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Although the human Ras proteins are members of a large superfamily of Ras-related proteins, to date, only
the proteins encoded by the three mammalian ras genes have been found to possess oncogenic potential. Among
the known Ras-related proteins, TC21/R-Ras2 exhibits the most significant amino acid identity (55%) to Ras
proteins. We have generated mutant forms of TC21 that possess amino acid substitutions analogous to those
that activate Ras oncogenic potential [designated TC21(22V) and TC21(71L)] and compared the biological
properties of TC21 with those of Ras proteins in NIH 3T3 and Rat-1 transformation assays. Whereas wild-type
TC21 did not show any transforming potential in vitro, both TC21(22V) and TC21(71L) displayed surprisingly
potent transforming activities that were comparable to the strong transforming activity of oncogenic Ras
proteins. Like Ras-transformed cells, NIH 3T3 cells expressing mutant TC21 proteins formed foci of
morphologically transformed cells in monolayer cultures, proliferated in low serum, formed colonies in soft
agar, and developed progressive tumors in nude mice. Thus, TC21 is the first Ras-related protein to exhibit
potent transforming activity equivalent to that of Ras. Furthermore, mutant TC21 proteins also stimulated
constitutive activation of mitogen-activated protein kinases as well as transcriptional activation from
Ras-responsive promoter elements (Ets/AP-1 and NF-KB). We conclude that aberrant TC21 function may
trigger cellular transformation via a signal transduction pathway similar to that of oncogenic Ras and suggest
that deregulated TC21 activity may contribute significantly to human oncogenesis.

The three human ras genes encode four closely related (H-,
N-, K4A-, and K4B-Ras) proteins that have been a major focus
of interest because of the high incidence of mutated forms in
human tumors (2, 8, 13). Normal Ras proteins function as
molecular switches that are controlled by a regulated GDP/
GTP cycle (9). Guanine nucleotide exchange factors (GEFs;
e.g., SOS and mCDC25/GRF) promote formation of the
active, GTP-bound Ras (20, 35), whereas GTPase-activating
proteins (GAPs; p120 and NF1 GAP) promote formation of
the inactive, GDP-bound Ras (7). Each oncogenic Ras protein
possesses a single amino acid substitution at residue 12, 13, or
61, which renders it insensitive to the negative regulatory
functions of GAPs. Consequently, these proteins are defective
in cycling and persist in a chronically active, GTP-bound state
(9).
Ras proteins are members of a large superfamily (>50

mammalian members) of GTP-binding proteins. Ras-related
proteins share significant size (20 to 25 kDa) and sequence
identity (30 to 55%) with Ras proteins (6, 49). Like Ras, the
other members of this family are also believed to function as
regulated molecular switches that control a spectrum of diverse
cellular processes (6, 9, 49). While recent studies have estab-
lished the role of Ras proteins in signal transduction pathways
that control cell growth and differentiation (6, 27), Rab
proteins have been shown to be important regulatory compo-
nents of intracellular transport (39), and Rho proteins function
as regulators of the actin cytoskeletal organization (46, 47).
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Ran/TC4 (19, 43) is a regulator of both cell cycle progression
and the nuclear-cytosolic trafficking of RNA and protein (4, 34,
37). Finally, although Krev-1/Rapla shows strong (50%)
amino acid identity with Ras proteins, this Ras-related protein
has been found to be an antagonist of Ras transforming activity
(15, 30).

Despite the strong structural and biochemical similarities
between Ras and Ras-related proteins, to date, only Ras
proteins have been shown to possess oncogenic properties. The
general approach in these studies has been to introduce amino
acid substitutions into Ras-related proteins that are analogous
to those that render Ras proteins constitutively GTP bound
and cause activation of Ras transforming potential. For exam-
ple, the introduction of such mutations into Krev-1 potentiated
its Ras-suppressing activity rather than converting Krev-1 into
a transforming protein (29). Neither the wild-type protein nor
a Gly-12-*Val (12V) version of R-Ras, which shares strong
(55%) identity to Ras proteins, showed any transforming
activity in Rat-1 cell transformation assays (32). Conflicting
results have been reported for Rho proteins. Whereas it was
first observed that overexpression of wild-type, but not mutant,
RhoA protein caused weak cellular transformation of NIH 3T3
cells (1), a recent study described the reverse situation, in
which a mutant form ofAplysia Rho (12V equivalent) showed
weak transforming activity in NIH 3T3 transformation assays
(40). Finally, a third study showed that mutant human RhoA
induced weak focus-forming activity but did not significantly
alter the growth properties of cells expressing this mutant
RhoA protein (48). Nonetheless, despite the different obser-
vations from these studies, there is agreement that Rho
proteins do not exhibit the potent transforming capabilities of
oncogenic Ras proteins.
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TC21 is a member of the Ras superfamily and shares 55%
amino acid identity with Ras proteins (19). Since TC21 shares
strongest identity (-70%) with another Ras-related protein,
designated R-Ras (32), we suggest that TC21 be referred to as
R-Ras2 (the Ras-related Rapl and Rap2 proteins share -70%
identity). Little is known about TC21/R-Ras2 regulation or
function. However, since TC21 shares complete identity with
Ras residues important for regulation by Ras GAP (residues
32 to 40 [33, 41]) and Ras GEF (residues 62, 63, 67, and 75 to
78 [25, 38, 42, 51]), it may also share functional similarities with
Ras proteins. Therefore, we have evaluated the transforming
potential of wild-type and putative constitutively activated
forms of TC21. We observed that mutant TC21 proteins
displayed surprisingly potent transforming activities which
were comparable to those of oncogenic Ras proteins. These
results identify TC21 as the first Ras-related protein with
potent transforming activity and support the possibility that
aberrant TC21 function plays an important role in human
carcinogenesis.

MATERIALS AND METHODS

Generation of TC21 mutants and molecular constructs.
Oligonucleotide-directed mutagenesis was used to generate
mutant TC21 sequences encoding proteins with single amino
acid substitutions at residues that correspond to analogous
mutations that activate Ras transforming activity (2). All
mutant sequences were generated in a 2.0-kb EcoRI fragment
that contains the TC21 cDNA sequence (19). TC21(22V/71L)
contains Gly (GiC)-to-Val (GIC) and Gln (CAA)-to-Leu
(CIA) mutations at the positions that correspond to Ras
residues 12 and 61, respectively. TC21(45A/71L) contains a
Thr (ACC)-to-Ala (GCC) mutation at the position that corre-
sponds to residue 35 in the Ras effector domain. Single (22V)
and (71L) TC21 mutant sequences were generated by restric-
tion digest of the double mutant TC21(22V/71L) with the
restriction enzyme HhaI. This separated the mutant sequence
into an N-terminal 0.1-kb fragment containing the 22V muta-
tion (encoding residues 1 to 27) and a C-terminal 1.9-kb
fragment containing the 71L mutation (encoding residues 28 to
189), which were then ligated with the appropriate wild-type
fragments to generate a full-length sequence. Each mutant
TC21 sequence was then introduced into the unique EcoRI site
of a modified pZIP-NeoSV(X)1 retrovirus vector (12). All
mutated sequences were subsequently verified by dideoxy
sequencing using the Sequenase II kit as instructed by the
manufacturer (U.S. Biochemical Corp.).

Cell culture and transformation assays. NIH 3T3 and Rat-1
cells were grown in Dulbecco's modified Eagle's medium
supplemented with either 10% calf serum (NIH 3T3) or 10%
fetal calf serum (Rat-1). DNA transfections were done as
previously described, using the calcium phosphate precipita-
tion technique (11). Cells were transfected with, per dish, 10 ng
(NIH 3T3) or 2 ,ug (Rat-1) of pZIP plasmid DNAs encoding
normal or mutant TC21 or Ras protein. Transformed foci were
quantitated after 14 days (NIH 3T3) or 22 days (Rat-1). Rat-1
cultures were stained with 0.4% crystal violet to better visualize
transformed foci. Transfected cells were also selected in
growth medium containing G418 (Geneticin; GIBCO/BRL) at
400 ,ug/ml to establish cell lines that stably expressed normal or
mutant proteins. The growth properties of NIH 3T3 cells
expressing TC21 and Ras proteins were compared, using
low-serum (0.5 to 2%), soft agar (0.3%), and nude mouse
tumorigenicity (5 x 105 cells per site) assays as described
previously (17).
MAPK and transcriptional activation assays. Activation of

mitogen-activated protein kinases (MAPKs) in NIH 3T3 cells
expressing TC21 or Ras protein was determined as described
previously (55). Briefly, total cell extracts were resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred to Immobilon membranes
(Millipore) for analysis by Western blotting (immunoblotting
using the rabbit anti-ERK antiserum 691 (Santa Cruz Biotech-
nology, Santa Cruz, Calif.) to detect phosphorylated, activated
forms of both p42MAPK/ERK2 and p44MAPK/ERK1
To determine the ability of TC21 to induce transcriptional

activation, NIH 3T3 cells were transiently cotransfected with 2
to 5 ,ug of pZIP DNA encoding normal or mutant TC21
protein (or 100 ng of ras controls) together with 1 jig of one of
two different chloramphenicol acetyltransferase (CAT) re-
porter plasmids driven by minimal promoter sequences that
contain Ras-responsive elements (RREs). pB4X-CAT con-
tains four tandem copies of the RRE from the polyomavirus
enhancer (Ets/AP-1 sequences) (provided by B. Wasylyk) (54),
whereas MHC WT CAT contains three tandem repeats of the
major histocompatibility complex class I enhancer element
NF-KB (provided by A. Baldwin) (3). Forty-eight hours after
transfection, cell lysates were prepared, and the CAT activity
induced by each pZIP-TC21 or pZIP-ras construct was assayed
as described previously (14, 24).

Prenylation analysis of TC21 protein. A 2.0-kb EcoRI
fragment containing the TC21 coding sequence was ligated
into the EcoRI site of the pAcC13 transfer vector, and
recombinant baculovirus was isolated by procedures described
previously (10). Spodoptera frugiperda (Sf9) insect cells were
infected with the TC21 baculovirus as described previously (10)
and labeled overnight in ExCell 401 growth medium (JRH
Biologicals) supplemented with either [35S]methionine-cys-
teine [35S]Met-Cys; Tran35S-label; 200 jiCi/ml; ICN) or
[5-3H]mevalonolactone (200 ,uCi/ml; DuPont-NEN), which is
converted in vivo to mevalonic acid (MVA), the precursor of
isoprenoid groups. Metabolic labeling was also done in the
presence of compactin, an inhibitor of all isoprenoid biosyn-
thesis (16). For fractionation analysis, labeled cells were sep-
arated into crude membrane (P100)- and cytosolic (S100)-
containing fractions by centrifugation (100,000 x g, 30 min) as
described previously (11). Labeled TC21 proteins were immu-
noprecipitated from each fraction by using mouse monoclonal
antibody 142-24E5 (generated against amino acids 96 to 118 of
Ras; recognizes Ras, Rap, and other Ras-related proteins;
(Quality Biotech, Camden, N.J.), resolved by SDS-PAGE, and
subjected to fluorographic analysis.

RESULTS

Mutant forms of TC21 exhibit potent morphologic transfor-
mation of NIH 3T3 and Rat-I cells. To determine whether
TC21 possesses transforming potential, we generated mutant
forms of TC21 with substitutions analogous to those present in
oncogenic Ras proteins (Table 1). TC21(22V) contains a

Gly-to-Val substitution analogous to the residue 12 mutation
in Ras, TC21(71L) contains a Gln-to-Leu substitution analo-
gous to the residue 61 mutation in Ras, and TC21(22V/71L)
contains both mutations. When introduced into Ras proteins,
each of these mutations results in chronically active, GTP-
bound mutant proteins that exhibit potent oncogenic activity.
The transforming potential of each of these TC21 mutant
proteins was then compared with that of oncogenic Ras
proteins in NIH 3T3 and Rat-1 cell transformation assays.
Whereas transfection of up to 2 jig of pZIP-TC2J(WT)

DNA caused no focus-forming activity, transfection with only
10 ng of each mutant TC21 pZIP plasmid DNA (22V, 71L, and
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TABLE 1. Biological properties of TC21 and Ras proteins

NIH 3T3
Protein Rat-i focia

Foci" Agar" Serumd Mice'

Ras
Wild type 0.00 - - 0
61L 1.00 +++ ++ 3 ++

TC21
Wild type 0.00 - - of
22V 1.04 +++ ++ 3 +
71L 1.17 +++ ++ 3 ++
22V/71L 1.19 +++ ++ 3 ++
45A/71L 0.00 - - 0 -

Vector only 0.00 ND - 0

a Appearance of transformed foci on monolayer cultures (see also Fig. 1).
^ Relative focus-forming activity; all values were normalized to the activity

observed for Ras(61L) (4 x 103 to 7 x 103 foci per ,ug of transfected DNA). All
pZIP plasmid DNAs were transfected at 10 ng per 60-mm-diameter dish except
pZIP-TC2J(WT), which was transfected at 10 to 2,000 ng per dish. Whereas
transfection of pZIP-ras(WT) at high plasmid concentrations (>500 ng per dish)
will result in low focus-forming activity, no focus-forming activity was observed
for pZIP-TC2J(WT) at up to 2 jLg of plasmid DNA per dish. Values represent
averages from at least three separate experiments done in quadruplicate.

c Colony formation in soft agar. ND, not determined.
d Growth in 0.5% calf serum.
Number of animals positive for tumor formation out of three animals

inoculated (5 x 105 cells per site).
f In contrast to the very large and progressively growing tumors associated with

animals injected with Ras- or TC21-transformed cells, the animals in this group
were negative for tumor growth at 2 weeks; however, tumor growth was observed
at approximately 4 weeks.

22V/71L) per dish caused significant focus-forming activity (4
X 103 to 7 x 103 foci per ,ug of DNA) comparable to the
activity seen with oncogenic pZIP-ras(61L) (Table 1). Trans-
fection of Rat-1 cells showed similar results, with each TC21
mutant inducing levels of transformed foci that were equiva-
lent to those induced by oncogenic Ras(61L) (Fig. 1). Like
wild-type Ras, wild-type TC21 was completely negative for
focus-forming activity in transfected Rat-I cells.
The Ras effector domain (residues 32 to 40) is required for

Ras interaction with its putative downstream targets, p120 and
NFI GAP (33, 41) and the Raf-1 serine/threonine kinase (36,

Ras(WT) TC21 (WT) TC21(71 L)

Ras(61 L) TC21(22V) TC21(45A/71 )

FIG. 1. TC21-induced focus formation in transfected Rat-1 cells.
Rat-1 cells were transfected with 2 jig of pZIP-TC21 plasmid DNA for
expression of each TC21 protein. Transformed foci were visualized
after 22 days by staining with crystal violet. WT, wild type.

50, 52, 53), and mutations at those residues that perturb
effector binding result in the complete loss of Ras transforming
activity. Since these residues are identical in TC21, we deter-
mined whether this region is also critical for TC21 transform-
ing activity. Therefore, a Thr-to-Ala mutation was introduced
at residue 45 of TC21 (analogous to Ras residue 35) to
generate the TC21 (45A/71L) mutant protein. The complete
loss of transforming activity of this mutant protein suggests
that this region may also function as the effector domain of
TC21 (Table 1 and Fig. 1).

Although mutant versions of both TC21 and Ras proteins
induced comparable levels of transformed foci, their appear-
ance could be readily distinguished in transfected NIH 3T3
cultures. Whereas Ras-induced foci are typically swirling,
spreading colonies of transformed cells, TC21-induced foci
contained clumps of cells that tended to round up and pull
away from the plastic substratum (Fig. 2A). However, the
expression of wild-type and mutant TC21 induced alterations
in the morphology of individual cells that were similar to those
of their Ras counterparts. NIH 3T3 cells stably transfected
with the wild-type form of either Ras (data not shown) or TC21
displayed morphologies that were indistinguishable from the
very flat, nonrefractile morphology of untransformed NIH 3T3
cells, whereas mutant TC21 proteins induced transformed
morphologies that were similar to the spindle-shaped, elon-
gated, and very refractile appearance of Ras-transformed cells
(Fig. 2B).
Mutated TC21 proteins induce altered growth characteris-

tics. To further evaluate the consequences of mutant TC21
expression on NIH 3T3 cells, we compared the growth prop-
erties of TC21- and Ras-transformed cells. To determine if
mutant TC21 expression triggered anchorage-independent
growth, NIH 3T3 cells stably expressing wild-type or mutant
forms of TC21 were plated in soft agar and assayed for the
ability to form colonies. Like Ras-transformed cells (data not
shown), TC21(22V)- and TC21(71L)-transformed cells readily
formed colonies in soft agar (Fig. 2C). In contrast, cells
expressing the wild-type form of Ras (data not shown) or
TC21, or the TC21(45A/71L) effector domain mutant, failed to
grow under these conditions (Fig. 2C).
We also analyzed the ability of TC21(22V)- and TC21(71L)-

transformed cells to proliferate in growth medium supple-
mented with low serum. Whereas the growth of NIH 3T3 cells
stably expressing wild-type Ras or TC21 was significantly
diminished in culture medium supplemented with 2% calf
serum, both Ras- and TC21-transformed cells continued to
proliferate in culture medium supplemented with as little as
0.5% calf serum (Fig. 3).

Finally, we evaluated the ability of TC21-transformed NIH
3T3 cells to form tumors in athymic nude mice. As with
Ras-transformed cells, subcutaneous injection of 5 x 105
TC21-transformed cells per site induced rapid tumor develop-
ment within less than 2 weeks. Interestingly, we observed that
TC21-transformed cells induced an even more rapid and
aggressive tumor development than Ras-transformed cells,
with TC21-induced tumors more than double the size of the
tumors induced by Ras-transformed cells (Table 1). Finally,
while NIH 3T3 cells stably expressing wild-type Ras or TC21
showed significantly reduced abilities to induce tumor forma-
tion, the wild-type TC21-expressing cells formed progressive
tumors after approximately 4 weeks, whereas NIH 3T3 cells
that were transfected with the pZIP vector control or with the
effector mutant TC21(45A/71L) were negative for tumor for-
mation even after 3 months. Thus, wild-type TC21 may also
cause malignant transformation, presumably as a result of
elevated levels of expression. The greatly elevated levels of
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A

Ras(61 L)

B I

TC21 (71 L)

c

TC21 (WT)

TC21 (22V)

TC21 (71 L)

TC21(35A171 L)

FIG. 2. Transformed growth properties of TC21-transformed cells.
(A) Mutants Ras(61L) and TC21(71L) induced the appearance of
distinctly different transformed foci in transfected NIH 3T3 cultures.
(B) NIH 3T3 cells were transfected with the indicated pZIP-TC21
plasmid DNA and selected in G418-containing growth medium. (C)
Single-cell suspensions of G418-selected NIH 3T3 cells expressing the
indicated TC21 protein were plated in agar at a density of 102 or 103
cells per 60-mm-diameter dish, and colony formation was scored after
2 weeks. WT, wild type.

wild-type TC21 protein expressed in tumor-reconstituted cells
support this possibility (data not shown). Altogether, these
results demonstrate that TC21-transformed cells possess the
same aberrant growth properties as Ras-transformed cells.
p42mAJK/ERK2 and p44MAPK/ERK1 are constitutively acti-

vated in TC21-transformed cells. In Ras-transformed NIH
3T3 cells, some downstream signaling elements, including
p42MAPK/ERK2 and p44MAPK/ERK1, are constitutively acti-
vated (5, 18). Therefore, we analyzed the electrophoretic
profiles of MAPKs in TC21-transformed NIH 3T3 cells. Like

Ras-transformed cells, TC21(71L)-transformed NIH 3T3 cells
showed enhanced levels of the phosphorylated, activated forms
of both p42MAPK/ERK2 and p44MAPK/ERK1 (Fig. 4). In
contrast, only the nonphosphorylated, inactive forms of
MAPKs were detected in NIH 3T3 cells stably expressing the
wild-type form of either Ras or TC21 (Fig. 4). Thus, TC21-
induced cellular transformation is also associated with consti-
tutive activation of MAPKs in NIH 3T3 cells.
Mutant forms of TC21 can activate transcription from

RREs. Oncogenic, but not wild-type, Ras proteins can induce
high levels of transcriptional activation from promoters con-
taining RREs (24). To determine if the transforming versions
of TC21 trigger similar downstream events, we performed
transcriptional activation assays using CAT reporter plasmids
containing the Ets/AP-1 and NFKB RREs from the polyoma-
virus (54) and major histocompatibility class I (3) enhancer
elements, respectively.

Like wild-type Ras, wild-type TC21 did not appreciably
cause transcriptional activation from reporter plasmids con-
taining either RRE (Fig. 5). In contrast, both TC21(22V) and
TC21(71L) potently caused transactivation of the RRE from
the KB element (Fig. 5A) and the polyomavirus enhancer (Fig.
SB). The introduction of the effector domain mutation into
TC21 abolished the ability of TC21(45A/71L) to induce trans-
activation in each assay, implying the importance of an intact
effector domain for perpetuating the transcriptional activation
signal. While the precise signal transduction pathways that
mediate Ras-induced transcription activation from the differ-
ent RREs are not completely known (18), the ability of mutant
TC21 proteins to induce the activation of the same targets
suggest that Ras and TC21 may trigger some common down-
stream signaling events.
TC21 is isoprenylated and membrane associated. The im-

portance of prenylation and membrane association for Ras
transforming activity has been well documented (16). The
carboxyl terminus of TC21 is similar to that of the membrane-
targeting sequence at the carboxyl terminus of Ras proteins in
that it contains a polybasic domain, a putative palmitylated
cysteine, and a prenylation signal sequence (16). Therefore, we
determined whether TC21 is also prenylated and membrane
associated. Sf9 insect cells infected with wild-type TC21 bacu-
lovirus were efficiently labeled with [3H]MVA, and the labeled
TC21 protein fractionated exclusively to the membrane frac-
tion (Fig. 6). Fractionation analysis of [35S]Met-Cys-labeled
Sf9 cells showed that the majority of TC21 was present as a
membrane-associated band which comigrated with the
[3H]MVA-labeled band, and a minority was present as a

cytosolic band which exhibited a reduced electrophoretic mo-
bility. In compactin-treated cells, TC21 was present exclusively
in the cytosolic, more slowly migrating form (data not shown).
These results are similar to our previous observations of Ras
and Ras-related proteins overexpressed in insect cells, in which
prenylation increases electrophoretic mobility and a mixture of
prenylated and nonprenylated proteins are present (10, 28).
Thus, like Ras and other Ras-related proteins, TC21 under-
goes a prenylation-dependent translocation to membranes.

DISCUSSION

Although Ras-related proteins share significant structural
and biochemical similarities with Ras proteins, to date none

has been found to possess the same oncogenic potential as the
four Ras proteins (6, 27). In particular, no transforming
potential has yet been ascribed to any of the Ras-related
proteins that have greater than 50% amino acid identity with
Ras proteins (Ral, Rap, and R-Ras). For example, overexpres-
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Ras(WT) TC21 (71 L)

10%

s ~ ~~~~~~~~~~~~~ 2%

FIG. 3. NIH 3T3 cells expressing mutant TC21 proteins display reduced requirements for serum. NIH 3T3 cells stably expressing the indicated
TC21 proteins were plated at a density of 103 cells per 60-mm-diameter dish, allowed to grow for 24 h in 10% calf serum, and then changed to
growth medium supplemented with 0.5, 2, or 10% calf serum. The cultures were maintained in the designated serum concentrations for 2 weeks
and then stained with crystal violet to visualize cells. WT, wild type.

sion of wild-type Krev-1/Rapla protein was found to block
Ras-transforming activity (30), and the introduction of putative
oncogenic mutations into Krev-1 served only to potentiate this
suppressing activity, rather than to endow Krev-1 with trans-
forming activity (29). Consequently, we were surprised to find
that mutant forms of TC21/R-Ras2 that harbor mutations
analogous to those that cause potent activation of Ras trans-
forming potential possess the same ability to trigger the
malignant transformation of rodent fibroblast cells. We ob-
served that, like Ras-transformed cells, TC21-transformed
cells proliferated in soft agar and in low serum and formed
tumors in nude mice. Thus, TC21 represents the first Ras-
related protein that possesses potent transforming activities
which are comparable to those of oncogenic forms of Ras.
Many components of the Ras signal transduction pathway

have recently been defined (5, 6, 18, 20, 27, 35). Since we
observed that transforming versions of TC21, like oncogenic
Ras, stimulated the constitutive activation of both p42AP K/
ERK2 and p44MAPK/ERKl, as well as the transcriptional

_

1- - Il -J

FIG. 4. Activation of MAPK in TC21-transformed cells. NIH 3T3
cells stably expressing wild-type (WT) and mutant Ras and TC21
proteins were analyzed by SDS-PAGE and Western blot analysis for
phosphorylation or activation of p42MAPK/ERK2 and p44MAPK/ERK1.
The phosphorylated, activated forms are designated by arrows.

activation of two known RREs (the ETs/AP-1 and NF-KB
DNA-binding sequences) (24), TC21 may utilize at least some
components of the Ras signal transduction pathway to trigger
cellular transformation. Our recent observation that a Raf
dominant negative protein (designated Raf3Ol) blocks both
TC21-induced transactivation and transformation (data not
shown) provides additional support for this possibility. Fur-
thermore, since deregulated TC21 function triggers cellular
transformation, it is reasonable to assume that TC21 is in-
volved in regulating some aspects of the growth of normal cells.
Whether Ras and TC21 are stimulated in response to common
or distinct extracellular signals remains to be determined.
However, the lower potency of TC21 than Ras in triggering
certain downstream signaling events such as activation of
MAPKs/ERKs and RREs, despite equivalent potencies in the
transformation assays, coupled with the strikingly different
appearance of the transformed foci, suggests the possibility
that the overlap in signaling pathways is only partial and that
some TC21-specific components remain to be identified.

Finally, since TC21 shares complete identity with Ras resi-
dues important for regulation by Ras GAPs and Raf-1 (resi-
dues 32 to 40 [33, 41]) and Ras GEFs (residues 62, 63, 67, 69,
and 75 to 78 [25, 38, 42, 51]), there is a strong possibility that
the TC21 GDP/GTP cycle may be controlled at least in part by
regulators of the Ras GDP/GTP cycle. In support of this
possibility, we observed that a mutation in the region of TC21
which is identical to the Ras effector domain (residues 32 to
40) completely abolishes TC21 transforming activity. Whether
TC21 interacts with Ras GAPs and/or Raf-1, or with its own
effector target(s), remains to be determined. Finally, we have
recently observed that Ras GEFs (SOS1 and CDC25/GRF)
activate the transforming potential of wild-type TC21 (22a),
indicating that at least some regulators of Ras function may
also control TC21 function.
Our observation that TC21 exhibits potent transforming

activity is surprising in light of previous studies of the closely
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FIG. 5. TC21-induced transcriptional activation from RREs. Transient transfection analysis was used to assess the ability of each wild-type
(WT) or mutant TC21 protein to activate transcription from either the MHC WT CAT (A) or pB4X-CAT (B) reporter plasmid. We consistently
observed that significantly more pZIP-TC21 plasmid DNA (5 jig) was required to achieve the same levels of stimulation observed with
pZIP-ras(61L) (2 or 0.1 ,ig per dish for the MHC WT CAT or pB4X-CAT assay, respectively). Results are representative of at least three
independent experiments performed in duplicate.

related R-Ras protein. R-Ras shares -70% amino acid iden-
tity with TC21 (19). Like TC21, R-Ras also shares identity with
residues in Ras that are important for Ras GAP and GEF
stimulation. Furthermore, R-Ras can interact with the Raf-1
serine/threonine kinase (44), which is believed to be the critical
downstream target for Ras activity (36, 50, 52, 53, 56). Despite
this high homology to Ras and TC21, a 12V version of R-Ras
lacked any detectable transforming activity in Rat-1 cells (32).
We can envision at least three possible explanations for the
previously described lack of R-Ras transforming activity. First,
the R-Ras transformation studies utilized Rat-1 cells, but not
NIH 3T3 cells, and the pathways for transformation in these
cells are at least partially distinct (23, 45). We have observed
that mutant R-Ras proteins show transforming activity in NIH
3T3 cells but not in Rat-1 cells (15a), although the properties
of R-Ras-transformed cells are distinct from those trans-
formed by mutant TC21/R-Ras2 or Ras. Second, we have
found that TC21(22V) consistently showed weaker transform-
ing and transactivation activities than TC21(71L). Thus, a 61L
version of R-Ras may exhibit greater transforming potential
than the 12V version previously tested. Lastly, a recent study
has shown that R-Ras associates with Bcl-2, an antagonist of
apoptotic cell death, via sequences contained in the carboxyl-
terminal 60 amino acids of R-Ras (21). Since TC21 and R-Ras
show the greatest sequence divergence at their carboxyl ter-

s P s P

[3H]MVA [35S]MevCys

FIG. 6. TC21 protein is prenylated and membrane associated.
TC21 baculovirus-infected Sf9 cells were radiolabeled with either
[3H]MVA or [35S]Met-Cys and fractionated into crude cytosolic (S) or
membrane (P) fractions as described in Materials and Methods.

mini, the possibility that TC21 does not associate with Bcl-2
may account for the different activities observed in these two
highly related proteins. Using the yeast two-hybrid approach,
we are presently determining whether TC21 can associate with
Bcl-2.

In light of our demonstration that mutant versions of TC21
show potent transforming activities in rodent fibroblast cells, it
is perhaps surprising that activated forms of TC21 have not
been identified in human cancers to date. One possible reason
for this may be the different patterns of expression of TC21 and
Ras proteins. Whereas Ras proteins are ubiquitously ex-
pressed, a limited analysis of a variety of cell lines suggested
that TC21 may be preferentially expressed in certain cell types,
such as kidney-derived cells (19). We are presently comparing
the levels of expression of TC21 and Ras proteins in a panel of
tissue types to extend these observations. A second possible
reason for the lack of detection of activated forms of TC21 in
human tumors to date may be that the majority of tumor
analyses have been carried out with Ras-specific oligonucleo-
tides, which would not recognize TC21 sequences. Therefore,
we are presently using TC21-specific oligonucleotides to screen
human tumors for mutations in this ras-related gene.

Like Ras, TC21 is prenylated and membrane associated, and
it is likely that, as for Ras, these properties are necessary for
TC21 transforming activity. Therefore, if TC21 is found to
contribute to human cancers, such tumors would be good
candidates for treatment with prenylation inhibitors such as
the CAAX-based peptidomimetic compounds that have re-
cently been shown to be powerful and specific inhibitors of the
growth of Ras-transformed cells in vitro (22, 26, 31).
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