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Abstract

Differentiation therapy may provide an alternative for treat-
ment of cancers that do not respond to cytotoxic chemotherapy
or hormonal manipulations. This hypothesis led us to evaluate
the effect of a nontoxic differentiation inducer, sodium phenyl-
acetate (NaPA), on hormone-refractory prostate cancer, the
second most common cause of cancer deaths in men. NaPA
treatment of androgen-independent PC3 and DU145 prostate
cell lines, like that of hormone-responsive LNCaP cultures,
resulted in dose-dependent inhibition of cell proliferation. Simi-
lar treatments were not significantly inhibitory to replicating
normal endothelial cells and skin fibroblasts. In addition to the
selective cytostatic effect, NaPA induced reversion of the pros-
tatic cells to a nonmalignant phenotype, evidenced by their re-
duced invasiveness and loss of tumorigenicity in athymic mice.
Phenotypic reversion was accompanied by alterations in gene
expression, including selective reduction in tumor growth fac-
tor-82 mRNA levels and increased amounts of class I major
histocompatibility complex HLA transcripts. Furthermore,
there was a decrease in tumor-associated proteolysis mediated
by urokinase plasminogen activator, a molecular marker of dis-
ease progression in humans. When tumor cells were treated
with NaPA together with suramin, a drug with demonstrable
activity in patients, there was complete abrogation of cell
growth under conditions in which each treatment alone pro-
duced only a partial effect. The in vitro antineoplastic activity
was observed with drug concentrations that have been achieved
in humans with no significant toxicities, suggesting that PA,
used alone or in combination with other antitumor agents,
warrants evaluation in the treatment of advanced prostatic
cancer. (J. Clin. Invest. 1993. 91:2288-2295.) Key words: ath-
ymic mice « human histocompatibility leukocyte antigens * sur-
amin  tumor grow factor-3 « tumor invasion « urokinase

Introduction

Prostate carcinoma is second only to lung cancer as a cause of
cancer deaths in men (1). Current treatment protocols for this
disease rely upon androgen deprivation; however, despite ini-
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tial high response rates, patients with metastatic prostate
cancer develop hormone-refractory disease that results in a fa-
tal outcome (2). Conventional cytotoxic chemotherapy is de-
signed to be selectively toxic to cells based upon rate of prolifer-
ation or ability to repair DNA damage. The general consensus
is that such agents are of marginal value in the treatment of
hormone-refractory prostate cancer in as much as the median
survival of such patients is only 7-8 mo (3). Recently, objec-
tive responses have been documented in patients treated with
suramin, a polysulfonated naphthylurea (4): this drug caused
pain relief, reduced serum levels of prostatic specific antigen,
and brought about tumor regression in patients with measur-
able soft tissue disease (5). Suramin appears to exert its antitu-
mor effect by blocking autocrine growth factors and altering
patterns of tyrosine phosphorylation (4, 6). These findings
suggest that treatment of prostate cancer might best be ap-
proached through attack upon the vulnerable control points of
malignant transformation rather than through such properties
as proliferation rate or DNA repair.

Differentiation therapy is an attractive alternative in cases
where cytotoxic therapy is not effective. The underlying hy-
pothesis is that neoplastic transformation results from defects
in cellular differentiation; inducing tumors to differentiate
would result in reversal of malignancy (7-9). Several differen-
tiation inducing agents have been used in treatment of patients
with hematopoietic and solid tumors, including retinoids, so-
dium butyrate, interferons, 5-azacytidine, and hexamethylene
bisacetamide (7, 10-12). Clinical applications of some of these
agents have been limited by unacceptable toxicities including
potential carcinogenesis, or inability to achieve and sustain ef-
fective plasma concentrations. However, the management of
promyelocytic leukemia has been revolutionized by the shift
from combination chemotherapy to the use of all-trans-reti-
noic acid (12), indicating the potential value of this approach.

Our laboratory has recently identified a new nontoxic dif-
ferentiation inducer, sodium phenylacetate (NaPA)' (13). Ex-
perimental data indicate that phenylacetate can promote matu-
ration of various human leukemic cell lines and immortalized
mouse mesenchymal cultures at nontoxic concentrations
readily achievable in humans (13-16). Cells treated in culture
exhibited new patterns of gene expression (13, 14), some of
which were also seen in treated patients (17). The profound
effect of PA on cellular and molecular biology is not limited to
vertebrate cells. This common metabolite of phenylalanine has
been implicated in growth control of such divergent organisms

1. Abbreviations used in this paper: DON, 6-diazo-5-oxo-L-norleucine;
NaPA, sodium phenylacetate; PAG, phenylacetylglutamine; uPA, uro-
kinase plasminogen activator.



as bacteria (18), fungi (19), and plants (20). PA thus provides
one more example of a well-established phenomenon of small,
simple molecules having complex physiological regulatory ef-
fects with potential therapeutic applications ( nitrates used as vaso-
dilators to treat angina is another example; see reference 21).

The finding that PA can induce differentiation of human
malignant cells led us to examine the activity in prostate
cancer. PA was of particular interest considering that, in addi-
tion to affecting tumor biology in vitro, this agent is capable of
binding to, and depleting circulating glutamine in humans
(22). Prostatic cancer cells, like many other tumor types, show
marked dependence on circulating glutamine for energy metab-
olism as well as for synthesis of nucleic acids and proteins (23,
24). In contrast to normal cells, tumor cells typically operate at
limiting levels of glutamine availability owing to increased uti-
lization and reduced production, making glutamine a desirable
therapeutic target (23). Tumor responses were obtained with
such glutamine antimetabolites as 6-diazo-5-oxo-L-norleucine
(DON) and L(aS.5S) a-amino-3-chloro-4,5-dihydro-5-isoxa-
zoleacetic acid (acivicin), and the glutamine-depleting enzyme
glutaminase; however, the clinical usefulness of these agents
has been limited by their adverse effects (25-27). By contrast,
clinical experience with NaPA, used in treatment of hyperam-
monemia associated with inborn errors of urea synthesis, indi-
cate that high drug doses (250-550 mg/kg per d) can be ad-
ministered orally or intravenously over prolonged periods with
no significant toxicities (15, 16).

To investigate the effect of phenylacetate on metastatic
prostate carcinoma, we have used two androgen-independent
human prostatic cell lines, PC3 and DU 145, established from
metastases to bone and brain, respectively (28, 29), and an
androgen-sensitive line, LNCaP (30), originally obtained from
an aspirate of a subcutaneous supraclavicular lymph node me-
tastasis. We show here that PA, used at pharmacological non-
toxic doses, can suppress the malignant phenotype of cultured
prostatic cells, and enhance the efficacy of suramin, an anti-
cancer drug of clinical interest.

Methods

Cell cultures and reagents. Prostatic cell line PC3, DU 145, and LNCaP
were purchased from the American Type Culture Collection (Rock-
ville, MD), and maintained in RPMI 1640 supplemented with 10%
heat-inactivated fetal calf serum (Gibco Laboratories, Grand Island,
NY), antibiotics, and 2 mM L-glutamine, unless otherwise specified.
Human umbilical vein endothelial cells, isolated from freshly obtained
cords, were kindly provided by D. Grant and H. Kleinman (National
Institutes of Health, Bethesda, MD) and maintained in culture as de-
scribed (31). The diploid human foreskin FS4 fibroblasts (American
Type Culture Collection) were grown in DME with the above supple-
ments, unless otherwise indicated. Both RPMI and DME were pur-
chased free of glutamine. For glutamine-starvation studies, the fetal
calf serum was stored at 4°C for 2—-4 wk before use to reduce its gluta-
mine levels to < 0.6 mM (13, 14). Because the serum concentration in
the growth medium was 10%, the final concentration of glutamine did
not exceed 0.06 mM if glutamine was not supplemented. Phenylacetic
acid (Sigma Chemical Co., St. Louis, MO) was dissolved in distilled
water, brought to pH 7.0 by the addition of NaOH, and stored in ali-
quots at —20°C till used. Phenylacetate glutamine (PAG) was a gift
from S. Brusilow, Johns Hopkins University, Baltimore, MD. DON
and acivicin were purchased from Sigma Chemical Co. Suramin was
from Mobay Chemical Corp. (New York).

Quantitation of cell number, viability, and DNA synthesis. Growth
rates were determined by cell enumeration using a hemocytometer
after detachment with trypsin/EDTA, and by thymidine incorpora-

tion into DNA. For analysis of thymidine incorporation, cells were
labeled with 1 uCi/ml [*H]thymidine (6.7 Ci/ml, Dupont-New En-
gland Nuclear, Boston, MA ) for 2 h, and the TCA-precipitable radioac-
tivity determined using a liquid scintillation counter. Cell viability was
assessed by trypan blue exclusion.

Invasion through matrigel. The ability of cells to degrade and cross
tissue barriers was assessed by two in vitro invasion assays that utilize
matrigel, a reconstituted basement membrane (Collaborative Re-
search, Walthan, MA). Cells were first treated in tissue culture plastic
dishes for 4-6 d. For qualitative evaluation of cell behavior, 5 X 10*
cells were replated onto 16-mm dishes (Costar, Cambridge, MA),
which were previously coated with 250 ul of matrigel 10 mg/ml. Drugs
were either added to the dishes or omitted in order to determine the
reversibility of effect. The netlike formation characteristic of invasive
cells occurred within 12 h; invasion into the matrigel was evident after
6-9 d. Quantitative analysis of invasion was performed as previously
described (32), using a modified Boyden chamber containing a matri-
gel-coated filter, with FS4-conditioned medium as chemoattractant.
Briefly, cells pretreated for 4-7 d in culture were placed onto the upper
chamber at 3 X 10* cells/well, and incubated at 37°C for 16-20 h.
Filters were then removed, fixed with methanol, and stained with
Giemsa. Cells attached to the upper side of membranes were removed,
and the number of invading cells found on the inner side was deter-
mined by microscopy.

Tumor formation in athymic mice. Cells were injected subcutane-
ously (5 X 10° cells per site) into 4-6-wk-old female athymic nude
mice (Division of Cancer Treatment, National Cancer Institute Ani-
mal Program, Frederick Cancer Research Facility). The number, size,
and weight of tumors were recorded after 8 wk. For histological exami-
nation, tumors were excised, fixed in Bouin’s solution (picric acid/
37% formaldehyde/glacial acetic acid, 15:5:1 vol/vol/vol), and
stained with hematoxylin and eosin.

Measurement of urokinase plasminogen activator (uPA) activity.
uPA activity of intact cells was determined by the degradation of fibro-
nectin in the presence of plasminogen, with minor modifications to
established procedures (33). Cells in logarithmic phase of growth were
detached with trypsin/ EDTA and incubated in growth medium for 1 h
at room temperature to allow recovery of surface proteins. All traces of
serum were then removed by washing the cells with serum-free DME.
Aliquots of 200 ul of the cell suspension (4 X 10° cells/ml in serum-
free DME) were added to a 96-multiwell plate precoated with human
'21-fibronectin (ICN, Irvine, CA), and containing 50 ul of DME with
or without 1 U/ml of porcine plasminogen (Sigma Chemical Co.).
Human uPA (Sigma Chemical Co.) was used to obtain a standard
curve. The plates were incubated at 37°C in 5% CO, and the amount of
soluble, degraded fibronectin was measured at 30, 60, and 90 min there-
after by removing 50-u1 aliquots and measuring the radioactivity in a
gamma counter.

Northern blot analysis. Total cytoplasmic RNA was extracted from
treated and control cells by the Nonidet P-40 lysis method (34). RNA
aliquots (20 ug per lane) were electrophoresed through 1% agarose/
formaldehyde gels and blotted onto nylon membranes (Nytran,
Schleicher & Schuell Inc., Keene, NH). RNA transfer, hybridization
with 32P-labeled specific probes, and autoradiography (XARS X-ray
film, Eastman Kodak Co., Rochester, NY) were performed according
to standard procedures (34). The probes, HLA-A3 HindIIl/EcoRI
DNA fragment (35), 1.2-kb rat TGF-81 cDNA (36), and 1.2-kb sim-
ian TGF-32 cDNA (37), were labeled with [32P]dCTP (New England
Nuclear) using random primed DNA labeling kit (Boehringer Mann-
heim, GmbH, Mannheim, FRG).

Results

Effect of NaPA on cell growth and morphology. As shown in
Fig. 1, NaPA treatment of PC3, DU 145, and LNCaP cells re-
sulted in dose-dependent growth arrest. The concentrations
causing 50% inhibition (ICs,), 3-6 mM, have been achieved in

Phenylacetate in Suppression of Prostate Cancer 2289



100 -

S 801

c

[e]

(&)

S 60

X

0

© 404

(&)
20 4
0 T T T T T T T !
0 25 5.0 75 10

~NaPA (mM)

Figure 1. Effect of NaPA on cell proliferation. Cells in logarithmic
phase of growth were subjected to continuous treatment with NaPA.
Results (mean+SD, n = 4) were recorded 4 d later. In all cases, cell
viability was over 95%. a, PC3; o, DU145; 0, LNCaP; m, FS4; O, hu-
man endothelial cells.

human plasma with no significant toxicities (15, 16). The de-
cline in proliferation was accompanied by similarly reduced
DNA synthesis (not shown), by cell swelling, and by accumu-
lation of lipids that stained positive with Oil-Red O (Fig. 2). In
contrast to the tumor cells, significantly higher drug concentra-
tions were needed to affect the growth rate of actively replicat-
ing normal human FS4 skin fibroblasts and endothelial cells
(ICso 12-15 mM). Cell viability was over 95% in both the nor-
mal and tumor cultures treated for 4 d with NaPA doses as high
as 20 mM. Drug selectivity, observed with cells cultured in
their respective optimal growth medium (see Methods), was
confirmed under conditions in which both normal FS4 and
malignant DU145 cells were cultured in DME, a suboptimal
medium for the prostatic tumor cells (data not shown).
Susceptibility of prostatic tumor cells to glutamine deple-
tion. In humans, NaPA causes depletion of circulating gluta-
mine due to conjugation of the amino acid to form PAG, an
- enzymatic reaction known to take place in the liver and kidney
(22). The in vivo reduction in plasma glutamine levels was
mimicked in vitro by culturing cells in the presence of lowered
glutamine concentrations. Glutamine deprivation inhibited
proliferation of the prostatic cell lines, although to a different
degree. When glutamine levels were dropped to 0.2 mM (i.e.,
two- to threefold reduction below physiological levels, similar
to that seen in urea cycle patients treated with NaPA [16]),
DU145, PC3, and LNCaP cell numbers were 70%, 28%, and
66% (mean values) lowered compared to untreated controls, as
determined after 4-6 d of continuous glutamine starvation.

Addition of NaPA 5 mM to the glutamine-depleted medium

further augmented the cytostatic effect up to 82.5% (DU 145),
67% (PC3), and 87% (LNCaP). In contrast to the prostatic
tumor cells, growth of normal skin fibroblast and endothelial
cells was not affected even when glutamine levels were lowered
further to 0.1 mM, a condition that led to cell death in DU 145
cultures. Other antiglutamine therapeutics, DON 10 ug/ml
and acivicin 100 ug/ml, caused ~ 50% reduction in PC3 cell
numbers after 4 d of treatment. However, in agreement with
previous reports ( 13), such treatments were significantly toxic
to both tumor and normal cells ( viability below 70%).
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Figure 2. Morphological changes induced by NaPA. PC3 cells treated
with 5 mM NaPA for 6 d (B) were fixed and stained with Oil-Red
0. A 6-d untreated control culture (4) is shown for comparison. Dif-
ferences in cell densities reflect on the cytostatic effect of NaPA. Light
microscopy (X100) shows NaPA-treated cells to have extended cyto-
plasms filled with lipids. Lipid accumulation was associated with
treatment and independent of cell density (not shown).

Inhibition by NaPA of prostate cell invasiveness and tumori-
genicity. PC3 cells, which are invasive in vitro and metastatic in
recipient athymic mice (32, 38, 39), were used to further exam-
ine the effect of NaPA on the malignant phenotype. The ability
of PC3 cells to degrade and cross tissue barriers was assessed by
two in vitro invasion assays that utilize matrigel, a reconsti-
tuted basement membrane. Fig. 3 provides a summary of a
quantitative analysis, using a modified Boyden chamber with a
matrigel-coated filter (32) and FS4-conditioned medium as
chemoattractant. After 4 d of continuous treatment with NaPA
5 mM, there was 88+3% inhibition of PC3 cell invasion. This
finding, indicating loss of malignant properties after treatment,
was substantiated by the behavior of cells grown in matrigel-
coated tissue culture dishes. In agreement with previous obser-
vations (32), the malignant PC3 cells developed characteristic
netlike structures, and eventually degraded the extracellular
matrix components (Fig. 4). In marked contrast, NaPA-
treated PC3 formed small noninvasive colonies on top of the
matrigel, resembling the growth pattern of normal human FS4
fibroblasts. Glutamine starvation alone did not produce such
phenotypic changes. Results of the in vitro invasion assays
have previously been shown to correlate with cell tumorigenic-
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Figure 3. Quantitative analysis of tumor cell invasion. The ability of
cells to degrade and cross tissue barriers was assessed by an in vitro
invasion assay that utilizes modified Boyden chambers containing
matrigel-coated filters. PC3 cells pretreated for 4-7 d in culture were
placed onto the upper chamber and incubated at 37°C for 16-20 h.
The number of invading cells found on the inner side was determined
as described in Methods. Data represent means+SD (n = 12).

ity and invasiveness in vivo (32). In agreement, PC3 cells
treated with NaPA for 1 wk in culture, in contrast to untreated
cells or those treated with PAG, failed to form tumors when
transplanted subcutaneously into athymic mice (Table I).
While control animals developed highly invasive and angio-
genic tumors, only one of the seven mice injected with NaPA-
treated PC3 formed a slow growing tumor, which had poor
supporting vasculature and showed no evidence for invasion of
surrounding tissues (not shown).

Molecular traits of phenotypic reversion. The malignant
prostatic cell lines exhibit numerous abnormalities in gene ex-
pression, including increased production of autocrine tumor

growth factor-8 (TGF-8) and elevated activity of urokinase
plasminogen activator (uPA). Members of the TGF-3 family
have been implicated in tumor growth control, angiogenesis,
and immunosuppression (40, 41). uPA is a serine protease
involved in degradation of extracellular stroma and basal lam-
ina structures, with the potential to facilitate tumor invasion
and metastasis (38, 39, 42, 43). It was of interest, therefore, to
examine the effect of NaPA on TGF-8 and uPA expression in
the prostatic tumor cells. Northern blot analysis of PC3 after 72
h treatment revealed a decrease in TGF-32 mRNA levels; the
effect was specific for TGF-82 as there was no change in the
expression of TGF-31 (Fig. 5). The decrease in TGF-32 was
accompanied by approximately a twofold increase in the levels
of HLA-A3 mRNA (Fig. 5), as previously observed in treated
human leukemic HL-60 cells (13).

Preliminary analysis of uPA transcript levels showed no
significant change after NaPA treatment (not shown). There
was, however, a reduction in cell-surface uPA activity. In agree-
ment with previous reports, the hormone-refractory malignant
PC3 and DU 145 cells, but not the more indolent hormone-re-
sponsive LNCaP, displayed high cell-bound uPA activity (Ta-
ble II [38, 39]1). Because the parental PC3 cultures are com-
posed of highly heterogenous cell populations with respect to
uPA production, we established more homogeneous subclones
by limiting dilutions and single-cell cloning. A subclone desig-
nated PC3-1, which resembled the parental PC3 cells in its
invasive capacity and surface-localized uPA activity (2.2+0.3
X 107¢ Plau units per cell), was chosen for further studies.
After 3 d of treatment of PC3-1 with NaPA 5 mM there was
over 50% reduction in cell-associated uPA activity; the effect
was dose-dependent and reversible upon cessation of treat-
ment. Similar results were obtained with DU 145 cells. Assay
specificity was confirmed by the fact that pretreatment of cells
with neutralizing anti-human uPA monoclonal antibodies, or
addition of antibodies at the time of assay, blocked over 95% of

Figure 4. PC3 growth on matrigel. Cells pre-
treated for 4 d with 5 mM NaPA were replated
onto dishes coated with matrigel. (4) Pictures
of controls, taken the following day, show for-
mation of netlike structures characteristic of
malignant PC3 cells. (B) 7 d later, these cells
degraded the matrigel barrier and formed
monolayers on the plastic surface beneath. In
a marked contrast, NaPA-treated PC3 failed

to form “nets” (C, day 1) and developed iso-
lated small colonies incapable of matrigel deg-
radation (D, taken 8 d after plating). The be-
havior of treated PC3 cells resembled that of
normal human FS4 cells.
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Table I. Tumorigenicity of Prostatic PC3 Cells in Nude Mice

Table I1. Modulation of uPA Activity

Tumors
' Diameter Weight
Treatment Incidence (+SD) (£SD)
mm mg
None 7/7 9+3 285+60
NaPA 1/7 2 50
PAG 3/4 8+2 245+35

Cells were pretreated for one week with 5 mM of either NaPA or PAG
before being injected (5 X 10° cells per animal) subcutaneously into
athymic mice. Results indicate tumor incidence (tumor bearing/in-
jected animals), size, and weight (mean+SD), as determined 8 wk
after cell transplantation.

the plasminogen-dependent proteolytic activity. Plasminogen-
independent proteolysis constituted ~ 30% of the maximal fi-
bronectin degrading activity, and was similar for both NaPA-
treated cells and untreated controls.

Potentiation of suramin antitumor activity. The diversity in
therapeutic responses of heterogeneous tumor masses calls for
design of appropriate combination treatment protocols. Sura-
min is an experimental drug active in patients with advanced
prostatic cancer; however, drug toxicities have been a major
concern. In agreement with previous in vitro studies (44), we
found that toxic doses of suramin (300 ug/ml) were needed in
order to achieve over 50% inhibition of prostatic DU 145 cell
growth. This cellular model was used to examine whether
NaPA could enhance the activity of suboptimal but less toxic
doses of suramin. Results summarized in Fig. 6 4 show that
NaPA and suramin act in an additive manner to inhibit
DU 145 cell proliferation. Moreover, suramin was found to be
significantly more active if added to glutamine-depleted me-
dium (Fig. 6 B). Despite significant differences in tumor sensi-
tivities, there was complete growth arrest when DU145 and
PC3 cells were treated for 6 d with both NaPA and suramin in
glutamine-depleted medium, under conditions in which each
treatment alone had only a partial effect.

Discussion

In 1991, prostate cancer claimed the lives of more than 30,000
men in the United States alone. This grim statistic reflects on

Figure 5. Alterations in gene
expression. Northern blot
analysis of cytoplasmic RNA
isolated from control PC3
(lane 1) and cells treated for
72 h with NaPA, 5 and 7.5 mM
(lanes 2 and 3, respectively).
The blot was reprobed sequen-
tially with the indicated cDNA
probes. RNA in lane 2 was
slightly underloaded, as indi-
cated by the relative amounts
of ribosomal RNA observed
after staining with ethidium
bromide (not shown).

TGF-B,

TGF-4

HLA-A3
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Cells NaPA uPA* Inhibition
mM PU/I0® cells %
PC3-1 0 2.21+0.23 —
2.5 1.48+0.16 33.1
5 0.89+0.12 59.7
7.5 0.66+0.04 70.2
7.5 — offt 2.26+0.1 0
DU145 0 2.75+0.30 —
5 1.47+0.09 46.4
LNCaP 0 <0.3 —

* Cell-associated uPA activity was determined by the ability of intact
cells to degrade fibronectin in the presence of plasminogen.

¥ Cells were treated with NaPA for 4 d and then cultured in the
absence of drug for additional 3 d to determine the stability of effect.
In all other cases, cells were treated continuously for 3—-4 d until
assay. uPA activity of untreated cells is shown for comparison.

the high disease incidence and the poor response to conven-
tional therapies. The data presented here points to the differen-
tiation inducer, sodium phenylacetate, as a potential candidate
for treatment of advanced disease.

By using tumor cell lines as a model (PC3, DU145, and
LNCaP), it was demonstrated that NaPA can suppress the pro-
liferation of metastatic human prostate cells and promote their
reversion to a nonmalignant phenotype. Within 1 wk of treat-
ment in culture, the malignant cells have lost the ability to
invade reconstituted basement membranes (matrigel) and to
form rapidly growing tumors in recipient athymic mice. The
latter was associated with changes in expression of genes impli-
cated in tumor growth and invasion, immunogenicity, and an-
giogenesis (see below). The concentrations of PA producing
significant antitumor effects in vitro, although high (1-6 mM),
have been achieved in humans with no significant adverse ef-
fects (15, 16). Consistent with this finding, PA inhibited cancer-
ous growth in the laboratory while sparing actively replicating
normal human endothelial cells and skin fibroblasts. Remark-
ably, similar selective effects have been observed in plants,
where phenylacetate is one of several growth regulators (aux-
ins) known to inhibit cell proliferation at millimolar concen-
trations, affecting the least-differentiated plant tumor cells
more than normal tissues (45). It appears therefore that PA-se-
lective antitumor activity may have been conserved in evolu-
tion.

The mechanisms of NaPA antitumor activity are not
known. Its best characterized activity in humans is the ability
to conjugate to, and deplete circulating glutamine, the amino-
acid on which tumor cells depend for fuel and macromolecular
biosynthesis. Glutamine starvation alone (achieved by growing
cells in glutamine-depleted medium) was sufficient to selec-
tively suppress the growth of prostatic cells in vitro. The prom-
ise of anti-glutamine therapy was demonstrated in the clinic
with the glutamine antimetabolites DON and acivicin, and the
glutamine-depleting enzyme glutaminase. Unfortunately,
DON and acivicin treatments have been associated with toxici-
ties attributed to irreversible inhibition of glutamine amino-
transferases involved in the de novo synthesis of purine and
pyrimidines (23). Glutaminase treatment, on the other hand,
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Figure 6. Potentiation of suramin activity by NaPA. (4) DU145 cultures were treated for 5 d with different doses of suramin, used alone (0) or in
combination with NaPA 2.5 mM (e) and 5 mM (m). Data represent means+SD (# = 3). (B) To mimic hypothetical in vivo conditions (see text),
prostatic DU145 (/eft panel) and PC3 (right panel) were exposed to both NaPA 5 mM and suramin 150 gg/ml in glutamine-depleted medium (GD,
0.2 mM glutamine). The results, shown in the lower histogram, indicate almost complete growth arrest of either cell line, despite differences in re-

o 1 I 1 1
0 75 150 225 300

Suramin (ug/ml)

sponses to each treatment alone. Significant cytotoxicity (over 20%) was observed only in cases involving suramin 300 pg/ml.

is restricted by rapid production of neutralizing antibodies to
this bacterial enzyme, or the development of hypersensitivity
reactions (26, 27). PA, a naturally occurring plasma compo-
nent with no known effect on glutamine utilizing enzymes,
may have advantages over the other approaches to glutamine
depletion, in as much as it could reduce the levels of plasma
glutamine to affect tumor growth with minimal toxicities to the
host. While glutamine depletion may play a role in vivo, some
of our experimental data could not be explained by an effect on
glutamine metabolism, suggesting the involvement of addi-
tional mechanisms. First, the enzymatic reaction leading to
glutamine depletion takes place in the mitochondria of human
liver and kidney cells (22), but may not occur in the tumor cell
line treated in vitro (15). Second, glutamine conjugation by
PA is species-specific and limited to humans and high pri-
mates, yet the drug can induce differentiation in mouse cells at
high efficiency (13). Third, cell maturation induced by PA
could not be mimicked by glutamine depletion alone or by
treatment with the antiglutamine drugs, DON and acivicin
(data presented here and in reference 13). We speculate there-
fore that, in humans, PA could potentially arrest tumor growth
through depletion of circulating glutamine and additional cell-
directed effect(s) not yet identified.

One hypothesis currently being tested is that tumor sup-
pression by NaPA may be due in part to inhibition of DNA
methylation (reference 46, and our unpublished data), an epi-
genetic mechanism implicated in the control of gene expres-
sion and cell phenotype. Hypomethylation can lead to tumor
differentiation, but it can also promote neoplastic transforma-
tion and the evolution of cells with metastatic capabilities (34).
Studies comparing NaPA with the hypomethylating chemo-
therapeutic drug 5-aza-2'-deoxycytidine, revealed that phenyl-
acetate, unlike the cytidine analogue, does not cause neoplastic
transformation in susceptible cells (13). In addition to DNA
methylation, NaPA may affect also lipid metabolism. In cells,
PA is converted to phenylacetyl-CoA, which can replace ace-
tyl-CoA as a primer for fatty acid synthetase reactions (47).
This could lead to synthesis of abnormal lipids and inhibition
of lipogenic enzymes. We noted abnormal accumulation of

lipids in several responsive tumor cell lines derived from pa-
tients with prostatic carcinoma (see Fig. 2), glioblastoma, and
malignant melanoma (unpublished). The composition and bi-
ological significance of these lipids are yet to be determined.

Preliminary molecular analysis of NaPA-treated prostatic
tumor cells revealed changes in the expression of several genes,
including reduction in TGF-32 mRNA levels. The TGF-3 gene
family is thought to affect cell proliferation, and facilitate tu-
mor-induced immunosuppression and angiogenesis (40, 41).
TGF-B can suppress both cellular and humoral immunity, de-
crease interferon production, and down-regulate HLA antigen
presentation by tumor cells. The decline in TGF-32 was accom-
panied by increased expression HLA-A3, coding for class I ma-
jor histocompatibility antigen, which could enhance tumor im-
munogenicity in vivo (48). Although further studies are
needed to determine protein levels and biological activity, it is
interesting to note that cells treated in vitro failed to grow in
athymic mice with active cellular immunity, or formed small,
noninvasive nodules with poor vasculature.

Reduced invasive capacity may be due in part to NaPA
effect on tumor-associated uPA activity. uPA is a key enzyme
involved in proteolytic reactions leading to tumor invasion and
metastasis (reviewed in references 42 and 43). uPA can control
localized tissue proteolysis by converting the inactive zymogen
plasminogen into plasmin. Plasmin, in turn, is a multipotent
proteolytic enzyme capable of degrading extracellular matrix
and basement membrane components by a direct effect on
fibronectin, laminin, proteoglycans, and some collagens, as
well as through activation of latent metalloproteases (e.g., colla-
genase type IV and stromelysin). Alterations in uPA have been
documented in several cancers, including prostate (49-52)
breast (53), and gastrointestinal tract (54). In prostatic carci-
noma, increased activity of autocrine, receptor-bound uPA has
been associated with cell proliferation, migration, invasion,
and metastasis (38, 39, 49). Analysis of tumor cell lines and
surgical specimen showed higher amounts of uPA in metastatic
prostate lesions compared to corresponding primary tumors or
benign hyperplastic tissues (48, 49). In fact, plasma levels of
uPA in prostate cancer patients proved to be a reliable marker
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for the presence of bone metastases, with a better sensitivity
(80%) than alkaline phosphatase (51, 52). Regulation of uPA
activity is complex, involving synthesis of pro-uPA, its recep-
tor, activators, and specific inhibitors (42, 43). Other differen-
tiating agents such as retinoic acid and sodium butyrate, reduce
uPA activity by inhibiting the proenzyme production (55, 56).
The molecular level and mechanisms by which NaPA affects
uPA and other genes are under investigation.

It appears therefore that the differentiation inducer, PA,
could modify the biology of metastatic prostate cells at drug
doses that are neither cytotoxic nor carcinogenic. It is possible
that phenylacetate, like other cytostatic drugs (e.g., hormone-
antagonists), would have to be administered continuously in
order to maximize efficacy. Any attempt, however, to eradicate
the heterogeneous cell population of a tumor mass would re-
quire the use of appropriate combination treatment protocols
(57). NaPA was found to potentiate the in vitro antitumor
activity of suramin, a cytostatic drug acting through different
mechanisms, including growth factor antagonism (4, 5) and
disruption of cellular energy balance (58). Suramin is one of a
few agents shown to benefit patients with hormone-refractory
prostate carcinoma (5); however, its clinical usefulness has
been hindered by toxicities associated with high plasma levels
(over 250 ug/ml). Our data suggest that tumor responses may
be achieved with significantly lower doses of suramin if com-
bined with PA. A well-tolerated drug like NaPA could subse-
quently be administered chronically to maintain responses and
prevent disease relapse. NaPA, which has an unpleasant odor,
can be substituted by sodium phenylbutyrate for oral adminis-
tration (upon ingestion by humans, phenylbutyrate undergoes
B-oxidation to PA [59]). The antitumor activity, easy adminis-
tration, and lack of significant adverse effects make PA and its
pro-drug, phenylbutyrate, attractive candidates for clinical use
in treatment of advanced prostatic cancer and possibly other
human malignancies as well.

Acknowledgments

We thank V. Sykes for outstanding technical assistance and V. Cioce
for help with molecular analysis.

This study was supported by Elan Pharmaceutical Corporation
grant G174ED.

References

1. Chiarodo, A. 1991. National Cancer Institute Roundtable on Prostate
Cancer: future research directions. Cancer Res. 51:2498-2505.

2. Gittes, R. F. 1991. Carcinoma of the prostate. N. Engl. J. Med. 324:236-
245.

3. Eisenberger, M. A. 1992. Chemotherapy for endocrine resistant cancer of
the prostate. Prog. Clin. Biol. Res. 359:155-164; discussion 177-180.

4. Myers, C. E., R. LaRocca, M. Cooper, R. Danesi, C. A. Jamis-Dow, C. A.
Stein, and M. W. Linehan. 1991. Role of suramin in cancer biology and treat-
ment. /n Molecular Foundation of Oncology. S. Broder, editor. Williams & Wil-
kins Co., Baltimore, MD. 419-434. :

S. Myers, C. E., C. S. Stein, M. Cooper, R. LaRocca, M. C. Walter, G. Weiss,
P. Choyke, G. Chrousos, N. Dawson, S. Steinberg, et al. 1992. Suramin: a novel
growth factor antagonist with activity in hormone-refractory metastatic prostate
cancer. J. Clin. Oncol. 10:881-889.

6. Keating, M. T., J. A. Escobedo, and L. T. Williams. 1988. Ligand activation
causes a phosphorylation-dependent change in platelet-derived growth factor re-
ceptor conformation. J. Biol. Chem. 263:12805-12808.

7. Sacks, L. 1978. Control of normal cell differentiation and the phenotypic
reversion of malignancy in myeloid leukemia. Nature (Lond.). 274:535-539.

8. Bloch, A. 1984. Induced cell differentiation in cancer therapy. Cancer
Treat. Rep. 68:199-205.

2294 D. Samid, S. Shack, and C. E. Myers

9. Samid, D., D. M. Flessate, and R. M. Friedman. 1987. Interferon-induced
revertants of ras-transformed cells: resistance to transformation by specific onco-
genes and retransformation by S-azacytidine. Mol. Cell. Biol. 7:2196-2200.

10. Golomb, H. M., M. J. Ratain, R. Mick, and K. Daly. 1992. The treatment
of hairy cell leukemia: an update. Leukemia. 6(Suppl.2):24-27.

11. Momparler, R. L., G. E. Rivard, and M. Gyger. 1985. Clinical trial on
S-aza-2'-deoxycytidine in patients with acute leukemia. Pharmacol. Ther.
30:277-286.

12. Muindi, J. R., S. R. Frankel, C. Huselton, F. DeGrazia, W. A. Garland,
C. W. Young, and R. P. Warrell, Jr. 1992. Clinical pharmacology of oral all-trans
retinoic acid in patients with acute promyelocytic leukemia. Cancer Res.
52:2138-2142.

13. Samid, D., S. Shack, and L. T. Sherman. 1992. Phenylacetate: a novel
nontoxic inducer of tumor cell differentiation. Cancer Res. 52:1988-1992.

14. Samid, D., A. Yeh, and P. Prasanna. 1992. Induction of erythroid differ-
entiation and fetal hemoglobin production in human leukemic cells treated with
phenylacetate. Blood. 80:1576-1581.

15. Brusilow, S. W., M. Danney, L. J. Waber, M. Batshaw, B. Burton, L.
Levitsky, K. Roth, C. McKeethren, and J. Ward. 1984. Treatment of episodic
hyperammonemia in children with inborn errors of urea synthesis. N. Engl. J.
Med. 310:1630-1634.

16. Simell, O., L. Sipila, J. Rajantie, D. L. Valle, and S. W. Brusilow. 1986.
Waste nitrogen excretion via amino acid acylation: benzoate and phenylacetate
in lysinuric protein intolerance. Pediatr. Res. 20:1117-1121.

17. Dover, G. J., S. Brusilow, and D. Samid. 1992. Increased fetal hemoglobin
in patients receiving sodium 4-phenylbutyrate. N. Engl. J. Med. 327:569-570.

18. Nuti, M. P., M. De Bertoldi, and A. A. Lepidi. 1972. Influence of phenylac-
etic acid on poly-g-hydroxybutyrate polymerization and cell elongation in Aso-
bacter chroococcum Beij. Can. J. Microbiol. 18:1257-1261.

19. Kishore, G., M. Sugumaran, and C. S. Vaidyanathan. 1976. Metabolism
of DL-phenylalanine by Aspergillus niger. J. Bacteriol. 128:182-191.

20. Wightman, F., and D. L. Lighty. 1982. Identification of phenylacetic acid
as a natural auxin in the shoots of higher plants. Physiol. Plant. 55:17-24.

21. Scheidt, S. 1990. Angina: evolution of the role of nitrates. Am. Heart J.
120:757-761; discussion 769-772.

22. James, M. O., R. L. Smith, F. R. S. Williams, R. T., and M. Reidenberg.
1972. The conjugation of phenylacetic acid in man, sub-human primates and
some non-primate species. Proc. R. Soc. Lond. B. Biol. Sci. 182:25-35.

23. Weber, G. 1983. Biochemical strategy of cancer cells and the design of
chemotherapy: G. H. A. Clowes Memorial Lecture. Cancer Res. 43:3466-3492.

24. Medina, M. A, F. Sanchez-Jimenez, F. J. Marquez, J. Perez-Rodriguez,
A. R. Quesada, and 1. Nunez de Castro. 1988. Glutamine and glucose as energy
substrates for ehrlich ascites tumor cells. Biochem. Int. 16:339-347.

25. Rosenfeld, H., and J. Roberts. 1981. Enhancement of antitumor activity
of glutamine antagonists 6-diazo-5-oxo-l-norleucine and acivicin in cell culture
by glutaminase-asparaginase. Cancer Res. 41:1324-1328.

26. Holcenberg, J. 1981. Enzyme therapy of cancer, future studies. Cancer
Treat. Rep. 65(Suppl. 4):61-71.

27. Roberts, J., J. S. Holcenberg, and W. C. Dolowy. 1970. Antineoplastic
activity of highly purified bacterial glutaminase. Nature (Lond.). 227:1136-1137.

28. Kaighn, M. E., J. F. Lechner, K. S. Narayan, and L. W. Jones. 1978.
Prostate carcinoma: tissue culture cell lines. Natl. Cancer Inst. Monogr. 49:17-21.

29. Stone, K. R., D. D. Mickey, H. Wunderli, G. H. Mickey, and D. F.
Paulson. 1978. Isolation of a human prostate carcinoma cell line (DU 145). Int.
J. Cancer. 21:274-281.

30. Horoszeweiz, J. S., S. S. Leong, T. Ming-Chu, Z. L. Wajsman, M. Fried-
man, L. Papsidero, U. Kim, L. S. Chai, S. Kakati, S. K. Arya, et al. 1980. The
LNCaP cell line—a new model for studies on human prostatic carcinoma. Prog.
Clin. Biol. Res. 37:115-132.

31.Grant, D. S, P. I. Lelkes, K. Fukuda, and H. Kleinman. 1990. Intracellu-
lar mechanisms involved in basement membrane induced blood vessels differen-
tiation in vitro. In Vitro Cell. Dev. Biol. 27A:327-336.

32. Albini, A,, Y. Iwamoto, H. K. Kleinman, G. R. Martin, S. A. Aaronson,
J. M. Kozlowski, and R. N. McEwan. 1987. A rapid in vitro assay for quantitating
the invasive potential of tumor cells. Cancer Res. 47:3239-3245.

33. Mandler, R., D. Rimoldi, K. Kariko, and D. Samid. 1991. Urokinase-type
plasminogen activator in experimental metastasis of human osteosarcoma cells.
Cancer J. 4:316-321.

34. Rimoldi, D., V. Srikantan, V. L. Wilson, R. H. Bassin, and D. Samid.
1991. Increased sensitivity of nontumorigenic fibroblasts expressing ras or myc
oncogenes to malignant transformation induced by 5-aza-2'-deoxycytidine.
Cancer Res. 51:1-1.

35. Cowan, E. P., B. R. Jordan, and J. E. Coligan. 1985. Molecular cloning
and DNA sequence analysis of genes encoding cytotoxic T lymphocyte-defined
HLA-A3 subtypes: the E1 subtype. J. Immunol. 135:2835-2841.

36. Quian, S. W., P. Kondaiah, W. Casscells, A. B. Roberts, and M. B. Sporn.
1991. A second messenger RNA species of transforming growth factor beta 1 in
infarcted rat heart. Cell. Regul. 2:241-249.

37. Hanks, S. K., R. Armour, J. H. Baldwin, F. Maldonado, J. Spiess, and
R. W. Holley. 1988. Amino acid sequence of the BSC-1 cell growth inhibitor



(polyergin) deduced from the nucleotide sequence of the cDNA. Proc. Natl.
Acad. Sci. USA. 85:79-82.

38. Hoosein, N. M., D. D. Boyd, W. J. Hollas, A. Mazar, J. Henkin, and
L. W. K. Chung. 1991. Involvement of urokinase and its receptor in the invasive-
ness of human prostatic carcinoma cell lines. Cancer Commun. 3:255-264.

39. Gaylis, F. D., H. N. Keer, M. J. Wilson, H. C. Kwaan, A. A. Sinha, and
J. M. Kozlowski. 1989. Plasminogen activators in human prostate cancer cell
lines and tumors: correlation with the aggressive phenotype. J. Urol. 142:193-
198.

40. Maxwell, M., T. Galanopoulos, J. Neville-Golden, and H. N. Antoniades.
1992. Effect of the expression of transforming growth factor-beta2 in primary
human glioblastomas on immunosuppression and loss of immune surveillance.
J. Neurosurg. 76:799-804.

41. Roberts, A. B., M. B. Sporn, R. K. Assoian, J. M. Smith, N. S. Roche,
L. M. Warefield, V. I. Heine, L. A. Liotta, V. Falanga, J. H. Kehrl, et al. 1986.
Transforming growth type beta: rapid induction of fibrosis and angiogenesis in
vivo and stimulation of collagen formation in vitro. Proc. Natl. Acad. Sci. USA.
83:4167-71.

42. Testa, J. E., and J. P. Quigley. 1990. The role of urokinase-type plasmino-
gen activator in aggressive tumor cell behavior. Cancer Metastasis Rev. 9:353-
367.

43. Blasi, F., and P. Verde. 1990. Urokinase-dependent cell surface proteoly-
sis and cancer. Cancer Biol. 1:117-126.

44. LaRocca, R. V., R. Danesi, M. R. Cooper, C. A. Jamis-Dow, M. W.
Ewing, W. M. Linehan, and C. E. Myers. 1991. Effect of suramin on human
prostate cancer cells in vitro. J. Urol. 145:393-398.

45. De Ropp, R. S. 1947. The response of normal plant tissue and of crown-
gall tumor tissues to synthetic growth hormones. Am. J. Bot. 34:53-62.

46. Vanjusin, B. F., E. A. Bashkite, A. Friedrich, and L. Chvojka. 1981.
Metilirovanie DNK v porostkach psenicy i vlijanije fytogormonov (in Russ.).
Biokhimiya 1. 46:47-53.

47. Smith, S., and A. Stern. 1983. The effect of aromatic coA esters on fatty
acid synthetase: biosynthesis of w-phenyl fatty acids. Arch. Biochem. Biophys.
222:259-265.

48. Redondo, M., A. Concha, R. Oldiviela, A. Cueto, A. Gonzalez, F.
Garrido, and F. Ruiz-Cabello. 1991. Expression of HLA class I and II antigens in

bronchogenic carcinomas: its relationship to cellular DNA content and clinical-
pathological parameters. Cancer Res. 51:4948-4954.

49. Camiolo, S. M., G. Markus, L. S. Englander, M. R. Siuta, G. H. Hobika,
and S. Kohga. 1984. Plasminogen activator content and secretion in explants of
neoplastic and benign human prostate tissues. Cancer Res. 44:311-318.

50. Kirchheimer, J. C., H. Pfluger, P. Ritschl, G. Hienert, and B. R. Binder.
1985. Plasminogen activator activity in bone metastases of prostatic carcinomas
as compared to primary tumors. Invasion Metastasis. 5:344-355.

51. Hienert, G., J. C. Kirchheimer, H. Pfluger, and B. R. Binder. 1988. Uroki-
nase-type plasminogen activator as a marker for the formation of distant metas-
tases in prostatic carcinomas. J. Urol. 140:1466—-1469.

52. Hienert, G., J. C. Kirchheimer, G. Christ, H. Pfluger, and B. R. Binder.
1988. Plasma urokinase-type plasminogen activator correlates to bone scintig-
raphy in prostatic carcinoma. Eur. Urol. 15:256-258.

53. Duffy, M. J,, D. Reilly, C. O’Sullivan, N. O’Higgins, J. J. Fennelly, and P.
Andreasen. 1990. Urokinase plasminogen activator, a new and independent
prognostic marker in breast cancer. Cancer Res. 50:6827-6829.

54. De Bruin, P. A., H. W. Verspaget, G. Griffioen, J. H. Verheijen, D. Dooi-
jeward, and C. B. H. W. Lamers. 1989. Plasminogen activators in endoscopic
biopsies as indicators of gastrointestinal cancer: comparison with resection speci-
mens. Br. J. Cancer. 60:397-400.

55. Gross, J. L., D. L. Behrens, D. E. Mullins, P. L. Kornblith, and D. L.
Dexter. 1988. Plasminogen activator and inhibitor activity in human glioma cells
and modulation by sodium butyrate. Cancer Res. 48:291-296.

56. Prager, M. D, N. F. Nelson, W. Cieplak, and S. C. Dacus. 1986. Character-
ization of plasminogen-activator from two human renal-carcinoma cell-lines and
effect of differentiation inducing agents. Proc. Am. Assoc. Cancer Res. 27:3.
(Abstr.)

57. Heppner, G. H., and B. Miller. 1983. Tumor heterogeneity; biological
implications and therapeutic consequences. Cancer Metastasis Rev. 2:5-23.

58. Rago, R., J. Mitchen, A-L. Cheng, T. Oberley, and G. Wilding. 1991.
Disruption of cellular energy balance by suramine in intact human prostatic
carcinoma cells, a likely antiproliferative mechanism. Cancer Res. 51:6629-
6635.

59. Knoop, F. 1905. Der Abbau aromatischer fettsaiire Tierkorper. Beitr.
Chem. Physiol. Pathol. 6:150-162.

Phenylacetate in Suppression of Prostate Cancer ~ 2295



