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ABSTRACT

Recently, Volk, Geiger, and Raz (Cancer Res., 44: 811-824,

1984) addressed the question of whether variations in actin
organization in clones of the murine K-1735 melanoma tumor
correlated with their metastatic capability. Using immunofluores-

cence techniques, they found that clones which had a more
ordered actin network were less metastatic, whereas clones
having a diffuse actin staining pattern were more metastatic.
Similarly, we have found that in the Dunning rat R3327 prostatic
adenocarcinoma tumor system, the non-metastatic (<0.1%) H-

prostatic tumor cell line has a prominent network of actin filament
bundles, whereas the highly metastatic (>90%) MatLyLu cell line
has a diffuse actin staining pattern. In the low-metastatic (<10%)

AT! cell line an intermediate actin organization between H and
MatLyLu was observed.

Analysis of cell extracts from H- and MatLyLu-cells revealed

differences in the level of activity of cellular proteins which affect
actin filament assembly and structure in a manner similar to that
of the cytochalasins, fungal metabolites which bind with high
affinity to the fast-growing end of actin filaments. Extracts of
MatLyLu were significantly more effective than those of H-cells

in decreasing the extent of actin filament network formation and
in inhibiting the rate of filament assembly by blocking monomer
addition onto the fast-growing end. Measurements of spin-lattice

nuclear magnetic resonance water proton relaxation times (T,)
were made in surgically removed tumor tissue from four sublines
(H, AT,, MatLyLu, and MatLu) of the Dunning R3327 tumor
system. The highly metastatic cell lines had significantly longer
water proton T, relaxation times than did the lines with low
metastatic potential. These differences in TT may reflect the
observed alterations in organization of actin filaments within
these various sublines of the Dunning R3327 prostatic adeno
carcinoma tumor system.

INTRODUCTION

Prostatic adenocarcinoma is a very heterogenous tumor with
respect to its clinical metastatic aggressiveness. Some tumors
remain localized for years without metastasis, while others ap
pear to metastize very early (1). If the prostatic tumor is localized
(Stage B1 and B2), radical surgical or radiation therapy offers a
curative approach for management of this lesion. However, if the
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lesion appears to be clinically localized but has already produced
micrometastases, radical surgery or radiation therapy will not be
curative, and aggressive systemic therapy will be required. Thus,
diagnostic techniques that could predict on an individual basis
the metastatic ability of a tumor would certainly be useful in
selecting patients for radical surgery, radiation therapy, or im
mediate systemic therapy for highly invasive disseminated dis
ease. However, there are currently no diagnostic techniques that
can accurately predict the metastatic capability of an individual
tumor.

This inability to determine the metastatic capability of tumors
is due in part to our limited knowledge of what changes in cellular
constituents produce the unique phenotypic characteristics
which allow a cancer cell to become metastatic. As outlined by
Fidler and Hart (2), the pathogenesis of metastasis is a multistep
process. The detachment of tumor cells from the primary growth
site is the prerequisite step for metastasis. This release depends
upon the ability of the tumor cells to decrease their adherence
to neighboring cells and/or extracellular matrix components.
Once detached, tumor cells may invade surrounding tissues and
penetrate into blood vessels or lymphatics, thus spreading the
tumor cells via general circulation.

The question arises as to what cellular components could be
involved in the metastatic process. One cellular component which
has been examined is the cytoskeletal structure of cells (3).
Changes in cellular adhesiveness and motility in the metastatic
process suggest that cytoskeletal elements are involved. Inves
tigations have demonstrated that actin filaments are involved in
modulating cellular adherence and the locomotion of cells (3, 4).
Recently, Volk ef al. (5) used immunofluorescence techniques to
show that the degree of actin filament organization was corre
lated inversely with the metastatic capability of various clones of
the murine K-1735 melanoma tumor. The low-metastatic cell

variants showed well organized actin bundles, adhered very
tightly to the culture plates, and displayed restricted mobility. In
contrast, the highly metastatic cell variants were poorly attached
and displayed a very diffuse pattern of actin staining pattern.

Using the Dunning rat R3327 prostatic adenocarcinoma tumor
system (6) we have undertaken an examination of various clones
to determine whether metastatic capability can be correlated
with changes in actin filament organization. In addition, we have
investigated the use of proton NMR3 techniques to determine

whether differences in the actin organization of these tumors
might be reflected in differences in NMR relaxation times.

3The abbreviations used are: NMR, nuclear magnetic resonance; PBS, phos
phate-buffered saline; CD, cytochalasin 0; F-actin, filamentous actin; Buffer A, 5
mua Tris:0.2 mw CaCI2:0.2 mm Na2ATP:0.5 mw /3-mercaptoethanol, pH 8.0; T,,

water proton relaxation time.
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ACTIN FILAMENT ORGANIZATION AND METASTATIC POTENTIAL

MATERIALS AND METHODS

TumorSystem

All animal studies were performed on the well characterized Dunning
R3327 prostatic adenocarcinoma system (7, 8). Briefly, four sublines
with the spectrum of properties seen in human disease were used.
Characteristics of these sublines are shown in Table 1. The solid tumors
are routinely passed by transplanting into the flank of adult male Copen
hagen rats (Charles River) a small piece (6 mm3) of the respective tumor.

The H, AT,, MatLu, and MayLyLu tumor sublines were also carried
as tissue culture lines. Each tissue culture cell line was initiated from its
respective solid tumor by mincing the solid tumor and placing the small
fragments into a 35-mm2 tissue culture dish under sterile conditions. The

cells originating from these tumor expiants were harvested, replated,
and maintained in a 37Â°C, 95% air-5% C02 water-jacketed incubator.

The H-cells were harvested by treatment with 0.25% trypsin, while the
AT,, MatLu, and MatLyLu were simply washed off with pipetting. The
H-cell line was grown in RPM11640 medium (pH 7.4) with 20% newborn
calf serum, insulin (1 ID/ml), dihydroxytestosterone {0.1 Â¿jg/ml),retinol
(0.01 lU/ml), fungizone (2.5 Â¿ig/ml),and gentamycin (50 /ig/ml). The AT,,
MatLu, and MatLyLu cell lines were grown in RPM11640 (pH 7.4) medium
with 15% newborn calf serum, fungizone (2.5 iig/m\), and gentamycin
(50 Mg/ml)- To insure that the different culture media used to grow the
tissue cultured tumor cells did not influence actin structure, H-cells were

grown in the AT,, MatLu, and MatLyLu culture medium, and AT,, MatLu,
and MatLyLu cells were grown in the H-cell culture medium to approxi

mately 70% confluency. No noticeable morphological differences or
adherence changes were observed when the different culture media
were used. However, in the H-cells a noticeable decrease in the growth

of these cells was observed when grown in the culture medium used for
AT,, MatLu, and MatLyLu.

Fluorescent Labeling of Cells

F-actin organization was evaluated using the probe rhodamine phal-

loidin (9) (Molecular Probes, Inc.) and grading of the organization of actin
filaments by fluorescence microscopy. Cell lines used in this study were
plated into 4 chamber Lab Tech slides and allowed to reach 70%
confluency before staining with rhodamine phalloidin. Cells were washed
twice with PBS (pH 7.4) and fixed with 3.7% formaldehyde in PBS at
room temperature for 10 min. After fixation, cells were washed with PBS
and permeabilized in 0.2% Triton X-100 in PBS for 7 min. Cells were

then washed twice with PBS. Forty Â¡A(132 ng) of rhodamine phalloidin
stock solution were air-dried and redissolved in 0.8 ml of PBS. Two

hundred Â¿ilof this solution were placed in each chamber of the Lab Tech
slide, and cells were allowed to incubate at room temperature for 20
min. After the incubation, cells were washed twice with PBS to remove
excess fluorescent stain, 2-fluoroadenine mounting fluid (Difco) was

applied, and the cells were covered with a glass coverslip. Photomicro
graphs were taken on a Leitz Wetzlat Vario Orthoplan Langfield micro
scope equipped with a Ploemopak 2.1a.2.2. Fluorescence Verical Illu
minator and a Vario-Orthomat for automatic photography.

Solid tumors were also stained with rhodamine phalloidin. Tumors (1
cm in diameter) were removed from the flank of a Copenhagen rat and
quickly frozen in liquid NÂ¡.Frozen sections (5 ^m) were cut and placed

Table 1

Biological characteristics of Dunning R3327 tumor sublines

R3327 tumor
sublines Histology

Doubling time Androgen Metastatic
(days) sensitivity potential

HAT,MatLuMatLyLuWelldifferentiatedAnaplasticAnaplastiaAnaplastic21Â±6"2.5

Â±0.22.7
Â±0.31.5
Â±0.1YesNoYesNoLowLowHighHigh

a Mean Â±SD.

on a microscope slide. The sections were then fixed with 3.7% formal
dehyde, washed twice in PBS (pH 7.4), and stained and mounted as
described above.

Assays for Cytochalasin-like Activity

Preparation of Cell Extracts. Cells were grown on 150-mm tissue

culture plates. The culture medium was removed by gentle aspiration
and centrifuged at 1000 rpm in an IEC HN-S centrifuge to pellet nonad-

herent cells. Cells adhering to the substrate were gently scraped into
ice-cold PBS with a rubber policeman and centrifuged at 4Â°C.Medium

or PBS was aspirated, and the cell pellet was rinsed with ice cold Buffer
A to which 0.1 rriM phenylmethylsulfonyl fluroide had been added. All
subsequent steps were performed on ice or at 4Â°C. Cell pellets were

homogenized in Buffer A using a Dounce homogenizer. The homogenate
was sonicated for 4 s using a Branson Sonifier fitted with a microprobe
and set at 50% duty cycle and a power output of 2. Aprotinin (40 ng/ml)
(Boehringer Mannheim) was added to the homogenate prior to centrif-
ugation at 30,000 rpm for 130 min in a Ti70 rotor in a Beckman L-5

ultracentrifuge. The supernate was designated as the cell extract. Protein
concentration was determined using the Bradford protein assay (10).

Viscosity Measurements. Actin prepared by the method of Spudich
and Watt (11) was further purified by gel filtration on a 2.5 x 90 cm
Sephacryl S200 column equilibrated with Buffer A. Low shear viscosity
of F-actin was measured with the falling ball assay as described by
MacLean-Fletcher and Pollard (12). Various concentrations of cell extract

were added to 125 j/g of monomeric actin, and the volume of each
sample was adjusted to 250 ÃŸ\with Buffer A. Actin assembly was
initiated with 2 ITIMMgCI2 and 50 mM KCI. Samples were drawn imme
diately into 100 ti\ capillary pipets and incubated for 1 h at 30Â°C. The
pipets were then mounted at an angle of 60Â°from the horizontal, and

the time required for a steel ball to fall a distance of 3.5 cm through the
sample was recorded. Results are presented as a percentage of the
average time recorded for control samples containing only actin and no
cell extract. In these experiments, polymerization of the actin had reached
a plateau level well before the measurements were taken. Therefore, a
decrease in apparent viscosity reflects a decrease in the extent of
formation of actin filament network and not a difference in the rate of
actin polymerization.

Fluorescence Assay for Actin Polymerization. Column-purified G-
actin was labeled with the fluorescent probe W-(1-pyrenyl) iodoacetamide
(13). Stabilized actin nuclei in the form of spectrin-band 4.1-actin complex

were extracted from human erythrocyte membranes at low ionic strength
and used without further purification (14). In the polymerization assays,
H- or MatLyLu cell extract was added to a mixture of 90% unlabeled

actin and 10% labeled actin (0.5 mg/ml) in Buffer A containing 0.4 mM
MgCI2 (final volume of 0.65 ml). After actin nuclei were added to the
sample (50 Mg/ml), polymerization of the actin was measured as an
increase in fluorescence of the labeled actin using a Perkin-Elmer 650-

10S recording fluorescence spectrophotometer. Excitation and emission
wavelengths were set at 365 and 407 nm, respectively; temperature of
the sample was maintained at 25Â°Cwith a circulating water bath.

Determination of T, Relaxation Times in Solid Tumor and Tissue
Cultured Cells

NMR relaxation processes of tissue water protons are governed by
at least two cellular compartments of water molecules: "free" and "pro
tein-bound." If molecules rotate rapidly in solution, as "free water"

molecules would, the water protons have very slow relaxation times
(T,>3 s); i.e., the energy which was absorbed by the protons in order to
induce the transition to the excited spin state in the NMR experiment is
dissipated slowly. Dissipation of the energy of the excited proton to the
ground state requires interaction with a radiofrequency field at the same
frequency that induced the transition (Larmor frequency). In liquids, the
radiofrequency fields are caused by random thermal motions of mole
cules. For water protons rotational motion predominates as the mecha-
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ACTIN FILAMENT ORGANIZATION AND METASTATIC POTENTIAL

nism by which the fields are generated. Small molecules such as "free
water" rotate rapidly and do not generate fields which match the Larmor

frequency of protons and thus have long relaxation times. In contrast,
protein bound water molecules rotate at a much slower rate and are
governed by the motion of the large molecules to which they are
attached. Due to the slower rotation, radiofrequency fields are generated
which match the Larmor frequency fo protons and, consequently, the
relaxation time, T,, will be rapid. In most cases, the relaxation time in
cells is a weighted average of the relaxation time of water protons in the
two different states due to fast exchange processes (15).

Specimens for Ti water proton relaxation time measurements were
obtained by serial passage of 2-3-mm square pieces of viable tumor

tissue into the flank of recipient Copenhagen rats. Once the tumor
reached a size of approximately 1 cm in diameter, the animals were
anesthetized, and 200-400 mg of non-necrotic tumor were excised and
placed into 5-mm NMR sample tubes. The tubes were capped and

sealed to minimize exposure to air. All relaxation times were determined
within 4 h of harvesting at ambient room temperature.

Analysis of T! water relaxation times in H and MatLyLu cultured cells
were performed as described by Beali and Hazlewood (16). MatLyLu
cells were removed in exponential phase from T-75 culture flasks by
vigorous shaking. H-cells (exponential phase) were removed by gently
scraping of the cells using a Teflon scraper. Approximately 108 cells were

placed in 5-mm NMR tubes and centrifugea at 1000 x g for 30 min. Bulk

residual water was aspirated off, and any remaining water was removed
by capillary action using clean Kimwipes which were rolled up to fit into
the NMR tubes. After three centrifugations at 1000 x g for 30 min,
constant T, values were obtained. Trypan blue dye exclusion of cells
before and after Tt measurements showed >90% cell viability. To
determine what effect mirofilament structure had on T, water relaxation
times, we used the microfilament disrupting agent, CD (14). In these
experiments H-cells were treated with CD (10 Mg/ml), initially dissolved

in dimethyl sulfoxide for 1 h. The same amount of dimethyl sulfoxide was
added to the culture medium of control cells. The cells were prepared
for Ti water relaxation measurements as described above, except that
before placement in the NMR tubes, cells were washed once in phos
phate-buffered saline (pH 7.4) to remove residual extracellular dimethyl

sulfoxide and CD.
A 180Â°-t-90Â° pulse sequence was used to measure T, relaxation

process. T! measurements were made on a Spin-Lock of Canada pulsed
NMR system interfaced to a Varian 6-inch magnet operating at a mag

netic field strength of 0.5 Tesla and radiofrequency of 20.4 MHz for
protons.

RESULTS

Actin Filament Organization and Metastatic Capability of
the Dunning R3327 Rat Prostatic Adenocarcinoma System.
As reported by Raz and Geiger (8), the metastatic variants of
the murine K-1735 melanoma differed from their low metastatic
counterparts in their F-actin organization. These differences were

manifested as alterations in the pattern of actin bundles within
the cells from these clones. This observation raised the question
of whether differences in actin organization within a tumor sys
tem could be utilized as an indicator to predict the metastatic
capability of individual tumor cells or clones of tumor cells. To
test this hypothesis the Dunning R3327 prostatic adenocarci-

noma tumor system was used.
F-actin organization in tumor sections and cell monolayers of

the H-, ATi, and MatLyLu cell lines was visualized by staining
with rhodamine phalloidin. In Fig. 1 is shown the F-actin fluores
cence staining of a 5-^m frozen section of solid tumors of H-,
AT!, and MatLyLu. The H- solid tumor (Fig. 1A) shows a hazy

cytoplasmic staining pattern within the frozen sections. The

Fig. 1. Distribution of F-actin in H-, and AT,-, ano MatLyLu solid tumor sections.
Frozen sections of the solid tumors were prepared for F-actin visualization as
described in "Materials and Methods." A, H tumor; B, AT, tumor; C, MatLyLu

tumor. Magnification, x 1000.

intensity of the staining is obscured by the highly intense fluores
cence staining of the myoepithelium which surrounds the H-
tumor cells. In the case of ATi solid tumor a similar pattern
emerges (Fig. 1ÃŸ).In this tumor no myoepithelial layer is present.
A diffuse F-actin staining pattern outlining the nucleus of the cell

is observed. A different actin staining pattern emerges in the
highly metastatic MatLyLu tumor (Fig. 1C). The staining appears
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primarily at the submembranous periphery of the cells. Very little
staining is observed more deeply within the cytoplasm of the
cells as compared to the low metastatic H and AT! tumors.

The results obtained appear to suggest that H and ATi may
have more cytoplasmic actin filament structure than does the
MatLyLu line. In order to qualitatively obtain a less ambiguous
result, tumor expiants were obtained, and isolated tumor cells
from these expiants were plated into tissue culture slide cham
bers and stained for F-actin 24-48 h after incubation at 37Â°Cin

a 95% air-5% CO2 incubator. As shown in Fig. 2A, the F-actin in
the non-metastatic H-cell line appears throughout the cell as an

extensive well organized array of filamentous structures. The
low metastatic AT!-cell (Fig. 2B) shows an intermediate level of
F-actin organization. Bundles of actin are observable, but the

extent of the arrays appears to be decreased. In the highly
metastatic MatLyLu cells (Fig. 2C) the actin staining pattern is
very diffuse. In more sparse areas of the culture, attached
MatLyLu cells show concentrations of stain in cell processes
(Fig. 3). No F-actin bundles are observed in these cells.

Cytochalasin-like Activity in Cell Extracts. Linef a/. (17) have
found that changes in actin organization accompanying neoplas-

tic transformation of cultured fibroblasts by an oncogenic virus
can be correlated with an increase in the activity of cellular
proteins which affect actin assembly. These proteins resemble
the cytochalasins in ability to bind with high affinity to the fast-

growing end of actin filaments and nuclei, inhibiting their elon
gation (18).

To test whether the observed changes in actin filament orga
nization in the low-metastatic H-tumor cells versus the highly
metastatic MatLyLu tumor cells could be due to increased cy-
tochalasin-like activity in the cells, we first compared the ability

of cell extracts to affect formation of actin filament networks as
measured with a low-shear viscometer. As shown in Fig. 4,
extracts from both cell lines decreased the viscosity of F-actin,

with the extract of the more highly metastatic MatLyLu producing
a greater effect.

Inhibition of formation of actin filament networks is a compli
cated phenomenon. To further define the differences in the ability
of the two extracts in affecting actin assembly, we specifically
examined the effects of the extracts on the rate of actin polym
erization. Under the conditions of the assay, the low Mg2+

concentration allows monomer addition only at the fast-growing

end of the exogenously added actin nuclei. As shown in Fig. 5,
the extract of MatLyLu cells produced a greater degree of
inhibition of the rate of actin polymerization than did the extract
of the H-cells. This type of inhibition can be relieved by increasing
the concentration of Mg2+ to cause spontaneous formation of

actin nuclei and to allow monomer addition at the slowly growing
end. This indicates that the observed inhibitory effect is due to
a specific blocking of the fast-growing end of elongating actin

nuclei and filaments, rather than an irreversible inactivation of
actin monomers by the components of the cell extracts.

Water Proton NMR Spin-Lattice Relaxation Times. It has
been suggested that as much as 20-40% of the water within

cells is bound to the filamentous structures of the cytoskeleton
(19). This suggests that a change in the amount and/or organi
zation of actin filaments could alter the interaction between water
protons in the aqueous phase and those in hydration shells
around the filaments. If this is so, then NMR techniques could
be useful in detecting these changes in filamentous structures,

m^im â€¢â€¢
|

im

Fig. 2. Distribution of F-actin in H-, AT,-, and MatLyLu tissue cultured cells.
Cells were fixed, permeabilized, and stained with rhodamine phalloidin as described
in "Materials and Methods." A, H tumor cell line; B, AT, tumor cell line; C, MatLyLu

tumor cell line. Magnification, x 1000.

since NMR has been proven to be capable of detecting differ
ences in the physical properties of water within cells and tissues
(16). One NMR process which can give an indication of the
amount of bound or "ordered" water in cells is the spin-lattice

relaxation process (T,). On a relative scale, one would predict
that if the low-metastic (H and AT,) tumors have more organized

filamentous structure and thus possibly more water associated
with these structures, they would have shorter relaxation times
compared to the highly metastatic MatLu and MatLyLu which
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4

Fig. 3. F-actin staining pattern of the MatLyLu cell line. Cells were fixed,
permeabilized, and stained with rhodamine phalloidin as described in "Materials
and Methods." Magnification, x 1000.
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Fig. 4. Cytochalasin-like protein activity. Various amounts of cell extract from
H- and MatLyLu cells grown at 37Â°Cwere added to monomeric actin in buffer on

ice. After KCI (to 0.1 mM) and MgCI2 (to 2 HIM) had been added to initiate
polymerization, the samples were immediately drawn into capillary tubes and
incubated at 30Â°Cfor 30 min. The apparent viscosity was measured with the falling

ball method (15). The data are expressed as a percentage of amount of polymeri
zation compared to control (100%), which contained no cell extract. â€¢,cell extract
from H-cells; O, cell extract from MatLyLu cells.

appear to have less organized filamentous structures. The re
sults shown in Table 2 suggest that this is the case. The low
metastatic tumor sublines H and AT, have T, relaxation times of
less than 1 s, whereas the highly metastatic MatLu and MatLyLu
have times greater than 1 s. The difference between the H and
AT, versus MatLu and MatLyLu is statistically significant (P <
0.001). In addition, the difference in T, between H and AT, is
also significant (P < 0.001). The T, relaxation times for the
various tumors appears to correlate inversely with the subjective
grading for actin filament organization within these tumor cell
lines; i.e.: for actin filament organization, H>AT1>MatLu, Mat
LyLu; and for T,, H<AT,<MatLu, MatLyLu.

To further explore the possibility that changes in actin filament
organization could contribute to the Tn water relaxation times,

ui
>

ui
CE

6 8
TIME (min)

10 12 14

Fig. 5. Inhibition of nucleated assembly of actin filaments by extracts of H- and
MatLyLu cells. The samples contained monomeric actin (0.5 mg/ml) (10% fluores-
cently labeled and (a) no addition. (Â£>)an extract of H-cells, or (c) an extract of
MatLyLu cells, in Buffer A containing 0.4 mM MgCI2. At time zero, actin polymeri
zation was initiated by addition of stable actin nuclei. At the time indicated by the
arrow, the concentration of MgCI? was raised to 2 mM.

Table 2

Spin lattice relaxation times (T,) of the Dunning R3327 rat prostate
adenocarcinoma sublines

TumorHAT'C

â€ž

MatLuMatLyLu"Metastatic

capacityLow(<0.1%)

Low(<10%)
High (>90%)
High (>90%)Spin

lattice (T, )
relaxation times(ms)780

Â±50a (31)"

880 Â±40 (17)
1020 Â±70 (13)
1030 + 70(16)

a Mean Â±SO.
'' Numbers in parentheses, number of tumor samples analyzed.
0 Value of T, statistically different (P < 0.001) from those of H, MatLu, and

MatLyLu.
" Value of T, statistically higher (P < 0.001) compared to H and AT,.

Tables
Spin lattice relaxation times fjt) of H- and MatLyLu-tissue culture cells

Cells were prepared as described in "Materials and Methods."

Cell line T, (ms)
T, (ms),

CD treated

H
MLL

853 Â±11a(4)"

1,090Â±10(3)
950 Â±23 (4)

8 Mean Â±SD.

Numbers in parentheses, number of different preparations analyzed.

CD experiments were performed on cultures of H-cells. CD has

been shown to inhibit actin polymerization and induce rearrange
ment of actin filaments (14). Treatment of H-cell cultures with
CD (10 fig/ml) (1 h) induced rounding-up of cells and decreased

adherence to the culture flasks. As shown in Table 3, CD
treatment of H-cells increased the T, water relaxation time by

approximately 90 ms. In paired experiments, an increase of about
15% was consistently observed in T, in the CD treated H-cells
versus the control H-cells. This is similar to what is observed in

cytochalasin B treated HeLa cells (15, 20) which have been
shown to have an increased cellular pool of unpolymerized actin
after cytochalasin B treatment.
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DISCUSSION

Over the last several years, a number of studies have char
acterized and identified various molecular and cellular processes
that are involved in metastasis (7, 21). These studies have
suggested that a number of extrinsic and intrinsic factors are
involved in the dissemination of malignant neoplasms throughout
the body (4, 7, 22). Many of the sequential stages in tumor cell
metastasis are related to the intrinsic capability of malignant cells
to deform, to make intercellular contacts, and migrate actively
(23). These processes are known to be controlled in part by the
actin filament system within cells.

Raz and Geiger (8) have found prominent differences in the
organization of the actin filament system in high metastatic and
low metastatic variant cell lines of two differential parental tu
mors, the K-1735 melanoma and UV-2237 fibrosarcoma. From

these observations, they hypothesized that the organizational
state of the actin filament system could be indicative of the
metastatic capability of tumors. Our data on the Dunning R3327
prostatic adenocarcinoma tumor system further indicate that
changes in the actin filament organization of the various Dunning
metastatic sublines may be correlated to the metastatic capabil
ities of tumor cells as hypothesized by Raz and Geiger (8).

The F-actin staining data from the tissue cultured cells show

qualitatively that the low metastatic tumors have a more promi
nent network of actin filament bundles than do the highly me
tastatic tumors. The finding that extracts of MatLyLu cells con
tain higher levels of cytochalasin-like ativity than do those of the
H-cells suggests a mechanism for explaining the observed dif

ferences in staining patterns. A class of actin binding proteins
has been shown to affect actin polymerization and network
formation by binding to the fast-growing end of actin nuclei and

filaments in a manner similar to that of the cytochalasins (18). It
is possible, therefore, that an increased level of activity of these
proteins can cause a decrease in F-actin content, as well as

affect the organization of filaments into bundles and networks.
Consistent with this idea are the observations that addition of
cytochalasin to HeLa cells and platelets can increase the cellular
pool of unpolymerized actin (24,25). Moreover, microinjection of
a protein with cytochalasin-like activity into cultured cells has

been found to decrease the number of actin filament bundles, as
well as decrease cellular adhesion to the substrate, properties
that are characteristic of metastatic cells (20).

The solid tumor studies are more ambiguous, but subjectively
there appears to be a different organization of F-actin within the

cytoplasm of the low metastatic H and AT, as judged by the
rhodamine-phalloidon fluorescent staining pattern. In the case of
the highly metastatic MatLu and MatLyLu, F-actin appears at

the cell periphery and outlines the cell borders.
The rationale for NMR techniques to detect actin filament

changes is that reorganization of actin filaments within cells
should lead to reorganization of water within the cells (i.e.,
protein-water interactions) (12). These changes in cellular water

interaction should be reflected in NMR parameters which char
acterize these interactions; i.e., water proton spin lattice relaxa
tion (Ti) (16). The T, water proton spin-lattice relaxation times of

the various metastatic solid tumors suggest that there may be
more cytoplasmic structural organization within the low me
tastatic tumors compared to the highly metastatic tumors.

Beali (15) has demonstrated that disruption of actin filamen

tous structure with cytochalasins leads to an increase in spin-
lattice relaxation time. Similarly, these investigators showed that
inducing polymerization of cytoskeletal structures into a more
ordered cellular matrix decreased the relaxation time (15). In
both of these cases the data suggest that changes in T, water
proton relaxation times can reflect changes in the organization
of cellular components. Our NMR data on the various Dunning
prostate tumors and CD treated H-cells correlate with the studies

of Beali (15). This suggests that in the solid tumors the changes
in T, may reflect differences in actin filament organization similar
to what is observed microscopically in the tissue culture and
solid tumor cells.

In conclusion, the data obtained in this investigation of the
Dunning prostatic adenocarcinoma tumor model support the
hypothesis of Volk ef al. (5) and Raz and Geiger (8) that changes
in actin filament structure may reflect the metastatic capability
of tumor cells. In addition, this study, along with recent data
utilizing high resolution NMR techniques to examine character
istic plasma membrane constituents in metastatic versus non-

metastatic tumors (26), suggests that NMR may be a useful tool
coupled with other biochemical techniques to predict the meta
static capability of tumors.
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