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Using three independent approaches, we studied the effects of H-ras on metastasis formation. Analysis of five
in vitro-ras-transfected 1OT1/2 clones with either flat or refractile morphologies revealed a relationship between
metastatic potential, H-ras expression, and anchorage-independent growth. Four metastatic variants derived
from a poorly metastatic, low-H-ras-expressing line all expressed high levels of H-ras RNA and grew efficiently
in soft agar. Activation of H-ras expression in the metastatic tumors had occurred through amplification and
rearrangement of H-ras sequences. In addition, preinduction of p21 synthesis in NIH 3T3 line 433, which
contains v-H-ras under transcriptional control of the glucocorticoid-sensitive mouse mammary tumor virus
long terminal repeat, significantly increased metastatic efficiency. Glucocorticoid treatment of normal or
pEJ-transformed NIH 3T3 cells did not affect metastatic potential. These data reveal a direct relationship
between ras expression and metastasis formation and suggest that metastatic and transformed phenotypes may
be coregulated in ras-transformed 10TI/2 and NIH 3T3 cells.

Tumor progression is the tendency of tumors to become
more aggressive with time. The widely accepted model is
that described originally by Foulds (11), in which progres-
sion was characterized by emergence of new variants with a
selective advantage for growth in the host. Metastatic spread
is the most important form of tumor progression because it is
the most life-threatening aspect of the disease. Metastasis is
a complex process involving invasion through host barriers
into the vasculature and survival against circulating host
immune defenses, followed by implantation, extravasation,
and growth at sites distant to the primary neoplasm (24, 25,
27, 34).
Much effort has been directed at understanding the meta-

static cascade, yet little is known about the mechanisms
involved. On the other hand, the critical events in cell
immortalization and transformation have been partially elu-
cidated and attributed to mutation or disregulation of a group
of genes collectively known as oncogenes. These genes are
normally responsible for maintenance of control over di-
verse cellular functions including proliferation, differentia-
tion, morphological regulation, communication, and motility
(3, 20, 22, 33, 40). Consequently, they are good candidates
for study of the metastatic process, which also requires
alterations of many of these functions (24, 27, 34).
Recent studies showed that primary and established ro-

dent fibroblasts transformed by activated ras sequences can
form metastases (12, 18, 23, 27, 36). Exclusive selection and
analysis of in vitro-transformed foci, however, raises the
possibility that ras transformation may be a permissive event
for expression of the metastatic phenotype but may not be
directly involved. To resolve this question we analyzed the
relationship between ras expression and metastatic poten-
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tial. ras-mediated transformation may be the initial event
which allows expression of secondary cellular characteris-
tics important in metastatic conversion, or it may be more
directly involved in maintaining and regulating the meta-
static phenotype through expression and action of its gene
product. Recent work demonstrated a relationship between
levels of H-ras oncogene (21, 42) or proto-oncogene (29)
expression and tumorigenic potential. In addition, it has
been shown that morphological reversion of the ras-
transformed phenotype may be achieved through microin-
jection of anti-p21 antibodies (8). Consequently, ras expres-
sion is critical in maintaining the transformed phenotype. In
this report we provide evidence for the direct involvement of
ras expression in metastatic potential, suggesting that ras-
mediated tumorigenic and metastatic phenotypes may be
regulated through a common mechanism in both 1OT1/2 and
NIH 3T3 cells.

MATERIALS AND METHODS
Gene transfer, plasmids, and in vitro-derived cell lines.

DNA-mediated gene transfer or transfection was performed
by using the calcium phosphate method as previously de-
scribed (41). Plasmid pAL8A was constructed by introduc-
ing the 6.6-kilobase (kb) T24 H-ras insert into the BamHI
site of pSV2neo. After transfection of pAL8A into 1OT1/2
cells, three morphologically transformed cell lines were
established and cloned from foci observed at confluence.
These cell lines, designated CIRAS-1, -2, and -3, were
subsequently shown to be resistant to 400 jig of G418 sulfate
(GIBCO Laboratories, Grand Island, N.Y.) per ml. Two
other cell lines were isolated by selection in 400 ,ug of G418
per ml. These two lines, NR3 and NR4, were morphologi-
cally nontransformed. Focus formation was observed at a
frequency of 2 x 10-4 per cell per ,Lg of DNA. In contrast,

830



H-i-as EXPRESSION CORRELATES WITH METASTATIC POTENTIAL

after G418 selection, the frequency of resistance was 4 x

10-4 per cell per ,ug of DNA, which resulted in 60% flat and
40% refractile colonies. MDS.R cell lines are radiation-
transformed 1OT1/2 cells which were selected for anchorage-
independent growth and tumorigenicity (30). All 1OT1/2-
derived cell lines were grown in either cxMEM or F12
medium (Flow Laboratories, Inc.. McLean, Va.) supple-
mented with 10%5 fetal calf serum (GIBCO).
NIH 3T3 line 433, which contains v-H-ras under the

control of the glucocorticoid-sensitive mouse mammary tu-
mor virus long terminal repeat (plasmid pA9) (13), was

grown in oaMEM (GIBCO) and 10% fetal calf serum with or

without 2 x 10' M dexamethasone (Sigma Chemical Co..
St. Louis, Mo.) for 7 days before injection into BALB/c
niiulnull mice. Growth with dexamethasone under these con-

ditions results in a 20-fold increase in p21 synthesis (13).
Control cell lines pEJ1 and pEJ3 were obtained by transfec-
tion of pEJ H-i-as into NIH 3T3 cells and cloned by limiting
dilution from transformed foci. NIH 3T3-derived cell lines
were maintained in OLMEM media supplemented with 10%
calf serum (Colorado Serum Co.. Denver. Colo.). All cells
were kept in culture for a maximum of approximately 2

months, after which they were discarded and replaced by
frozen stocks to minimize drift from the original clones.

Experimental and spontaneous metastasis assays. Meta-
static potential was determined by the experimental
metastasis assay with a tumor cell inoculum of 3 x 105
(except with NIH 3T3 line 433, for which 5 x 105 cells were

used) injected in a 0.2-ml volume into the tail vein of mice
(9). Cells were lightly trypsinized from subconfluent cul-
tures, washed, and adjusted to the appropriate concentration
in Hanks balanced salt solution. Recipient animals were

sacrificed 21 days later by ether anesthesia and Bouin
solution (picric acid, formaldehyde. acetic acid [15:5:1])
injected intratracheally. The stained lungs were then re-

moved, and metastatic foci were counted under a dissecting
microscope.
Spontaneous lung metastasis formation was assayed be-

tween 30 and 60 days after subcutaneous injection. Lung
metastases were occasionally visible but were normally
detected as micrometastases by culturing enzymatically
disaggregated lung cells in 400 ,g of G418 per ml (see
below).

In vivo-derived cell lines. In vivo-derived cell lines were

obtained by dissecting out the tumor, cutting and teasing it
into small fragments, and enzymatically disaggregating it
(800 jig of collagenase type I [Sigma] per ml, 10 U of
hyaluronidase type I-S [Sigma] per ml, 0.05% trypsin-EDTA
[GIBCOI), followed by selection of plasmid-carrying cells in
400 ,ug of G418 sulfate per ml for 3 days. NR3.1L lines were

derived from two C3H/HeN mice with rare experimental
lung metastases after intravenous injection of 106 NR3 cells.
NR3.3 and NR3.4 lines were isolated from nonregressing
tumors 40 to 45 days after subcutaneous injection of 3 x 105
NR3 cells into C3H/HeN mice.
Growth in semisolid medium. Growth in soft agar was

performed basically as previously described (36) with a 0.5%
Bacto-Agar (Difco Laboratories, Detroit, Mich.J-10% fetal
calf serum-otMEM base layer and a 0.33% agar-10% fetal
calf serum--MEM growth layer. Colonies were scored after
14 days.
Northern and Southern blot analysis. Total RNA was

prepared by the guanidinium-cesium chloride method previ-
ously described (4), and 20 ,g was electrophoresed on 1%
formaldehyde gels (16). The RNA was then transferred to
nitrocellulose and hybridized at 68°C for 16 h to a 32P-labeled

(3 x 108 cpm/Ipg) nick-translated (32) v-H-ras probe (Oncor
Inc., Gaithersburg, Md.). The filters were washed in 2x SSC
(lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1%
sodium dodecyl sulfate (SDS) (twice for 15 min each at room
temperature) followed by 0.lx SSC-0.1% SDS (once fot 30
min at room temperature and once for 30 min at 65°C).
Autoradiography was performed at -70°C with X-Omat AR
film (Eastman Kodak Co., Rochester, N.Y.) and Cronex
lighting plus intensifying screens. Total RNA (20 ,ug) was
also electrophoresed on 0.6% agarose gels in TBE buffer
(0.089 M Tris borate, 0.089 M boric acid, 0.002 M EDTA)
(19, 37) and stained with ethidium bromide to confirm
relative quantitation and ensure that degradation had not
occurred.

Southern blot analysis was performed with two different
protocols using BainHI and EcoRI. When BamHI was used,
20 ,ug of genomic DNA was digested and separated on a
0.6% agarose gel, transferred to a nylon membrane (Bio-Rad
Laboratories, Richmond, Calif.) with 0.4 N NaOH, and
hybridized for 24 h to a 32P-labeled (Klenow extension [7]; 3
x 108 cpm/,ug) v-H-ras probe (50% formamide at 42°C), as
previously descfibed (31). Alternatively, 20 ,ug of genomic
DNA was digested with EcoRI and electrophoresed on a
0.45% agarose gel. The DNA was then transferred to nitro-
cellulose (35) and hybridized at 42°C (50% formamide, 10%
dextran sulfate) for 16 h to a 32P-labeled (nick translated [32];
3 x 108 cpm/l,g) v-H-ras probe. After hybridization, filters
were washed in 2x SSC-1.0% SDS (twice for 15 min each at
room temperature) and 0.1x SSC-0.1% SDS (twice for 30
min each at 65°C).

Densitometric analysis. Relative levels of H-ras mRNA
were determined by densitometry with the Bio-Rad Model
165D Transmittance/Reflectance Scanning Desitometer.
Peaks were cut and weighed, and ratios were determined
from three Northern blots. Reprobing with 3-tubulin or
c-mvn'c revealed that differences in ras RNA were not a result
of differential loading of mRNA (results not shown).

RESULTS

Metastatic potential of in vitro-derived cell lines. Transfec-
tion of pAL8A into 1OT1/2 cells allowed us to introduce T24
H-ras linked to a selectable (neomycin resistance) marker
gene. Five clones were picked and expanded for analysis.
Three transformed foci gave rise to the cell lines CIRAS-1,
-2, and -3, whereas cell lines NR3 and NR4 arose from flat
colonies selected in G418. CIRAS-1, -2, and -3 cells were
disorganized and consistently overlapped; NR3 cells were
flat, contact inhibited, and organized (similar to 1OT1/2); and
NR4 cells were intermediate for these characteristics (Fig.
1). The isolation of cell lines with different colony morphol-
ogies ultimately enabled us to analyze the relationship be-
tween ras expression and various phenotypic properties,
including tumorigenic and metastatic potentials.

Survival and tumor latency data (Table 1) indicate that
CIRAS-2 and -3 were the most tumorigenic of the five lines,
CIRAS-1 and NR4 showed intermediate tumor latency, and
NR3 was poorly tumorigenic, with many of the tumors
regressing. Subcutaneous injection of up to 107 control
10T1/2 cells into either syngeneic C3H/HeN or immunode-
ficient BALB/c nulnu mice did not result in tumor formation.

Spontaneous metastases were detected in all mice injected
with CIRAS-1, -2, or -3, whereas three of five mice injected
with NR4 and none of five injected with either NR3 or
parental 1OT1/2 developed tumors at other sites (Table 1). To
quantitate metastatic potential, the lung colonization or
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FIG. 1. Photomicrographs illustrating morphological differences between 1OT1/2 cells (A) and T24-H-ras-transfected cell lines CIRAS-1
(B), CIRAS-2 (C), CIRAS-3 (D), NR3 (E), and NR4 (F) as well as in vivo-derived metastatic variants NR3.4 (G) and NR3.1LB (H).

experimental metastasis model was used. With this assay,
CIRAS-2, and -3 were highly metastatic, CIRAS-1 and NR4
were relatively poorly metastatic, and NR3 was virtually
honmetastatic, with only 3 of 43 mice injected producing
lung tumors and two of these producing tumors only at the
highest cell inoculum (106). Control 1OT1/2 cells transfected
with pSV2neo produced only rare experimental metastases

(one tumor each in two of six mice injected with 3 x 105 cells
each). Radiation-transformed 1OT1/2 cell lines (MDS.R)
were tumorigenic but not metastatic (Table 1).
A correlation between anchorage-independent growth and

metastatic potential has been observed in several systems (5,
36). We assessed the cloning efficiency in agar of all five
transfected lines and the 1OT1/2 control (Table 1). The
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TABLE 1. Tumorigenic and metastatic characteristics of T24-H-ras-transformed 10T1/2 lines in syngeneic C3H/HeN mice

Tumorigenicity." Exptl metastasesh Frequency (mean ± SE) of cloning
in soft agar with tumor inoculumd

Cell Latenc Frequency of Division
Latency spontaneous time

line Frequency (days Survival (days Frequency No. (mean ± metastases' 1'0 104 105 (h)
Frequency [mean ± [mean ±SE]) Feqec SE)

SE])

10T1/2 0/12 0/12 0 0/5 0 0 0 0 0 0 14
CIRAS-1 13/13 10.0 + 1.0 66.5 ± 7.0 20/27 14 ± 5 5/5 0 ± 0 0.6 ± 4 14 ± 2 14
CIRAS-2 11/11 6.5 ± 0.7 58.2 ± 9.5 8/8 118 ± 6 5/5 9 ± 2 360 ± 11 >500 9.7
CIRAS-3 11/11 6.5 ± 0.7 36.2 ± 4.2 14/14 121 ± 20 5/5 7 ± 1 296 ± 99 >500 12.3
NR4 10/10 10.7 ± 1.4 58.5 ± 12.4 12/19 2 ± 0.5 3/5 0 ± 0 1 ± 1 0.2 ± 0.2 14
NR3 6/8 49.6 ± 2.0 106.0 7.0 1/13 0.1 0.1 0/5 0±0 0±0 0 0 15.3

MDS.R1 5/5 7.1 ± 0.9 NTe 0/3 0 0/5
MDS.R5 5/5 8.1 ± 1.1 NT 0/6 0 0/5
MDS.R9 5/5 8.7 ± 1.3 NT 0/3 0 0/5
MDS.R25 5/5 4.0 ± 0 NT 0/4 0 0/5

a Results are reported for subcutaneous injection of 3 x 105 cells. Survival data is taken from one experiment with four to eight mice per group. NR3 survival
is based on three mice that developed nonregressing tumors, and latency is based on six mice with detectable tumors.

b Data, were obtained after injection of 3 x 105 cells, except for MDS lines, which were injected as a 106 cell inoculum.
c Gross spontaneous metastases were occasionally seen; however, micrometastases detected by culturing lung cells in 400 pLg of G418 per ml were detected for

CIRAS-1, CIRAS-2, CIRAS-3, and NR4 tumors.
d Five replicate plates were used for each expefimental point.
e NT, Not tested.

results correlated well with in vivo metastatic potential;
CIRAS-2 and -3, the most metastatic lines, grew very
efficiently in agar, whereas CIRAS-1 and NR4 grew very
poorly and were inefficient at forming lung foci. NR3 rarely
produced agar colonies (results not shown) or metastases.
10T1/2 never grew in soft agar.
Southern blotting revealed the presence of novel H-ras

sequences in all five lines (Fig. 2); however, gene copy
number did not correlate with in vivo behavior. Northern
blot analysis was also performed, and 1.2-kb messages were
detected in all lines (Fig. 3). In addition, CIRAS-1 also
expressed high levels of a 4.7-kb species. Densitometric
analysis of three Northern blots revealed a relationship
between expression of H-ras and metastatic potential in
immunocompetent C3H/HeN mice (Fig. 4a), as well as in
natural-killer-cell-deficient C3H/HeJ bglbg mice and their

23.1- m

normal bgl+ littermates (Fig. 4b). Consideration of the
4.7-kb species as a translatable message (6) yielded the
relationship shown in Fig. 4a (r = 0.899). Inclusion of only
the 1.2-kb species in the calculations yielded essentially the
same result (r = 0.844).

In vivo selection of metastatic variants. We next isolated
four cell lines from two mice bearing rare NR3-derived
experimental lung metastases (NR3.lLA, NR3.1LB,
NR3.1LC, and NR3.1LD). These four lines were cultured
from two distinct lung colonies in each animal and therefore
represent tumors arising from four independent cells or
emboli in vivo. The lines were all morphologically trans-
formed (NR3.1LB, Fig. 1). In addition, they were highly
tumorigenic, metastatic (Table 2), and grew efficiently in soft
agar (results not shown). Two lines were also isolated from
mice bearing nonregressing tumors after subcutaneous injec-
tion of NR3 cells. These tumor lines (NR3.3 and NR3.4)

9.4-

6.5-

4.3-

2.3-
2.0-

10TI'12 Cl C2 C3 N3 N4

FIG. 2. Southern blot analysis of BamHI-digested genomic DNA
(20 ,ug), showing the presence of T24 H-ras sequences in transfect-
ant lines. Cl, CIRAS-1; C2, CIRAS-2; C3, CIRAS-3; N3, NR3; N4,
NR4. The numbers on the left are kilobases.

UDTh C1 C2 C3 N3 N4

FIG. 3. Northern blot analysis of T24-H-ras-transfected cell
lines (bottom panel). Transcripts of 1.2 and 4.7 kb were detected.
The top panel shows ethidium bromide-stained nondenaturing gel
with 20 ,ug of total RNA from each cell line, indicating equal loading
for Northern blots. Cl. CIRAS-1; C2, CIRAS-2; C3, CIRAS-3; N3,
NR3; N4, NR4.
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FIG. 4. Relationship between metastatic potential and H-ras
expression assessed in (a) immunocompetent syngeneic C3H/HeN
mice and (b) natural-killer-cell-deficient syngeneic C3HiHeJ bglbg
mice and normal heterozygous bgl+ littermates. The Order of H-ras
RNA ratios from lowest to highest were NR3. NR4. CIRAS-1.
CIRAS-3, and CIRAS-2. CIRAS-2 was not tested in bglbg mice. All
RNA ratios were calculated by comparing ras-transfected lines to
1OT1/2 controls.

were also refractile (Fig. 1), highly tumorigenic, and meta-
static (Table 2).

All six in vivo-derived cell lines expressed high levels of
H-ras RNA compared with the poorly expressing NR3
parental line frpm which they arose (Fig. 5). Evidence that
gene rearrangement and amplification had occurred in the
lung metastases (NR3.1L) was found on Southern blots (Fig.
6). All four metastatic lines showed complex and identical

TAB3LE 2. In vivo selection of progression variants of NR3 line

Tumorigenicity Exptl metastases

Latency
Cell line (days No.

[mean + Frequency Frequency (mean + SE)
SE])

NR3 49.6 ± 2.0 6/8 1/13 0.1 ± 0.1

NR3.1LA 6.8 ± 0.5 5/5 6/6 49 ± 7
NR3.1LB 9.8 ± 1.5 5/5 6/6 40 + 18
NR3.1LC 6.7 ± 0.7 5/5 6/6 30 ± 6
NR3.1LD 5.8 ± 0.6 5/5 61/6 13 ± 7

NR3.3 9.8 ± 0.5 5/5 4/4 16 ± 5
NR3.4 13.8 ± 2.2 5/5 4/4 42 + 19

10Tr 3.4 3.3 N3 LA ILB ILC ILD

FIG. 5. Northern blot analysis of H-ras RNA levels in NR3-
derived subcutaneous tumor lines (NR3.4 [3.4] and NR3.3 [3.3]),
NR3-derived lung metastases lines (NR3.1LA [1LA], NR3.1LB
[1LB], NR3.1LC [1LC], and NR3.1LD [1LD]), with NR3 (N3) and
1OT1/2 controls. The top panel shows ethidium bromide-stained
nondenaturing gel with 20 ,ug of total RNA from each cell line,
indicating equal loading for Northern blots.

restriction patterns with novel H-ras sequences, indicating
that they were of clonal origin. The subcutaneous tumors
NR3.3 and NR3.4 were activated through gene rearrange-

ment, resulting in only a single novel H-ras sequence. NR3.3
and NR3.4 exhibited the same restriction band, again indi-
cating common origin. Southern blot analysis of these lines
after BamHI digestion (results not shown) confirmed the
identity of restriction patterns among all four metastatic lines
and, independently, between the two subcutaneous tumors.

Induction of v-H-ras in NIH 3T3 cells. The relationship
between activated H-ras expression and metastatic potential
was then confirmed in the NIH 3T3 system by using line 433.
Line 433 contains a plasmid (pA9) in which v-H-ras is
transcriptionally regulated by the glucocorticoid-sensitive
mouse mammary tumor virus long terminal repeat. It is able
to enhance p21 production 20-fold in the presence of physi-
ological amounts of glucocorticoids. resulting in a phenotype
switch (13). After incubation in the presence or absence of
dexamethasone for 7 days. line 433 was injected intrave-
nously into BALB/c nulnu mice. Preinduction of v-H-ras
expression before injection resulted in a 2.5- to 3.0-fold
increase in metastatic efficiency. In contrast, dexameth-
asone pretreatment of NIH 3T3 cells, pEJ-H-ras-trans-

-t x .I23.1-

9.4-

6.5-

10T V/2 3.4 3 3 N3 lI1A 1LB 11C; 1LD

FIG. 6. Southern blot analysis of EcoRI-digested genomic DNA
(20 ,ug) from NR3 (N3)-derived subcutaneous tumor lines (NR3.4
[3.4] and NR3.3 [3.3]) and lutng metastasis lines (NR3.1LA [1LA],
NR3.1LB [1LB]. NR3.11C [1LC]. and NR3.1LD [1LD]). The
numbers on the left are kilobases.
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TABLE 3. Lung colony formation after p21 induction in line 433

Dexameth- No. of lungTumor Transfected metastases
line gene asone (mean + SE2)treatmenta (n)

433 MMTV LTRb/v-H-ras - 70 ± 12 (7)
+ 181 + 13' (9)

pEJ pEJ H-ras - 148 ± 40 (7)
+ 141 40 (8)

CIRAS-1 T24 H-ras - 3 1 (7)
+ 4± 1(9)

NIH 3T3 - 0.4 ± 0.2 (5)
+ 0.6 + 0.6 (5)

a 2 x 10-6 M.
b MMTV LTR, Mouse mammary tumor virus long terminal repeat.
cP < 0.001.

formed NIH 3T3 cells, or T24-H-ras-transformed 1OT1/2
controls did not affect their metastatic potential (Table 3).

DISCUSSION

We studied the effects of activated H-ras on metastatic
potential in both 1OT1/2 and NIH 3T3 cells and report that
metastatic efficiency was closely related to the level of H-ras
expression. H-ras RNA levels correlated with the
tumorigenicity, anchorage-independent growth, and meta-
static potential of a series of T24-H-ras-transfected 1OT1/2
cell lines. Metastatic potential was assessed initially by the
frequency of spontaneous metastases and quantitated with
the experimental metastasis assay. This assay involves sur-
vival in the circulation, implantation, extravasation, and
growth and has been found to correlate very well with
spontaneous metastasis formation (14, 25). Although
metastasis formation after intravenous injection does not
require invasion through host barriers, this process may be
quite similar to the extravasation process which is required
for successful lung colonization.
The relationship between ras expression and metastatic

efficiency was observed in immunocompetent (Fig. 4a) and
natural-killer-cell-deficient bglbg (Fig. 4b) mice, as well as in
T-cell-deficient BALB/c nulnu mice (A. H. Greenberg, S. E.
Egan, L. Jarolim, and J. A. Wright, submitted for publica-
tion). The higher frequency of tumors in the bg/bg mice
suggests that natural killer cells can reduce metastatic bur-
den but do not affect relative metastatic efficiency (Green-
berg et al., submitted). In vitro experiments also indicated
that these cell lines were not sensitive to macrophage kill
(results not shown). Furthermore, flow cytometric analysis
has revealed that expression of MHC class 1 antigens on
these lines is unaffected by ras transfection (B. Elliot and A.
H. Greenberg, unpublished data). Consequently, it is un-
likely that immune regulation is responsible for the relative
metastatic efficiencies observed. It should also be noted that
the tumorigenicity and anchorage-independent growth po-
tential of these lines followed the same relationship, suggest-
ing that ras expression may affect all three properties di-
rectly and through a common mechanism.

Radiation-transformed 10T1/2 lines (MDS.R) were found
to be tumorigenic but nonmetastatic, indicating that
tumorigenic transformation of 1OT1/2 is insufficient for ex-
pression of the metastatic phenotype. In contrast, pSV2neo-
transfected 10T1/2 controls produced occasional lung metas-

tases, indicating that ras transformation is not the only
mechanism by which metastatic cells may be generated. This
is not unexpected since activated ras sequences can be
detected in only a minority of human tumors (15). The
mechanism by which these 1OT1/2 neo cells acquired meta-
static ability is unknown. Possibly, integration of transfected
plasmid and carrier DNA was responsible for activation of
local genes regulating the metastatic phenotype.
The six in vivo-derived NR3 lines were all highly

tumorigenic, metastatic, and expressed high levels of H-ras
RNA, indicating that selection of metastatic cells also re-
sulted in selection for high H-ras expression. The existence
of common restriction banding patterns on Southern blots
(Fig. 2b) suggests that the four NR3.1L lines likely arose
from the same cell, whereas the two subcutaneous tumor
lines were derived from a different but common variant.
Activation of H-ras expression may have occurred within
the in vitro NR3 population, giving rise to preexisting
high-H-ras-expressing subpopulations that preferentially
formed lung tumors on inoculation. Derivation of lung me-
tastases and subcutaneous lines in these experiments was
performed by using parallel NR3 cultures of different pas-
sage numbers. Consequently, the selection of two distinct
subpopulations (at subcutaneous and lung sites) was likely a
result of the presence of different variants in these NR3
inocula. The existence of such variants in the NR3 popula-
tion has been confirmed through in vitro selection of anchor-
age-independent or focus-forming metastatic subclones
(M.-C. Gingras and A. H. Greenberg, unpublished results).
Alternatively, it is possible that selection for subcutaneous
tumor growth or metastatic ability resulted in the outgrowth
of different phenotypic variants from an NR3 population
containing both subpopulations. This explanation seems less
likely since NR3.1L lines were selected for lung colonization
but were tumorigenic at subcutaneous sites and NR3 tumor
lines (NR3.3 and NR3.4) were selected for subcutaneous
growth yet are metastatic.
The relationship between ras expression and metastatic

potential was also evident in the NIH 3T3 system with line
433, which contains v-H-ras under transcriptional control of
the glucocorticoid-sensitive mouse mammary tumor virus
long terminal repeat. Induction of v-H-ras p21 synthesis
before intravenous injection resulted in a significant increase
in metastatic potential. Physiological glucocorticoids pre-
sumably induced v-H-ras in vivo (13) and could have been
responsible for metastases from cells not incubated in
dexamethasone before injection. Although both lines would
express v-H-ras in vivo, in vitro induction likely provided a
kinetic advantage that allowed more cells to survive and
form lung tumors. This result also suggests that activated ras
expression is important in the early events after intravenous
injection (implantation and extravasation). Control experi-
ments revealed that dexamethasone treatment did not poten-
tiate the metastatic efficiency of lines constitutively express-
ing H-ras.

Greig et al. (12) recently reported that NIH 3T3 cells are
both tumorigenic and metastatic under specific conditions.
Their work suggests that transformation of NIH 3T3 cells by
activated H-ras may enhance a preexisting metastatic phe-
notype. Their results emphasize the necessity for caution
when interpreting the malignant characteristics of NIH 3T3-
derived transformants. Although transfection of activated
ras can enhance the metastatic potential of a preexisting
malignant phenotype (39), it has been shown that ras expres-
sion in NIH 3T3 cells results in enhanced secretion of
collagenase IV activity, as well as impartation of the ability
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to invade amnion basement membranes on these cells (38).
These properties are not shared by NIH 3T3 cells or spon-
taneous transformants (38). In addition, induction of the
metastatic phenotype by activated ras does not require
aneuploid recipient cells such as NIH 3T3 but has been
observed in diploid fibroblasts (23, 28). Consequently, ras
transformation can result in metastatic conversion in some
cell systems. Previous studies did not determine whether
this phenomenon is a direct result of ras expression or
whether ras transformation may only be permissive for
expression of secondary events which then lead to appear-
ance of the metastatic phenotype. Our studies were under-
taken to evaluate the relative importance of these two
possible roles for ras in metastasis formation. We confirmed
previous work and report that 10T1/2 cells were also suscep-
tible to ras-mediated metastatic conversion. More relevant
to the hypothesis that ras directly affects the expression of
the metastatic phenotype, a correlation between ras expres-
sion and metastatic potential was demonstrated: (i) the
metastatic potential, tumorigenicity, and anchorage-
independent growth properties of five ras-transfected lines
all followed the same relationship and correlated with H-ras
RNA expression, (ii) in vivo-derived metastatic variants
exhibited high H-ras expression, and (iii) induction of the
v-H-ras gene resulted in enhanced metastatic efficiency.
This does not support integrational activation of "metastatic
genes" as a mechanism of ras-mediated metastatic conver-
sion. In particular, induction of ras expression in line 433
clearly affects expression of the metastatic phenotype, pre-
sumably without karyotypic changes. Although this study
involved a limited number of ras-transfected cell lines, we
believe that the three independent approaches taken to-
gether strongly support a tight link between ras action and
the metastatic phenotype. This relationship has not been
established at the protein level (ras p21); however, the
correlation between the metastatic, tumorigenic, and an-
chorage-independent characteristics of these lines suggests
that ras affects all three processes through a common
mechanism. These results provide evidence for a direct role
for activated ras in regulating and maintaining the metastatic
phenotype.

In contrast to the results obtained in 1OT1/2, NIH 3T3, and
diploid fibroblasts, Mushel et al. (23) reported that r-as-
transformed C127 cells are not metastatic. Therefore, not all
lines expressing activated ras sequences are converted to the
metastatic phenotype. Indeed, infection of PC12 neuronal
cells by ras-containing retroviruses induces them to differ-
entiate (26). It has been suggested that ras p21 is important
in signal transduction processes via secondary messengers
(17), and evidence is accumulating that p21 might normally
be involved in coupling of receptors for polypeptide agonists
to phospholipase C (1, 10). Consequently, phenotypic alter-
ations induced by ras would be cell-type dependent and
likely influenced by genes that are transcriptionally active or
that are capable of being induced as a result of p21 function.
Identification and characterization of these metastatic genes
or gene products which are induced or altered by ras may
lead to a greater understanding of the process by which
transformed cells evolve to the metastatic phenotype.

After submission of this manuscript, Bradley et al. (2)
reported that various ras contructs were capable of convert-
ing NIH 3T3 to metastatic cells. In addition, this group
described rapid acquisition of the metastatic phenotype
without in vitro selection. These results are consistent with
our findings, but the effect of ras expression on metastatic
potential reported here supports direct regulation of the

metastatic phenotype as opposed to the qualitative induction
suggested by Bradley et al. (2).
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