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ABSTRACT

The metastatic properties of the methylcholanthrene-induced 1-10
sarcoma tumor variants which originated in C3H x C57B1/6 1-,mice are

correlated with the relative expression of class I major histocompatibility
complex antigens. Both the nonmetastatic and the highly metastatic
clones were found to lack the H-2K region-controlled I f-2kh and H-2Kk
antigens. However, the nonmetastatic clones express only the H-2Db
molecule whereas the metastatic clones express both the H-2Db and the
H-2Dk molecules. Transfection of the highly metastatic lines with cloned
11-2K genes (K*, Kk) reduced their tumorigenicity and abolished the

formation of metastatis in syngeneic mice, while the transfection of the
nonmetastatic lines with cloned H-2D* genes resulted in shifting the cells

to the metastatic phenotype. The present study is aimed to investigate
the expression of protooncogenes in the T-10 fibrosarcoma lines that
exhibit distinct metastatic properties in correlation with the expressed
11-2antigens. The major oncogene which showed differential expression
in the 1-10 clones is Ki-ras. The amounts of specific Ki-ras messenger
RNA and the KÃ¬-rasM, 21,000 protein are expressed in elevated levels
in the H-2D*-negative nonmetastatic clones in comparison with a low
level of expression in the H-2D"'-piisitive highly metastatic clones.
Expression of H-2K antigens following transfection with cloned H-2K
genes had no effect on the expressed Ki-ras oncogene in the 1-10 clones.
However, transfection of the nonmetastatic cells with the cloned H-21?
gene resulted in shifting of the cells to a highly metastatic phenotype and
in reduction of the expressed c-Ki-iuÂ«oncogene.

INTRODUCTION

The mechanism controlling the development of mÃ©tastases
and their preferential growth in various organs are largely
unknown. Recent studies have demonstrated that the metastatic
properties of certain mouse tumors are correlated with the
relative expression of class I MHC3 antigens (1, 2). A notable
example is the methylcholanthrene-induced 110 sarcoma of
H-2b x H-2k FI origin. Two distinct sets of T-10 clones were

isolated, differing not only in their metastatic potential but also
in their expression of class I MHC antigens (3, 4). According
to their genotype, the tumor cells should express four different
H-2 molecules, namely Kb, Db, Kk, and Dk. However, both sets
of clones (IE7 and IC9) were found to lack the K-end-controlled
Kb and Kk antigens. The nonmetastatic clones express only the
Db molecule, whereas the metastatic clones express both the Db
and Dk molecules (1, 2). Further studies suggested that the
Dk molecules contribute to the metastatic potential of these

clones (5). Indeed, transfection of the IC9 clone with the cloned
11-21)*gene resulted in shifting of the cells from nonmetastatic
to metastatic phenotypes.4 In addition, transfection of the
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highly metastatic clones with H-2K genes reduced their tumor
igenicity and abolished the formation of mÃ©tastasesin syngeneic
mice (6).

It has been shown that protooncogenes may be activated and
contribute to neoplastic transformation through diverse mech
anisms including point mutation, gene amplification, translo
cation, and over expression of certain oncogenes (7-14). Am
plification and overexpression of protooncogenes have also
been connected to tumor progression and metastasis (10, 12,
14).

However, tumor progression and metastasis are complex
processes. It is unlikely that the metastatic phenotype will result
solely from one ubiquitous factor, but rather the expression of
certain protooncogenes in the tested tumors which, in connec
tion with other expressed genes such as H-2 antigens, could
contribute to the overall expression of the metastatic phenotype.
Since the metastatic phenotype of the T-10 fibrosarcoma tu
mors can be manipulated by insertion of cloned H-2 genes, we
used the T-10 tumor system as a model to study the link between
the expression of the H-2 class I antigens, the metastatic
capability of the tumors, and the expression of their cellular
oncogene(s).

We report here that Ki-ras is the major oncogene which is
expressed differentially in the T-10 fibrosarcoma tumor system.
The amount of Ki-ros-specific mRNA and the amount of the
p21 gene product are expressed in elevated levels in the non
metastatic H-2Dk-negative clones than in the highly metastatic
counterparts. De novo expression of H-2K genes in the highly
metastatic clones which reduced tumorigenicity and abolished
the formation of metastasis in syngeneic mice had no effect on
the expression of Ki-ras oncogene. However, shifting the non
metastatic lines to metastatic ones following insertion of the
unexpressed //-2O* gene resulted in reduction of Ki-ras gene

expression.

MATERIALS AND METHODS

Cells. Mouse T-10 methylcholanthrene-induced sarcoma cells were
serially transferred in syngeneic C3Heb x C57BI/6 F, mice (H-2k x H-
2b). The highly metastatic IE7 and IB9 and the low metastatic IC9

tumor clones were obtained by cloning of the T-10 sarcoma in soft agar
as described previously (3).

Cell Culture. All the cell lines were grown in monolayers on plastic
in Dulbecco's modified Eagle's minimal essential medium supple

mented with glutamine, nonessential amino acids, vitamins, antibiotics,
and 10% heat-inactivated fetal calf serum. The cells were maintained
at 37Â°Cin a humidified atmosphere of 7% CO2-93% air.

Transfection of T-10 Clones with Cloned //-.' Genes. Cotransfection
of IE7 and IC9 clones with H-2 genes (A*,A*, or D") with the necf gene

(PSV2) neo was performed as described previously (6). The murine
H-lIf- gene (provided by M. Steinmetz, Basel, Switzerland) was de

scribed by Stephan et al. (15). The serological analysis and the tumor
igenicity of some of the transfectants used in the present study have
been reported previously (15).
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of the //-2A^-transfected tumor cells or cells transfected with the netf

gene alone was described previously (6). Briefly, a single-cell suspension
of 10s IC9 or IE7 cells transfected with netf alone or netf and H-2K
genes (A*.A*, or II 21?} were inoculated intrafootpad into intact and
sublethally irradiated (550 rads) "CO (C3H x C57B1/6 F, mice. When
the tumor diameter reached 8-10 mm, the tumor-bearing leg was
amputated using a silk tie to prevent bleeding. In each experimental
group, mice were killed 21 days postamputation, and their lungs were
removed and assessed for metastatic load by weight and by number of
nodules counted after fixation in Bouin's solution. The necf gene which

was used as a selectable marker for the H-2-transfected cells had no
effect on the metastatic potential of the transfected clones (6).

RNA Extraction and Blot Hybridization. Total RNA was isolated by
the guanidine thiocyanate technique (16) and selected for poly(A)'
RNA (17). PolyiA)* RNAs were denatured and electrophoresed in

formaldehyde-agarose gels (18) and transferred to nitrocellulose as
described by Thomas (19). Total cytoplasmic RNA from cells denatured
in 6 x standard saline citrate for 5 min at 65*C and serially diluted for

dot blot analysis using a vacuum manifold apparatus. Filters were then
baked at 80'C for 2 h and hybridized to dCM"P-labeled nick-translated

I kiltÂ»baser.ciiRl fragments of the HÃŒHÃŒ3plasmili (20).
Peptide Synthesis, Immunization, and Generation of Antibodies. Pol-

yclonal rabbit antibodies were prepared against the peptide Arg-Leu-
Lys-Ileu-Ser-Lys-Glu-Glu-Lys-Thr-Pro-Gly-Cys-Val-Lys-Ileu-
Lys-Lys designated as peptide I. Peptide I contains residues 167-185
of Ki-roj p21 (21). Peptide I was synthesized by the solid phase method
(22). The crude products obtained after cleavage from the resin support
and deprotection were found to be 70% of the desired product as
analyzed by thin layer chromatography and amino acid analysis. Amino
acid analysis of the high performance liquid chromatography purified
peptides gave the expected composition.

The pure peptides were conjugated to freshly activated keyhole limpet
hemocyanin according to the method of Dockray (23). The keyhole
limpet hemocyanin-bound peptides were separated from the free pep
tide by gel filtration on Sephadex G-50. Adult male New Zealand
White rabbits were given injections of 200 jig of the conjugate in
incomplete Freund's adjuvant. The injections were administered on
days 14, 21, and 30 following the first injection in complete Freund's

adjuvant. Ten days later, the rabbits were bled.
Preimmune and test sera were collected and the antibody titers

against the peptide were measured by an enzyme-linked immunosorbent
assay using horseradish peroxidase conjugated to goat anti-rabbit IgG
as the assay enzyme. Absorbance values were plotted against dilutions.
The dilution giving half-maixmal color at the end of the linear range
of the plot was taken as the "liter" of the antiserum. Significant titers

(1:10,000) were observed within 6 weeks after the initial immunization.
Anti-peptide I antibodies were found to immunoprecipitate the p21
protein in Kirsten sarcoma virus NRK-infected cells. Preincubation of
the antibody with the corresponding peptide prior to the immunopre-
cipitation of the p21 from NRK-infected cells prevented the antibody
from immunoprecipitating the p21 protein. Preimmune serum did not
precipitate the p21 band in the NRK-infected cells.

Immunoblot Analysis. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis was performed in 12.5% polyacrylamide by the method
of Laemmli (24). After polyacrylamide gel electrophoresis, in which
the same amounts of protein were loaded on each lane, the gel was
removed and placed in a multiple-layer "sandwich": one electrode on a

Scotch Brite pad; two Whatman paper filters; the polyacrylamide gel;
a sheet of nitrocellulose paper; two more Whatman paper filters; and
another Scotch Brite pad with the second electrode. The layers were
held together by rubber bands and placed in a chamber containing 20
HIMTris base, 150 m\i glycine, and 20% methanol. Residual binding
sites on the paper were blocked by incubation for 40 min at 37Â°Cin a

solution containing 0.9% NaCl-10 HIMTris-HCl (pH 7.4) (Tris-saline),
3% gelatin (Sigma), and 0.05% Tween 20. The sheets were transferred
to Tris-saline with gelatin and Tween 20 containing the appropriate
antiserum and were incubated overnight on a rocking platform at room
temperature. After several washes with Tris-saline and with Tris-saline
containing 0.05% Nonidet P-40, the nitrocellulose papers were incu
bated with iodinated protein A (Sigma), according to the procedure of

Burnette (25). The sheets were again rinsed as described above, briefly
blotted with paper towels, wrapped in SarÃ¡n Wrap, and exposed at
-70"C to Kodak XAR-5 film.

RESULTS

In this study, we have used the well characterized cell lines
which belong to the met hyldiohi nthrone-induced T-10 sarcoma
of H-2b x H-2" F, origin (1-5). Two distinct sets of T-10 clones

were isolated, differing in their metastatic potential and in their
expression of class I MHC antigens (3, 4, 6). Clones IE7 and
IB9 were characterized as highly metastatic and expressed both
the H-2Db and H-2Dk haplotypes, whereas clone IC9 was
characterized as nonmetastatic and H-2Dk negative.

The major protooncogene which is expressed differentially
in the T-10 fibrosarcoma lines was found to be the Ki-ras
oncogene. This was determined in a dot blot assay following
hybridization of mRNAs extracted from the metastatic and the
nonmetastatic T-10 clones with a battery of oncogene probes
including: ire, yes, myb, erb-B, Ki-ras, Ha-ros, N-ros, abl, fas,
sis, fes, and mos (data not shown). Northern experiments, using
poly(A)+ mRNA revealed that the nonmetastatic Z)*-negative
clones IC9 expressed elevated levels of Ki-ras (Fig. \A, Lanef)
as compared to the metastatic D*-positive clones IE7 and IB9

(Fig. IA, Lanes a and b). Subclones of the IC9 clone transfected
with cloned H-2K (A* or A*) genes (6) had no influence on the
expressed Ki-ros oncogene (Fig. \A, Lanes g-i). When the IE7
clones were tranfected with cloned H-2K genes, the cells
changed into nonmetastatic clones (6). However, the expression
of the specific Ki-ras mRNA in the transfected cells remained
unchanged (Fig. 7A, Lanes c-e). All the T-10 clones examined
expressed both the 2.0- and 5.4-kilobase transcripts. The ele
vated level of Ki-ras mRNA expressed in the IC9 clone is not
due to different amounts of mRNAs loaded on the gel. This
was determined on the same blot when the T-10 clones were
probed with /3-actin (Fig. IB; compare Lane b with Lanef). It
should be noted that transfection of the IE7 clone with the neo
resistance gene only (control clones) did not affect the expres
sion of the Ki-ras gene."

The results depicted in Fig. 2 demonstrate a quantitative dot
blot analysis of Ki-ras probe hybridization with RNA fractions
from the metastatic clones IE7 and IB9 and from the nonmet
astatic clone IC9. These results confirm the previous results
(Fig. 1/Ã•)demonstrating that the Ki-ras is expressed in elevated
levels in IC9 nonmetastatic clone as compared with the meta
static IE7 and IB9 counterpart clones.

We next analyzed the level of the Ki-ras p21 protein in the
IE7 and the IC9 clones. Western blot analysis of total cell
extracts using specific anti Ki-ras p21 antibodies (see "Materials
and Methods") revealed that the nonmetastatic IC9 clone pos

sesses an elevated level of p21 protein (Fig. 3, Lane a), com
pared to the metastatic IE7 clone (Fig. 3, Lane b).

NRK cells infected with Kirsten murine sarcoma virus served
as a positive control for the specificity of the antibodies in the
immunoblot analysis (Fig. 3, Lane c), while the preimmune sera
revealed no detection of p21 protein in the NRK-infected cells
(Fig. 3, Lane d). These results were obtained when equivalent
amounts of protein were loaded on each lane.

In the last series of experiments, we converted the nonmeta
static H-2Dk-negative IC9 line into a metastatic one by inserting
a cloned // 2/X gene into the cells and then looked for the Ki-
ras expression. Two such lines were obtained designated as 110-
01-1 and 113-01-1 which expressed the Dk molecule when
analyzed by fluorescence-activated cell sorter using specific anti-
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Fig. 1. /(, Northern blots of poly(A)* RNA probed for Ki-ras in (a) IB9 clone; (b) IE7; (c) 162C4.1, a subclone of IE7 transfected with H-2K"; (d) 164B6.2, a
subclone of IE7 transfected with A*; (e) IE7 transfected with plasmid only; (f) IC9; (g) 71.b subclone of IC9 transfected with A*; (A) 28.38, a subclone of IC9
transfected with A*; (/) 28ID.4, a subclone of IC9 transfected with plasmid only; (j) poly(A)~ RNA from IC9 clone. /'. Northern blots of the same cell lines shown in

.Ã•(same blot) probed with /3-actin to verify that intact RNA in similar amounts was loaded in each lane.

0) 0)

Fig. 2. Quantitative dot blot analysis of the expression of Ki-ra.voncogene in
the metastatic clones IE7 and IB9 and nonmetastatic clone IC9. Total cellular
RNA was loaded in different amounts (A, 10 Mg;B, 5 fig; C, 2.5 pg) and hybridized
with the 1-kilobase fragment of the HÃŒHÃŒ3plasmid as described in "Materials
and Methods."

H-2Dk antibodies and were found to be highly metastatic when

injected into syngeneic mice. Fig. 4 depicts a Northern experi
ment demonstrating a significant reduction in the expression
of Vii-ras in the 110-01-1 and 113-01-1 clones transfected with
the H-2rf gene (Lanes b and c) as compared to the parental
IC9 line (Lane a). These results suggest that in the T-10
fibrosarcoma system, the expression of the c-Ki-ras oncogene
is correlated with the expression of the MHC class I H-2D*

molecule.

DISCUSSION

In this study, we used the T-10 fibrosarcoma tumor system
to question whether the acquisition of metastatic capability is
accompanied by alteration in the expression of certain protoon-
cogenes. It was demonstrated that the metastatic properties of
the T-10 tumor clones are correlated with the relative expres

sion of class I MHC. The nonmetastatic clones express only
the Db molecule, whereas the metastatic clones expressed both
the Db and Dk molecules. Transfection of the nonmetastatic
lines with cloned H-2Dk gene resulted in obtaining highly
metastatic clones. Thus, it was suggested that the Dk molecule

contributes to the metastatic potential of these clones (5). In
addition, insertion of cloned H-2K genes into the metastatic
clones resulted in changing of the metastatic cells into nonmet
astatic cells, suggesting that the expression of K-end-encoded
H-2 molecules leads to effective recognition of the disseminat

ing tumor cells by the host immune system (6). In the present
study, we have used the different T-10 transfectants to analyze
the correlation between the expression of the H-2 class I anti
gens, oncogene expression, and the metastatic capability of the
tumors.

Here we report that the major oncogene which is expressed
differentially in the T-10 fibrosarcoma clones is Ki-ras. We
were surprised to find that the nonmetastatic D*-negative clones
expressed elevated levels of the Ki-ras mRNA and Ki-ras p21
protein as compared to the metastatic D*-positive clones. Inser
tion of cloned H-2K genes (A* or A*) had no effect on the level
of the expressed Ki-ras oncogene. However, insertion of cloned
/>* genes into the nonmetastatic cell reduced significantly the

expression of the cellular Ki-ras oncogene.
The results suggest that not only does the Dk molecule
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abed

Fig. 3. Immunoblot analysis for p21 Ki-ras protein, a, IC9; b, IE7; c, NRK
cells infected with Ki-raj virus; </.Ki-riu-infected NRK cells reacted with preim-
mune sera.

contribute to the metastatic phenotype of the cells but it may
also function as a regulator to the Ki-ra.v oncogene expression.
The metastatic clones which express the Dk molecule express
less amounts of Ki-ras. It is possible that the balance between
the expressed Dk molecule and the expression of Ki-ras onco-

genes are among the factors which determine the metastatic

phenotype in the T-10 fibrosarcoma system. It might be that
the Dk molecule acts as an "antioncogene" for the expression

of Ki-ras as was suggested for the rb-1 gene in which both
alÃelesare lost in retinoblastoma tumor cells (26-28). Attempts
are now being made to determine why the Z>*gene is not

expressed in nonmetastatic lines and whether it is due to a loss
of one or two alÃelesof the gene.

The ras protooncogenes were connected with tumor devel
opment and tumor progression either following activation of
the gene resulting from point mutation usually at position 12
(7) or following overexpression of the gene product (10). How
ever, the highly metastatic T-10 clones are characterized by low
levels of Ki-ras expression. If indeed the expression of Ki-ras is
somehow controlled by the expression of the Dk molecule and
the Dk molecule is responsible for the invasiveness, spread, and

homing mechanisms which selects for highly metastatic cells,
then tumor progression is not always correlated with over-
expression of Ki-ras oncogenes.

We would like to emphasize that in the T-10 fibrosarcoma
clones, the expression of the Ki-ras gene is correlated with the
expression of the //-2Z>* gene rather than with the nonmeta

static state of the cells. When the subclone IE7 was transfected
with H-2K genes and nonmetastatic subclones were selected,
these clones did not have an increased expression of Ki-ras as
demonstrated in Fig. \A (Lanes c-e). Thus, in this system, there
seems to be a linkage between expression of H-2Dk and Ki-ras

rather than the nonmetastatic status of the clone and expression
of the Ki-ras gene.

Recently, it has been shown by Gallick et al. (29) that meta
static tumors originated from primary colon tumors had re
duced p21ras proteins, suggesting that elevation of p21ras may

be a common event in early stages of colon tumors, while tumor
progression led to the appearance of autonomous cell popula
tions with reduced levels of p21ras protein controlled by other

growth factors.
Our results support the data of Gallick et al. suggesting that

in the T-10 fibrosarcoma tumor system, the elevation of Ki-ras

Fig. 4. I. Northern blot analysis of
poly(A)+ RNA probed for the expression of
Ki-ras in (a) IC9 cells; (*) IE7; (c) 110-01-1
subclone ofIC9 transfected with the cloned H-
20* gene; (d) 113-01-1, a second subclone of
IC9 transfected with the H-2& gene. B, same
blot as in A probed with .; :iviin to verify that
intact RNA in similar amounts was loaded in
each lane.

a b
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p21 protein is a common event in early stages of the primary
tumor, while further selection for highly metastatic cells which
is based on other factors such as H-2 moleules is correlated
with reduced levels of Ki-ras p21 proteins.

Recently, it was demonstrated that the N-ros p21 product
may serve as an integral regulatory component of the trans-
membrane signaling receptor system. The expression of p21N~
ras in 3T3/NIH cells was shown to stimulate cell growth by

enhancing cellular sensitivity to stimulation by growth factors
such as platelet-derived growth factor and bombesin, by increas
ing the efficiency of coupling to phospholipase C resulting in
stimulating inositol phospholipid metabolism (30).

Our data which indicate the existence of coregulation in the
expression of MHC-encoded glycoproteins and p21 â„¢protein

strongly suggest that the MHC glycoproteins may be involved
as pivotal elements in membrane-associated receptor systems
for regulatory molecules. Indeed, strong evidence has been
provided recently for an interaction between mouse class I
antigens and insulin receptor (31). Therefore, our results may
shed new light as to the possible, thus far unknown function of
the MHC products. It is possible that the class I molecules do
not solely serve as restriction elements for target recognition
by effector cells (cytotoxic T-cells) but may rather play a central
role in intracellular and intercellular signal transduction.
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