°-10*-
fold, respectively. The increased potency of the blocked
L-cysteine derivatives is similar to that determined for p-
cysteine containing PhScN (10%°-10°-fold), and estab-
lishes that the productive mechanism of inhibition is
noncovalent.

In addition, a single substitution of p-cysteine, without
p-histidine (Ac-PHScN-NH,), was only a 100-fold more
potent than PHSCN (data not shown); whereas, p-amino
acid substitutions of both the histidine and cysteine resi-
dues in PhScN, as shown above, resulted in a 10*-10°-fold
increase in potency, indicating that the orientation of the
histidine and cysteine side chains on the same side of the
peptide must also play an important role in the invasion—
inhibitory mechanism.

Comparison of the ICsq values in Tables 1 and 2 show
that the biotin-labeled Ac-PHSCNGGK-Bio and Ac-
PhScNGGK-Bio peptides (1,100 Da) are similar to the
unlabeled parent peptides (598 Da), demonstrating that the
additional mass on the C-terminus does not interfere with
invasion inhibition. This allows for direct comparison of
the effects of S-acm modification to both L- and p-cysteine
on invasion inhibition and on the dissociation constant (Kg)
determinations discussed below.

Table 1 Inhibition of a5B1-mediated invasion of basement membranes by DU 145 and PC-3 cells: ICso and DRI values for PhScN and PHSCN

derivatives
DU 145 ICso (pg/ml) PC-3 ICsq (pg/ml) DRI PHSCN DRI PhScN
Ac-PHSCN-NH} 2,600 16,627 1 107°-107¢
Ac-PHSCNGGK-MAP* 274 514 10' 10~
Ac-PHSC(Me)N-NH, 1.73 0.58 10°-10* 1072-107"
Ac-PhScN-NH, 0.097 0.113 10°-10° 1
Ac-PHSC(OAC)N-NH, 0.033 0.01 10*-10° 10°-10"
Ac-PhScNGGK-MAP 1.58 E-7 8.13 E-8 10'°-10"! 10°-10°
? Values derived from Yao et al. [15]
Fig. 2 Hill-Slope plots of A B
increased invasion inhibitory c 100 c . 1007
potency of the biotinylated and/ o . o -
or cysteine modified derivatives § A § i TTr PHSCN
of PHSCN and PhScN for DU = ‘\\ £ \ e+ PhScN
145 and PC-3 cells induced by @ \ 4 ‘\
serum (FBS). Panels a, ¢ DU - N b= \‘ - PHSC(MEN
145 cells and Panels b, d PC-3 E’ \\\ E ‘\ -8~ PHSC(O-Ac)N
cells. Specific agents are listed 2 AN 2 ‘\\
on the right. X axes, log peptide —r } A 1 — T T |
concentration in pg per ml; 4 -2 0 2 4 8 -4 4 6 8
Y axes, mean relative log (pg/ml) log (pg/ml)
percentages of invaded cells c D
(£SD). ICs and DRI values are ® 100 100
summarized in Tables 1 and 2 5 5 ) 80
® 80 2
§ @ 4 PHSCNGGK-bio
£ 2 60 @ PhScNGGK-bio
o
= 4 2 B PHSC(acm)N-GGK-bio
m -
—-— © .
2 o 9 -©-  PhSc(acm)N-GGK-bio
* —— } r r — O r r o—
4 2 0 2 4 6 4 2 0 2 4 6
log (pg/ml) log (pg/ml)
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Table 2 Inhibition of a5B1-mediated invasion of basement membranes by DU 145 and PC-3 cells: ICsq and Ky values for biotinylated PhScN

and PHSCN derivatives

DU 145 ICsq (pg/ml) PC-3 ICs (pg/ml) DRI CN-Bio DU 145 Kd (uM) PC-3 Kd (uM)
Ac-PHSCNGGK-Bio 7,900 1,900 1 0.35 + 0.07 0.09 + 0.04
Ac-PhScNGGK-Bio 0.204 0.073 10* 0.26 + 0.05 0.10 + 0.02
Ac-PHSC(acm)NGGK-Bio 0.477 0.035 10* 1.7 5.6
Ac-PhSc(acm)NGGK-Bio 0.019 0.006 10° 4.3 17.0
Ac-HSPNCGGK-Bio Inactive Inactive Inactive 0.98 1.78

The S-acm invasion inhibition results, for DU 145 and
PC-3 cells respectively (Fig. 2c, d; Table 2), showing a
10*-fold increase in potency for the L-cysteine containing,
biotin—labeled peptide, were similar to those obtained for
S-Me and S-OAc derivatives, 104—106—f01d; again demon-
strating that the blocked L—cysteine is a substantially more
potent inhibitor, and that the productive inhibitory mech-
anism of PHSCN is actually noncovalent. In contrast, the
S-acm modification of the p—cysteine residue in the PhScN
peptide resulted in only a minor 10- to 20-fold increase in
potency—which is well within the range of error—indicating
that the status of the p-cysteine residue (blocked versus
unblocked) is irrelevant to the potency of the PhScN pep-
tide, further demonstrating the noncovalent nature of the
invasion—inhibitory mechanism for PhScN.

Moreover, attempts to trap a covalent mixed disulfide
with PHSCNGGK-bio on the surface of live cells for
visualization on a western blot required a significantly
longer incubation time to occur compared to the 4 h
required for the SU-ECM in vitro invasion inhibition
assays to be complete [3, 4] (data not shown). Although
inconclusive, this suggests formation of a mixed disulfide
is a slow, nonproductive side reaction. Thus, combined
with the invasion inhibition results for the cysteine—
blocked derivatives, the mechanism suggested by the
covalent, mixed disulfide, observed between purified,
disulfide-rich a5f1 integrin and the PHSCN peptide [6], is
incomplete.

Comparison of dissociation constants, Ky, for cell
surface binding by biotinylated PhScN or PHSCN
peptides

Results of in vitro invasion assays, showing the greatly
increased inhibitory potency of the PhScN peptide, sug-
gested that it might also exhibit a reduced dissociation
constant (Ky). Hence, the Ky of biotinylated PhScN,
PHSCN and their S-acm derivatives were determined by
the methods previously utilized for PHSCN during its
development for clinical trial [6].

As shown in Table 2, the Ky values for the PhScN
peptide (Ac-PhScNGGK-Bio) were 0.26 and 0.10 pM, and

for the PHSCN peptide (Ac-PHSCNGGK-Bio) were 0.35
and 0.09 uM for DU 145 and PC-3 cells, respectively.
While the K4 of PhScN appears to be similar or to have
improved only slightly in comparison to PHSCN, the lack
of any significant change to the Ky suggests that the
improved invasion inhibitory potency (Table 1) is due to
elimination or reduction of the unproductive, covalent side
reaction; and does not appear to result from tighter binding,
due to orienting the p—cysteine to the opposite side of the
peptide ligand.

Both the L and p cysteine S-acm derivatives showed a
significant increase in their Ky values, indicating the
binding was not as tight as with the unmodified L- and p-
cysteines. The binding data suggest that, although the
blocked cysteine derivatives of PHSCN and PhScN are
more potent invasion inhibitors (Tables 1 and 2), there are
steric hindrances to binding caused by covalent modifica-
tion of the cysteine. These data illustrate that the endo-
proteinase—resistant, D-cysteine substituted peptide,
PhScN, better fulfills the goal of increased potency than
covalent modification of the r—cysteine of the PHSCN
peptide.

Competition binding assays of PHSCN and PhScN

The composition of the peptide compounds PHSCN and
PhScN and the similarities of their K4’s suggest that they
may also interact with the same binding site. Results of
competition assays, in which cells were incubated with a
constant concentration of labeled Ac-PHSCNGGK-Bio
and varying amounts of unlabeled PhScN or PHSCN
peptides, are shown for DU 145 and PC-3 cells in Fig. 3a, b
respectively.

The dissociation of the labeled material occurred over
approximately two logs in competitor concentration,
demonstrating that PHSCN and PhScN are competing for
the same binding site [23]. The inhibition constants (K;)
were calculated from the relationship of ICsq to K; defined
by Cheng and Prusoff [29] using Eq. 1. The K; values for
the unlabeled PHSCN and PhScN competitors were found
to be 0.74 and 0.18 puM for DU 145; and 0.17 and 0.26 uM,
for PC-3 cells, respectively. The K; values of the unlabeled
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Fig. 3 Competition binding assays for PHSCN and PhScN peptides
with suspended DU 145 and PC-3 cells. Panels a and b 0.4 uM Ac-
PHSCNGGK-bio (labeled) was incubated with varying amounts of
unlabeled Ac-PhScN-NH, or Ac-PHSCN-NH,; Panel a, DU 145
cells, Kd (labeled) = 0.4 ]J.M, Panel b PC-3 CEHS, Kd (labeled) = 0.1 ]J.M,
Ka  abeteay = 1C50/([labeled]/K;  (apeieay) + 1. Circles, unlabeled
Ac-PhScN-NH,; squares, unlabeled Ac-PHSCN-NH,. Panels ¢ and
d varying amounts of labeled Ac-PHSCNGGK-bio were incubated in

competitors displayed the same relationship observed for
the Ky values of the biotin—labeled PHSCN and PhScN
peptides (Table 2). Both K; and K, values suggest that
PhScN binds slightly better than PHSCN to DU 145 cells;
and that they have similar binding properties to PC-3 cells.

K = ICso/ ([labeled) ] (K4 (tabetea)) + 1) (1)

To confirm competition for the same binding site, the
reverse experiment was performed where cells were incu-
bated with varying concentrations of the labeled
PHSCNGGK-Bio peptide in the absence and in the pre-
sence of a constant concentration of unlabeled PhScN
(Fig. 3c, d). This experiment was performed as described
above for Ky determination, and generates Ky and Kgapp,
representing the Ky values of the PHSCNGGK-Bio
determined in the absence and presence of unlabeled
competitor, respectively. Subsequently, using Eq. 2 [30]
enables the calculation of K; for unlabeled PhScN.

K; = [competitor] | (Kuapp)/ (Kaapp/ Ka — 1) (2)

The K; values determined for unlabeled PhScN (Fig. 3c,
d) were 0.17 and 0.36 uM for DU 145 and PC-3 cells,
respectively; and these agree with the values 0.18 and
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the absence (K, circles) or presence (Kgapp, triangles) of a constant
concentration of unlabeled Ac-PhScN-NH,. Panel ¢, DU 145 cells
0.6 UM Ac-PhScN-NH,. Panel d, PC-3 cells, 1.8 pM Ac-PhScN-
NHy; K; = [competitor/(K gupp/Ka—1). X axes, uM Ac-PhScN-NH,,
UM Ac-PHSCN-NH, or Ac-PHSCNGGK-bio; Y axes, % relative
Ay90, = SD. Plots A and B were fit using a competitive inhibition
equation. Plots C and D were fit using a total binding equation to
account for nonspecific binding

0.26 uM determined from the reverse experiment above
(Fig. 3a, b). Both types of competition binding experiments
demonstrate that PHSCN and PhScN compete for the same
binding site on both DU 145 and PC-3 cells.

The a5P1 integrin fibronectin receptors of DU 145
and PC-3 function in lung extravasation in vivo

Since PHSCN has been shown to inhibit o5p1-mediated
invasion specifically, in our lab [3-5, 15, 16] and by others
[6-9], we confirmed the role of a5B1 integrin for extrav-
asation into lung tissue by prebinding the blocking JBSS
anti a5B1 MAD [20] to suspended cells, just prior to tail
vein injection into nude mice. As shown in Fig. 4, pre-
binding 10 pg/ml JBSS reduced extravasation by about
75 %. Moreover, prebinding 50 pg/ml JBSS had a greater
inhibitory effect of about 90 %; while prebinding 50 pg/ml
of the IgGl isotype control did not significantly inhibit
extravasation. These results confirm the key role of a5p1
integrin during lung extravasation, and suggest that since
PhScN is a potent inhibitor of aSB1-mediated basement
membrane invasion in vitro, it might also be a highly
potent inhibitor of lung extravasation and colonization.
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Increased inhibitory potency of PhScN for lung
extravasation and colonization by DU 145 and PC-3
cells in athymic nude mice

Since PHSCN has been shown to inhibit a5p1 integrin—
mediated invasion specifically [3, 6-9, 15, 16], to reduce or
prevent metastasis [3, 4, 6-9, 15, 16], and to enhance the
radio response of breast cancer cells [10], and since it
demonstrated efficacy in Phase 1 clinical trial [11], we
compared the efficacies of the PhScN and PHSCN peptides
as inhibitors of lung extravasation and colonization in
athymic, nude mice. To assess their relative potencies,
treatment groups consisting of 10 athymic nude mice, each
received a single systemic pretreatment with the appro-
priate peptide concentration by tail vein injection. Then,
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Fig. 4 Inhibition of DU 145 and PC-3 lung extravasation by
prebinding JBS5 blocking anti o581 MAb. Relative extravasation
of cells per lung section after prebinding with JBS5 anti o531 MAb or
IgG1 antibody concentrations (pg/ml). JBS5 denotes the CD49e MADb
clone JBSS anti a5B1 MADb. X axis, concentration JBSS or IgGl;
Y axis, mean percentage of extravasated cells, +SEM
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Fig. 5 Effects on lung extravasation and colony formation by DU
145 and PC-3 cells after exposure to varying concentrations of
PHSCN or PhScN. a Mean number of cells extravasated per section
of lung tissue after 24 h (:=SEM). b Mean number of colonies formed
per section of lung tissue after 6 weeks of growth (£SEM). X axes,
PHSCN or PhScN concentrations. Y axis, Fig. 6a, mean number of

Dil-labeled DU 145 or PC-3 cells, briefly prebound to the
appropriate concentrations of the PhScN or PHSCN pep-
tides, were injected into the tail veins of athymic, nude
mice; and the lungs were extracted after 24 h. Since many
extravasated cancer cells may not be able to colonize the
new site effectively [31], the effects of PhScN or PHSCN
pretreatment on lung colonization were also evaluated after
the cells were allowed to grow for 6 weeks. The mice
received no further systemic treatment during the 6 weeks.

Figure 5 compares qualitatively the efficacies of single
PHSCN or PhScN pretreatments on lung extravasation, and
on subsequent colonization as an indication of successful
extravasation. Panel 5a, shows the dose response for mean
numbers of extravasated cells per lung tissue section per
mouse. Means of 1,802 (£170 SEM) for DU 145, and
2,097 (£100 SEM) for PC-3, were observed in the
untreated controls. Means of 1,359 (+67 SEM) for DU 145
and 1,963 (+£94 SEM) for PC-3 were observed for the
scrambled sequence control, 100 ng/ml Ac-HSPNC-NH,,
demonstrating its lack of inhibitory effect. Panel 5b, shows
that the mean number of colonies per lung section per
mouse after 6 weeks growth for each untreated control was
22.3 + 3.3 SEM and 31.3 £ 6.2 SEM, for DU 145 and
PC-3, respectively. Similar values were obtained with the
scrambled sequence control, 100 ng/ml Ac-HSPNC-NH,,
of 19.8 £4.5 and 22.9 + 5.2, SEM. Sections were ran-
domized prior to scoring to minimize bias. The SEM ran-
ged from 25 to 30 % of the mean numbers for both
extravasated cells and lung colonies in all treatment groups
for both cell lines.

At 24 h post injection in the untreated controls, ~ 2,000
cells per section, in each of 25 sections per lobe, appeared
to have extravasated for both cell lines (Fig. 5a). At con-
centrations of either 1,000 ng/ml PHSCN or 1 ng/ml of
PhScN, the numbers of extravasated cells observed are
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DU 145 or PC-3 cells extravasated per section (£ SEM). Y axis,
Fig. 6b, mean number of DU 145 or PC-3 colonies per section
(£ SEM). Con., untreated control; HSPNC, scrambled sequence
control, 100 ng/ml; PHSCN, 10, 100, or 1,000 ng/ml; PhScN, 1, 10,
100 ng/ml
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similar and reflect about 90 % inhibition, suggesting that
PhScN is at least 1,000-fold more potent than PHSCN at
preventing extravasation into lung for both cell lines.

Because many extravasated cells could fail to give rise to
colonies and hence be irrelevant for metastatic progression,
colonies were allowed to grow without further treatment for
6 weeks in duplicate mice. In untreated mice about 25 col-
onies formed per section, as shown in Fig. 5b. Thus, about
1 % of extravasated DU 145 or PC-3 cells formed colonies in
untreated mice. At the highest concentration of PHSCN,
1,000 ng/ml, ~ 6 colonies per section were observed, for a
colonization efficiency of 0.3 %, relative to untreated cells
extravasated, and an inhibition rate of about 76 % relative to
untreated colony formation. At the lowest concentration of
PhScN, 10 ng/ml, ~ 3 colonies per section were observed,
for a colonization efficiency of 0.15 %, and an inhibition rate
of about 88 %. These results suggest that PhScN is signifi-
cantly greater than 100-fold more potent than PHSCN at
preventing lung colonization for both cell lines. Analyses of
the dose response curves and extrapolation to similar effi-
cacies were performed to allow for a more precise determi-
nation of the increased potency.

Quantitation of the inhibitory potency of PhScN
for lung extravasation and colonization by DU 145
and PC-3 cells in athymic nude mice

A single PHSCN treatment at a dose range of 101,000 ng/ml
affected (inhibited) 50-90 % of the cells for both cell lines;
whereas a single PhScN treatment at a dose range of
1-100 ng/ml inhibited extravasation by 90-98 %. Con-
version of the numbers of cells extravasated to ratios of
affected cells to unaffected cells (f,/f,) enables construc-
tion of a dose response curve using the median affect and
subsequent extrapolation of 50 % inhibition (ICsg) and the
DRI, which are shown in Fig. 6a, b for DU 145 and PC-3,
respectively. The 1Cso values were determined from the
extrapolated x—intercepts, and are shown for each curve.
The DRI represents a ratio of the ICsy’s. Typical examples
of the confocal images analyzed are presented in Fig. 6c.
Each panel depicts sectioned lung tissue, containing vari-
able numbers of extravasated cells after pretreatment with
10 ng/ml PhScN or PHSCN peptides. As shown in Fig. 6a,
b PhScN appears to be 15,668- or 272-fold more potent
than PHSCN as an inhibitor of DU 145 or PC-3 lung
extravasation, respectively.

Similarly, a single treatment with 100 or 1,000 ng/ml
PHSCN inhibited colony formation by 60-80 %; whereas a
single treatment with PhScN at 10 or 100 ng/ml reduced
lung colony formation by 90-95 %. Conversions to a ratio
of affected (inhibited) colonies to unaffected colonies
(fo/f,) allows for quantitation of the ICs, and DRI), and are
shown in Fig. 7a, b for DU 145 and PC-3 cells,
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respectively. Typical examples of the confocal images
analyzed to provide these data are presented in Fig. 7c. The
data indicate that PhScN is substantially more potent than
PHSCN as an inhibitor of lung colonization. The increased
potency (DRI) of PhScN relative to PHSCN for DU 145
lung colonization is 379,000-fold; and is similarly elevated,
111,000-fold, for PC-3 cells.

The increased potency (DRI) values of PhScN, relative
to PHSCN, for both DU 145 and PC-3 lung colonization
(105 ) are quite similar to that obtained for in vitro invasion
assays (10*=10”), as shown in Table 1. The DRI of PhScN,
relative to PHSCN for DU 145 (104) and PC-3 (102) cell
extravasation, appears to be somewhat less than that
observed in in vitro invasion assays (10°-10°), especially
for PC-3 cells. This may reflect a higher prevalence of PC-
3 cells that cannot develop into colonies, but are retained in
the lung tissue a day after intravenous injection. Increased
PC-3 cell retention, relative to DU 145, could indicate a
reduced activation state of the a5B1 integrin for PhScN
peptide binding on the batches of Dil-labeled PC-3 cells
analyzed. It may also reflect differences in rate of extrav-
asation by the untreated or HSPNC-treated controls. None
of these factors would be expected to influence relative
differences in lung colonization because 6 weeks are
required for lung colonies to grow.

These results demonstrate the greatly increased potency
of the PhScN peptide as an inhibitor of lung colonization.
Since mice received only a single systemic treatment just
prior to injection, these results suggest that PhScN is a
highly potent inhibitor of lung extravasation and coloni-
zation by DTC’s. These values also suggest that among the
cells scored as extravasated many are incapable of colony
formation, especially for PC-3 cells.

Complete regression of DU 145 primary tumors
in PhScN—treated mice

To determine whether PhScN monotherapy is well-tol-
erated, and to compare its antitumorigenic potency with
that of PHSCN, intramuscular DU 145 tumors were grown
in the right hind legs of 60 nude mice for 6 weeks without
treatment. Hence, all tumors were allowed to grow until
palpable, prior to the initiation of systemic, thrice—
weekly, intravenous 5 mg/kg PhScN, PHSCN, or HSPNC
therapies. Then, therapies were performed in treatment
groups of 15 mice each; while the fourth group of 15 mice
received normal saline only (untreated). All treatments
continued for 5 weeks. PhScN monotherapy appeared to
be very well tolerated, as all PhScN-treated mice exhib-
ited no ill effects from their therapy. As shown in Fig. 8a,
5 weeks of thrice—weekly, systemic 5 mg/kg PhScN
monotherapy either prevented growth or caused total
regression of DU 145 tumors; while 5 mg/kg PHSCN
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Fig. 6 Increased extravasation inhibition by PhScN prebinding,
relative to PHSCN peptide. a Median—affect plot for DU 145 cell
extravasation into lung after prebinding with PHSCN or PhScN, with
1Cs0’s. b Median affect plot for PC-3 extravasation into lung after
prebinding with PHSCN or PhScN, with ICsy’s. X axes, log peptide
concentration in ng/ml; Y axes, mean log fraction affected/fraction
unaffected (f,/f,) = SEM. ¢ Typical examples of the confocal images
analyzed to provide these data are shown. All extravasated cells in

monotherapy resulted in a 40 % reduction in mean tumor
volume (mm3). Moreover, DU 145 tumorigenesis was
virtually identical in the HSPNC-treated and in the
untreated groups. The typical appearances of the DU 145
injection or tumor sites in the PhScN, PHSCN, and
untreated treatment groups are shown in Fig. 8b. Con-
sistent with the total regression of all tumors, no tumor
cells in any section were observed in the PhScN treatment
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sectioned lung tissue after pretreatment with 10 ng/ml PhScN or
10 ng/ml PHSCN peptides, or with serum—containing medium
without peptide are indicated Asterisk in these panels. Control
denotes cells pretreated with serum—containing medium without
peptide. Dil-labeled DU 145 or PC3 cells are shown in orange/red.
The DAPI in the Mounting Medium labels the nuclei blue; and the
tissues appear green

group; instead, normal musculature and vascularization
were seen. In contrast, the tumor sites in both the PHSCN
and untreated treatment groups contained abundant tumor
cells. Sections from the HSPNC treatment group exhib-
ited identical appearance to the untreated and PHSCN-—
treated groups (not shown). These results show that 5 mg/kg
PhScN monotherapy is very well tolerated. Furthermore,
consistent with its potency as an inhibitor of a5p1-mediated

@ Springer



390

Clin Exp Metastasis (2014) 31:379-393

A 1.5 -
-~ PhScN ICs = 0.049 pg/ml
1.0 /{/{
“\_3
] -
& %1 -+ PHSCNICs= 186 ng/ml
° /;,/*
0.0 : )
_—1 2 3
0.5 log (ng/ml)
DRI = 378,738

4 g
\l/\"
\
\

10 ng/'m|,9h§<jN

10:ng/ml PhScN’

Fig. 7 Increased inhibition of lung colonization by PhScN prebind-
ing, relative to PHSCN peptide. a Median—affect plot for DU 145
lung colony formation, with ICsy’s. b Median—affect plot for PC-3
lung colony formation, with ICsy’s. X axes, log peptide concentration

invasion, which drives angiogenesis [5], these results show
that 5 mg/kg systemic PhScN monotherapy has potent
antitumorigenic effects.

Discussion

There is an urgent need for a potent, well-tolerated, sys-
temic therapy to prevent or limit successful metastatic
seeding of the lung in prostate cancer. Because oSl
integrin—mediated invasion by prostate and breast adeno-
carcinoma cells to cause systemic dissemination, and by
microvascular endothelial cells to promote angiogenesis,
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are key features of metastatic disease progression, we have
pursued o5PB1 integrin as a therapeutic target in our pre-
vious studies [3-5, 15-19].

Using metastatic human prostate cancer cell lines, we
showed here that the PhScN peptide is 4-5 orders of
magnitude more potent than PHSCN as an inhibitor of
a5B1 integrin-mediated invasion of naturally occurring
basement membranes in vitro. Since Ac-PHSCN-NH,
(ATN-161) has been reported to form covalent, disulfide
bond(s) with the purified o581 integrin target [6], we uti-
lized PHSCN derivatives incapable of disulfide bond for-
mation to confirm the role of disulfide bond formation in
the inhibition of serum-—induced invasion in vitro. We
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Fig. 8 Increased potency of
PhScN as a systemic
antitumorigenic agent for DU
145 flank tumors in nude mice.
a Mean changes in tumor
volume during 5 weeks of
systemic PhScN, PHSCN,
HSPNC, or control
monotherapies. X axis,
treatment dates. Y axis, mean
increases in tumor volume
(mm3) + SEM. Mean increases
in tumor volume are shown
because all tumors were
palpable, but not measurable,
when systemic therapies were
initiated. b Typical sections
stained with Hematoxylin and
Eosin (H & E) are shown to
compare the appearances of DU
145 tumor sites after 5 weeks of
systemic therapy with 5 mg/kg
PhScN or 5 mg/kg PHSCN, as
compared to untreated mice
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found, instead, that the S-OAc PHSCN peptide, which is
incapable of disulfide bond formation, was up to a million—
fold more potent than PHSCN as an invasion inhibitor.
Substantial increases in potency were also observed for
S-Me PHSCN peptide. Also, the S-acm PHSCN peptide
was similarly increased In potency; whereas the S-acm
PhScN peptide showed at most a 10-20-fold increase in
potency over PhScN. These results suggest that the primary
invasion—inhibitory mechanism is actually noncovalent, for
both PHSCN and PhScN.

Results were also obtained showing that the biotinylated
PhScN derivative (PhScNGGK-Bio) has a similar to
slightly reduced dissociation constant, relative to
PHSCNGGK-Bio, for suspended DU 145 and PC-3 cells.
Furthermore, competition—binding assays showed that the
PHSCN and PhScN peptides compete for the same binding
site on intact cells. Side chain S—modification to either the
L- or D-cysteine significantly increased their dissociation
constants, suggesting steric hindrances. Thus, substitution
of histidine and cysteine with their p-isomers appears to be
the most effective way to eliminate or substantially reduce
nonproductive covalent side interactions.

Although multiple systemic PhScN treatments, alone or
in combination with other agents and/or radiation, would
be utilized in an actual therapy to prevent metastasis pro-
gression, we modeled PhScN as an inhibitor of DTC
invasion by assessing the efficacy of a single exposure on
lung extravasation and colonization by suspended DU 145
and PC-3 cells. The efficacy of a single PhScN pretreat-
ment over a range of concentrations was observed to be
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5 mg/kg PHSCN

5 mg/kg PhScN

7

Control

14 21 28 35
Treatment Day

5 mg/kg PHSCN

Control

2-4 orders of magnitude greater than PHSCN pretreatment
at inhibiting extravasation into lung tissue, and over
100,000- to 300,000-fold more potent at inhibiting sub-
sequent lung colonization. Thus, our results show that
PhScN is an efficacious agent for preventing or greatly
reducing successful metastatic lung extravasation, as
shown by the greatly reduced rates of subsequent lung
colony formation. Furthermore, multiple administrations of
systemic PhScN monotherapy over a 5-week period was
observed to be well tolerated, and caused complete mac-
roscopic and microscopic primary tumor regression in all
15 mice, treated thrice—weekly with 5 mg/kg PhScN. Since
we have shown that a5f1-mediated, angiogenic invasion is
required for tumor growth [5], these results confirm the
greatly increased potency of PhScN as an o5B1 inhibitor
in vivo.

Because a single PhScN pretreatment is a potent
inhibitor of successful lung extravasation, and multiple
systemic PhScN treatments result in complete regression of
all established DU 145 tumors, our results suggest that
PhScN may be an effective therapy for reducing or pre-
venting parallel progression of DTC’s in prostate cancer.
Since radiation, which is commonly used to treat a variety
of carcinomas, has been shown to induce surface aSB1
integrin and interstitial collagenase matrix metalloprotein-
ase-1 (MMP-1) upregulation, as well as a5B1-mediated
invasion by pancreatic adenocarcinoma cells [19], PhScN
may also be a useful adjunct to radiation therapy.

While over 90 % of prostate cancer cases are localized
at the time of diagnosis, biochemical failure happens in
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20-30 % of patients, often in the first two years after
prostatectomy [32, 33]. Furthermore, biochemical failure
may occur 10-15 years after primary treatment; and there
is a mean time of 8 years between biochemical failure and
the appearance of clinical metastasis [32]. These results
suggest that dispersed, DTC’s can persist in an occult state
for a lengthy period prior to metastatic prostate cancer
progression. Thus, detection of circulating tumor cells in
the peripheral blood has been accepted as a reliable prog-
nostic tool for prostate cancer, especially in prostate cancer
patients harboring bone and/or soft-tissue metastatic dis-
ease [34]. Moreover, it has also been reported that 70 % of
men undergoing radical prostatectomy had DTC’s detected
in their bone marrow prior to surgery, suggesting that these
cells escape early in disease progression. Moreover,
patients exhibiting persistence of DTCs in bone marrow
aspirates after surgery had a nearly 7-fold higher incidence
of biochemical failure than patients who were DTC nega-
tive [35]. These results suggest that the ability to prevent
successful extravasation into lung tissue, as indicated by
lung colony formation, could prevent subsequent metasta-
sis progression.

Peptide pharmaceuticals like PhScN have a number of
advantages. They can have high potency and specificity,
and are simple in structure. Their small size allows them to
penetrate tissues that may not be reached by larger mole-
cules. However, a major problem with these agents is their
rapid degradation by proteolytic enzymes. Aminopepti-
dases and carboxypeptidases mediate degradation starting
at the peptide’s N- and C-termini, respectively; while en-
dopeptidases cleave within the peptide. Thus, N-acetyla-
tion and C-amidation render the PhScN peptide resistant to
exoproteolytic degradation.

Since all amino acids in mammalian proteins are L-
stereoisomers, endo—peptidases and endoproteinases have
evolved to degrade proteins formed from rL-amino acids
only. Few enzymes that hydrolyze peptide bonds involving
p-amino acids have, in fact, been discovered or character-
ized in any multicellular organism [36]. Thus, another
potential advantage of the PhScN peptide is that p-His, p-
Cys substitution at alternate residues, thereby removing
endopeptidase/endoproteinase—sensitive bonds joining L-
amino acids, render it more resistant to degradation by
endoproteinases. Endoproteinases are present at high levels
in tumors and increase with malignancy [37-39]. The
strategy of incorporating b-amino acid residues to increase
potency by reducing or preventing proteolytic breakdown
has been used previously by others to engineer potent
inhibitors of serine or cysteine proteinases [40]. Inclusion
of p-amino acids in anticoagulant heparin or thrombin
peptide inhibitors also greatly increases their inhibitory
potencies [41, 42]. p-amino acid—containing inhibitors of
HIV viral entry can have up to 40,000-fold greater antiviral
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potency [43]. Also, a peptide consisting of 10 p—amino
acids, the HYD1 peptide, has been shown to be an o631
and o3B1 integrin—targeted inhibitor of PC-3 and DU 145
tumor cell migration and invasion on laminin-5 in vitro, at
75 pg/ml [44].

Our results demonstrate that suppression of covalent,
disulfide bond formation with the a5B1 fibronectin receptor
target is likely the key factor in the greatly increased efficacy
of PhScN as an inhibitor of human metastatic prostate cancer
cell extravasation and lung colonization in nude mice. Fur-
thermore, the endoproteinase—resistance conferred by the
inclusion of alternate p-amino acids (p-His and p-Cys) in the
PhScN peptide, could greatly increase its systemic stability,
especially in the presence of an invasive tumor. We have
shown that a 5-amino acid peptide, consisting of the inva-
sion—inducing sequence of plasma fibronectin (Ac-PHSRN-
NH,), is sufficient for serum—free invasion induction in
prostate cancer [3], breast cancer [18], and pancreatic cancer
[19], as well as in microvascular endothelial cells [5],
fibroblasts [17], and keratinocytes [17]. The PHSRN
sequence has been shown to interact exclusively with a
specific site in the N-terminal region of the oS integrin
subunit, the similarities in sequence suggest this region may
also contain the PHSCN/PhScN binding site. Experiments to
determine the specific target site are underway.
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