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Abstract:

Gi2-Mediated Signaling and Mitogenesis
Ann M. Pace

Pertussis toxin (PTX) inhibits the mitogenic effects of a variety of

hormones, neurotransmitters, and phospholipids acting on many different

cell types. Since PTX acts by ADP-ribosylation of O. subunits of the Gi class of

G proteins, this implicates the Gi proteins in transmission of a mitogenic

signal from certain seven transmembrane domain receptors. A subset of

human endocrine tumors were found to have a constitutively activating

allele of the O. subunit of Giz (oi2), which became known as the gip2 oncogene.

I have demonstrated that gip2 neoplastically transforms Rat-1 fibroblasts in

culture, supporting the hypothesis that gip2 played a role in the formation of

the tumors in which it was discovered. To identify possible mechanisms for

gip2-mediated transformation, I studied signal transduction by wild-type Giz,

allowing us to avoid the potential problems associated with stable expresssion

of activated proteins (eg. the development of compensatory mechanisms). I

devised a system in which a Gi-coupled receptor is transiently cotransfected

with a PTX-resistent mutant of oi2. In PTX-pretreated cells, stimulation of the

Gi-coupled receptor leads to activation of the toxin-insensitive Giz only, since

the endogenous Gi proteins are inhibited. Using this system, I found that

activation of Giz in CHO-K1 cells leads to activation of MEK and MAPK, but

does not seem to activate Raf, MEKK or Ras, proteins known to be upstream

elements of the MAPK cascade in other systems. Despite the failure to detect

Giz-mediated activation of Ras, expression of a dominant-negative mutant of
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Ras strongly inhibited Giz activation of MEK and MAPK. Several

interpretations of these finding are discussed. In addition, expression of an

antagonist of BY signaling partially inhibited Giz-mediated activation of

MAPK, as did pretreatment of cells with the PI3K inhibitor wortmannin.

These findings, coupled with the recent demonstration that BY can activate

PI3K, suggest that Giz activation of the MAPK cascade may be mediated, at

least in part, by BY activation of PI3K. gip2 may induce neoplastic

transformation by causing a prolonged release of BY and thereby constitutively

activating the MAPK cascade.
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Chapter 1: Introduction



The heterotrimeric guanine nucleotide binding proteins (G proteins)

are responsible for receiving signals from cell surface receptors and

translating those signals into cellular events, such as the activation of

enzymes and ion channels. G proteins consist of O. subunits, which bind

guanine nucleotides, and BY dimers. The guanine nucleotide bound to O.

determines the state of activation of the G protein: when O. is bound to GDP,

the G protein exists as an inactive ofty trimer; in its GTP-bound form, o.

dissociates from BY, so that both OGTP and BY are free to interact with effector

molecules. Which guanine nucleotide is bound to O. is governed by two

opposing forces: (1) activated receptors cause the release of GDP, which is

replaced by GTP, thereby causing activation of G proteins and (2) the intrinsic

GTPase of O. hydrolyzes GTP to GDP, thus leading to inactivation of G

proteins. Early work revealed that numerous physiological processes of

endocrine and neural tissues were mediated by G proteins, such as glycogen

breakdown resulting from B-adrenergic receptor activation of Gs in

hepatocytes (Ross and Gilman, 1980), and visual excitation resulting from

rhodopsin-mediated activation of transducin in rod and cone cells (Stryer,

1986). At present, 20 different G protein O. subunits have been identified and

grouped into 4 families, based on amino acid sequence identity (Neer, 1995,

and references therein). In many cases, O. subunits within a family perform

the same effector function, although the structural classification does not

always dictate function (Simon, et al., 1991). In addition, we know of 5

mammalian B subunits and 6 Y subunits. Not all By combinations can

actually form, and those that do are similar in their signaling properties

(Neer, 1995). G proteins are now known to transduce signals from a broad

array of cell stimuli, including hormones, neurotransmitters, odorants,



flavor, and light, and also to play an important role in development (Wang,

et. al., 1992; Watkins, et al., 1992; Moxham, et al., 1993).

In addition to signaling pathways associated with the differentiated

functions of cells, certain G proteins can mediate cell proliferation. For

instance, Gs mediates mitogenesis of pituitary somatotrophs and thyrocytes

induced by growth hormone-releasing factor and thyrotropin, respectively

(Billestrup, et al., 1986; Dumont, et al., 1989). Gi proteins are implicated in

mediating proliferation by the observation that pertussis toxin (PTX), which

uncouples Gi proteins from receptors, blocks the mitogenic effects of a variety

of ligands (such as thrombin, serotonin, and lysophosphatidic acid) acting on

a variety of cell types (Ui, 1990; Pouysségur, 1990; Durieux and Lynch, 1993).

Go, Gq, G12 and G13 can also stimulate mitogenesis in certain cell types (Kroll,
et al., 1992; LaMorte, et al., 1993; Voyno-Yasenetskaya, et al., 1994). In the case

of Gs, the effector responsible for mitogenesis is known to be adenylyl cyclase,

and for Gq it is suspected to be phosphoinositide-specific phospholipase C.
Effectors mediating the mitogenic effects of Go, G12, G13, and Gi, however, are
not known.

This thesis focuses on the transforming capability and mitogenic

signaling of one of the three Gi subtypes, Giz, whose o subunit was found to

be mutated in certain human tumors (Lyons, et al., 1990). The evidence that

this mutant oi2 had contributed to formation of the tumors was strong. The

mutations replaced arginine17° with cysteine or histidine; analogous
mutations in the O. subunit of Gs, as well as ADP-ribosylation of this residue

by cholera toxin, were known to constitutively activate os by greatly reducing

its rate of GTP hydrolysis (Landis et al., 1989; Cassel and Pfeuffer, 1978;

Gilman, 1987). The O. i2 mutants were subsequently shown to be
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constitutively active as well, based on their ability to inhibit cAMP

accumulation (Wong, et al., 1991). This lead to a model in which the

activated o. i2 mutants contributed to formation of the tumors by

constitutively activating a mitogenic pathway. Also implicating the O. i2

mutants in tumorigenesis was the method used to detect the mutations.

Specific regions of DNA from the tumors and normal tissue of patients were

amplified by PCR and probed with allelle-specific oligonucleotides (see Lyons

et al., 1990). Mutations were detected only in tumor DNA, not in the DNA

samples from normal tissue, indicating that the mutations were somatic

rather than originating in the germ line. Somatic mutations can only be

detected by this method if the cells carrying the mutations have undergone

clonal expansion, which is a hallmark of neoplasia. And finally, the

mutations did not occur randomly but were found at a high frequency in a

specific subset of tumors (in 3 of 11 adrenal cortex tumors, and 3 of 10 ovarian

tumors), suggesting that they played a role in those particular tissues.

Chapter 2 of this thesis describes experiments demonstrating that gip2

(the name given to this new oncogene) can neoplastically transform cells in

culture. The approach taken was to generate stable cell lines expressing either

wild-type oi2 cDNA or oi2 with one of the gip2 mutations (oi2-R179C), and to

subject these cells to a series of growth and transformation assays. We used

NIH-3T3 cells, which are routinely used for cell culture tests of

transformation, and Rat-1 fibroblasts, which we felt had a good chance of

responding to the possible transforming effects of oi2-R179C, since they had

been previously shown to exhibit PTX-sensitive proliferation in response to

lysophosphatidic acid (van Corven, et al., 1989). We found that gip2 met the

in vitro criteria for an oncogene in Rat-1 cells, in that it accelerated their rate
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of growth, induced anchorage-independent growth in soft agar, and promoted

tumor formation in nude mice. In comparison, gip2 produced none of these

effects in NIH-3T3 cells. We also observed that PTX could inhibit the

accelerated growth of oi2-R179C-expressing Rat-1 cells, and could ADP

ribosylate oi2-R179C in vitro (our unpublished result and Hermouet, et al.,

1991). Since PTX only modifies of subunits that are associated with BY, oi2

R179C must hydrolyze its GTP very slowly and associate with BY. This

implies that oi2-R179C, even though constitutively active in that its rate of

GTP hydrolysis is reduced, can still be activated by receptor and release BY. The

consequences of expressing oi2-R179C therefore, may not entirely be due to

functions of the activated O. subunit, but may also depend on a prolonged

release of BY. This possibility is discussed in Chapter 3.

Chapter 3 describes a transient transfection system in which a Gi

coupled receptor specifically activates a mutant, PTX-insensitive Giz, while

activation of endogenous Gi proteins in the cell is blocked by the toxin. This

approach was used to study activation of various components of the MAPK

signal transduction pathway by Giz. I report that activation of Giz leads to

activation of MEK and MAPK. These activations are inhibited by a

dominant-negative mutant of Ras, although surprisingly, Giz activation does

not lead to detectable activation of Ras in these cells. I also present data

suggesting that Giz activation of the MAPK cascade is mediated, at least in

part, by the release of BY and by activation of phosphatidylinositol 3-kinase

activity. Several interpretations of the data are discussed.

The need for a method of activating Giz transiently was recognized

when I tried to use the gip2-transformed Rat-1 cells to study oi2-mediated

signal transduction. Our plan was to determine which, if any, signaling
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pathways were modulated in the gip2-transformed cells. I found, however,

that measurement of even a known effector function of 0.12, inhibition of

adenylyl cyclase, was not straightforward with these cells. In the presence of

serum, I observed the expected phenotype: forskolin-stimulated cAMP levels

were reduced in gip2-expressing cells relative to control cells. In the absence

of serum, however, forskolin-stimulated cAMP was higher in gip2-expressing

cells than in controls, as if the cells had developed a compensatory

mechanism of increased production or inhibited breakdown of cAMP, to

counteract the cAMP-lowering effect of gip2. Because of this phenomenon, it

would be difficult to know whether future results regarding a particular

pathway were due to gip2 activity directly, or due to compensatory regulation.

Transient activation of Giz by receptor avoids this problem, and has made

measuring signal transduction by Giz much more straightforward.

The last chapter of this thesis, Chapter 4, summarizes the conclusions

of the work reported in Chapters 2 and 3, and presents possible future

directions for continuation of this project.



Chapter 2:

A mutant O. subunit of Giz induces neoplastic
transformation of Rat-1 cells

Ann M. Pace, Yung H. Wong, and Henry R. Bourne

(Reprinted from Proc. Natl. Acad. Sci. USA Vol. 88, pp. 7031-7035,

August 1991.)



ABSTRACT

In a recently discovered class of oncogenes, GTPase-inhibiting

mutations constitutively activate o subunits of signal-transducing G proteins.
Somatic mutations in a subclass of endocrine tumors are found in the

arginine-179 codon of the O. subunit (0.12) of Giz, creating the putative gip2

oncogene. We have tested the ability of gip2 to mediate neoplastic

transformation of Rat-1 and NIH-3T3 fibroblasts in tissue culture. Expression

of a mutant oi2 cDNA encoding cysteine in place of arginine-179 (oi2-R179C)

caused Rat-1 cells to grow to higher density in monolayer culture, to lose

anchorage-dependence, and to form tumors when injected subcutaneously

into nude mice. In contrast, expression of oi2-R179C failed to alter growth or

tumorigenicity of NIH-3T3 cells. We conclude that gip2 is an oncogene, by

the criterion that it induces neoplastic transformation of Rat-1 cells. Failure

of gip2 to transform NIH-3T3 cells is in keeping with clinical indications that

gip2 is a tissue-selective oncogene.



INTRODUCTION

Hormone receptors activate heterotrimeric G proteins by promoting

replacement of GDP by GTP in the guanine nucleotide binding sites of the G

proteins' O. subunits. Each GTP-bound O. subunit then regulates the activity of

its specific downstream effector(s) until an intrinsic GTPase activity converts

bound GTP to GDP, turning off the O. subunit and returning it to its GDP

bound, inactive state. In the O. subunit (os) of Gs, point mutations (Masters, et

al., 1989; Landis, et al., 1989; Freissmuth and Gilman, 1989; Graziano and

Gilman, 1989) or cholera toxin-catalyzed covalent modification (Cassel and

Selinger, 1977) inhibit this GTPase turn-off mechanism, thereby inducing

constitutive activation of adenylyl cyclase, the effector of Gs.

Recently discovered mutations in genes for G protein O. subunits have

created a new class of human oncogenes. As with many other oncogenes,

these O. subunit mutations presumably constitutively activate mitogenic

signaling pathways that are normally regulated by their corresponding proto

oncogene products. The gsp oncogene results from somatic point mutations

that inhibit the GTPase activity of O.s, causing constitutive activation of

adenylyl cyclase. By mimicking mitogenic effects of trophic hormones that

normally stimulate cAMP synthesis via Gs-coupled receptors, the gsp

oncogene contributes to growth of tumors derived from pituitary

somatotrophs (Landis, et al., 1989; Vallar, et al., 1987; Lyons, et al., 1990; Spada,

et al., 1990; Landis, et al., 1990) and thyroid cells (Lyons, et al., 1990).

A second putative G protein oncogene, gip2, results from somatic point

mutations in the gene for the O. subunit (oi2) of Giz (Lyons, et al., 1990). Three

inferences suggest that these O. i2 mutations create an oncogene: (i)gip2

mutations are found in a substantial proportion (~30%) of a restricted subclass
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of human tumors, i.e., those derived from the adrenal cortex or endocrine

cells of the ovary (Lyons, et al., 1990). (ii)gip2 mutations were found by a

method — allele-specific hybridization to tumor DNA — that can only detect

clonally expanded alterations in DNA; clonal expansion is a hallmark of

neoplasia. (iii)gip2 mutations substitute amino acids cysteine or histidine at a

single position of oi2, arginine-179 (Lyons, et al., 1990); because arginine-179 is

homologous to arginine-201 of 0s, the amino acid modified by cholera toxin

and the residue altered by most gsp mutations, we suspect that its mutational

replacement constitutively activates oi2 by inhibiting hydrolysis of GTP.

Here we test the hypothesis that gip2 is an oncogene, by expressing a

mutant oi2 cDNA in NIH-3T3 and Rat-1 fibroblasts. The mutant oiz contains

cysteine at position 179, in place of arginine; hereafter called oi2-R179C, this

was the predominant gip2 mutation in human adrenal and ovarian tumors

(Lyons, et al., 1990). Rat-1 cells were chosen because of a recent report (van

Corven, et al., 1989) suggesting that lysophosphatidic acid induces mitogenesis

in these cells by stimulating a pertussis toxin-sensitive G protein that also

inhibits adenylyl cyclase — i.e., one of the three known Gi proteins, such as

Giz. NIH-3T3 cells were chosen simply because of their common use in tissue

culture models of neoplastic transformation.

The choice of tissue culture cells has proved crucial. Discovery of gip2

in a small subset of human tumors suggested that the corresponding normal

G protein, Giz, would relay mitogenic signals in a similarly limited subclass of

tissue culture cells. In our experiments, oi2-R179C has turned out to be

oncogenic in Rat-1 but not in NIH-3T3 cells.
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MATERIALS AND METHODS

Plasmids. The EcoRI fragment of mouse oi2 cDNA (Sullivan, et al.,

1986) was subcloned downstream from a Moloney leukemia virus long

terminal repeat in the retroviral expression vector pm V-7 (Kirschmeier, et al.,

1988), to generate the plasmid oi2-WT/pMV-7, hereafter referred to as oi2

WT. pm V-7 also contains the bacterial antibiotic resistance gene for

neomycin phosphotransferase under control of the thymidine kinase

promoter. The R179C mutation was made by site-directed mutagenesis

according to the standard protocol of Bio-Rad's Muta-Gene In Vitro

Mutagenesis Kit. The EcoR1 fragment of mutant oi2 was subcloned into

pMV-7 to generate the plasmid oi2-R179C/pMV-7, hereafter referred to as oi2

R179C. Frank McCormick (Cetus Corp., Emeryville, CA) provided the pBJ

vector containing oncogenic ras cDNA (Tobin, et al., 1982), hereafter referred
to as H-rasval12.

Cell lines. David Julius (UCSF) and Wouter H. Moolenaar

(Netherlands Cancer Institute) provided the NIH-3T3 and Rat-1 fibroblasts,

respectively. pm V-7, 0.12-WT or oi2-R179C were processed through packaging

cell lines and used to infect NIH-3T3 and Rat-1 cells, as described (Sullivan, et

al., 1987). The ras plasmid was introduced into Rat-1 cells directly by calcium

phosphate precipitation (Mammalian Cell Transfection Kit, Specialty Media

Lavallette, NJ). Infected or transfected cells were propagated in selective

medium, made up of Dulbecco's modified Eagle's medium-H21 (DME-H21)

with 10% bovine calf serum (CS) and 0.5 or 0.6 mg/ml G418 (for NIH-3T3 or

Rat-1 cells, respectively). All assays were performed on G418-selected pools of
cells.
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Immunoblots. G418-selected pools of cells were removed from plates

with STV (.05% trypsin, .02% versene, in saline) and resuspended in cold lysis

buffer (50 mM Tris pH 7.5, 2.5 mM MgCl2, 1 mM EGTA, 1 mM dithiothreitol,

1 mM benzamidine, and 0.1 mM phenylmethylsulfonyl fluoride). After a 10

min incubation on ice, cells were lysed by dounce homogenization. Nuclei

were removed by low-speed centrifugation at 900 x g for 5 min, and a

membrane fraction was isolated by centrifugation of the supernatant fraction

at 16,000 x g for 15 min.

Membrane proteins (100 pg/lane) were resolved on a 12.5% SDS

polyacrylamide gel and transferred to nitrocellulose. Blots were blocked for 1

h in blotto (50 mM Tris pH 7.4, 150 mM NaCl, 5% nonfat dry milk, .01%

sodium azide, .05% Tween-20, and 5mM EDTA), then incubated overnight in

blotto containing rabbit polyclonal antiserum AS/7 (Dupont/NEN Research

Products). Blots were washed twice with blotto then incubated for 1 h in

blotto containing 7.5 p.Gi 125I-labeled protein A (Amersham). Blots were then

washed twice with blotto and three times with 50 mM Tris pH 7.5, 150 mM

NaCl, and .02% Tween-20; antibody-antigen complexes were detected by

autoradiography.

Measurements of cell growth. Cells were seeded into 24-well plates,

and medium (10% CS in DME-H21) was changed every three days. Cells were
removed from the wells with STV and counted with a Coulter Counter

Model ZM particle counter.

Growth in soft agar. A bottom layer, consisting of 0.7% Seaplaque low

melt agarose (FMC Corp.) in DME-H21 with 10% CS, was poured into 6-well

plates (2 ml per well) and allowed to solidify. Cells were suspended in

medium (10% CS in DME-H21) with 0.35% Seaplaque at 5 x 103 cells per 3 ml
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and poured (3 ml per well) into 6-well plates over the bottom layer. The

medium was solidified by storage at 4° for several hours and then incubated

at 37°. After 16-day incubation, colonies were stained by adding 1 ml of p

iodonitrotetrazolium violet (Sigma), at 0.5 mg/ml, which is converted to a

colored product by live cells only.

Tumors in nude mice. Cells were removed from plates with Ca2+- and

Mg2+-free phosphate-buffered saline and suspended in phosphate-buffered
saline with Ca2+ and Mg2+. Nude mice were subcutaneously injected with

the indicated numbers of cells in an injection volume of 25 pil. Four injection

sites were tested for each number of cells, except for H-rasval12 cells, which

were injected at two sites only. Animals were examined daily and sacrificed

when tumor size reached -7 mm. in diameter. The day of tumor appearance

and the day of sacrifice were recorded.
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RESULTS

Expression, morphology, and growth. Expression of endogenous Oli

and recombinant oi2 was tested by immunoblotting membrane extracts with

rabbit antiserum AS/7, which reacts with the O. subunits of transducin, Gil,

and Giz (Goldsmith, et al., 1987; Goldsmith, et al., 1988). The total amount of

immunoreactive material, detected as a 40-kDa band, was increased =2-fold in

membranes of NIH-3T3 and Rat-1 cell populations infected with oi2-WT and

oi2-R179C, as compared to membranes from cells infected with vector alone

(Fig. 1). We have reported elsewhere (Wong, et al., 1991) a similar

observation, using a different anti-oi antiserum, with these NIH-3T3

populations.

Morphologically, Rat-1 cells infected with oi2-R179C appeared slightly

more refractile and elongated than control cells and formed more densely

packed monolayers (results not shown). Rat-1 cells infected with oi2-WT,

however, were indistinguishable from their uninfected counterparts and

from cells infected with pmV-7 alone. Neither oi2 construct, however,

detectably altered the morphology of NIH-3T3 cells. In a focus assay in which

infected cells were grown without G418 selection, none of the populations

formed morphologically distinguishable foci after eight weeks in culture.

Growth curves (Fig. 2, Upper) showed that Rat-1 cells infected with oi2

R179C reached a saturation density 2- to 3-fold greater than that observed with

parental, vector-infected or oi2-WT-infected cells. This increase was similar

in extent to that seen with the positive control, cells transformed by H

rasval12 (Fig. 2, upper). Both H-rasval12 and oi2-R179C cells began to shed
from the dish surface after seven days, while the other Rat-1 lines simply

14



|NIH-3T3 || Rat-1

T : :i Cl

Fig. 1. Expression of recombinant oi2-WT and oi2
R179C in NIH-3T3 and Rat-1 Cells. Membrane

proteins from G418-selected populations of cells
were resolved by SDS-PAGE, transferred to
nitroCellulose, and immunoblotted.
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NIH-3T3
i

Fig. 2. Growth curves of Rat-1 (Upper) and NIH
3T3 (Lower) Cell lines. Cells were seeded at 8 x 103
per well, and 2 wells were counted daily for each
cell type, o, Control: o, plm■ V-7; e, oi2-WT; e,
oi2-R179C, D, ras.
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stopped proliferating at about six days, at a lower density. Growth curves with

NIH-3T3 cells showed no increase in saturation density by either oi2-R179C or

oi2-WT, as compared with pm V-7 alone or uninfected cells (Fig. 2, Lower). H
rasval12 was not tested in NIH-3T3 cells.

Pertussis toxin reduced proliferation of oi2-R179C Rat-1 cells by =50%

(Fig. 3), to a saturation density at 6 days similar to that observed with pm V-7.

In oi2-WT cells, the toxin caused a smaller decrease (=20%).

Growth in soft agar. Transformed cells in culture often display a loss of

anchorage-dependence (Varmus, 1984), which can be detected by growth of

colonies from single cells suspended in soft agar. We plated 5 x 103 cells from

different Rat-1 populations in soft agar (Table 1) and counted colonies at 16

days. In all populations tested, some cells (8–16%) were able to form small

microcolonies. Only oi2-R179C and H-rasval12 cells, however, formed

detectable numbers of larger colonies, > 175 pum in diameter (Table 1).
Colonies formed from H-rasvall” cells were more numerous and somewhat

larger than those from O. i2-R179C cells, however, suggesting that the

transforming activity of H-rasvall2 is greater than that of mutant oi2.

Tumors in nude mice. The most stringent criterion for neoplastic

transformation is the ability of cells to form tumors in vivo. We injected

nude mice with G418-selected populations of NIH-3T3 and Rat-1 cells infected

with pm V-7, oi2-WT or oi2-R179C. As a positive control, we also injected

Rat-1 cells expressing H-rasvall2 cDNA. At a dose of 106 cells per injection
site, none of the NIH-3T3 cell lines tested produced tumors.

17



i"e
PTX: - + - + - +

pMV-7 oi2-WT oi2-R179C

Fig. 3. Effect of pertussis toxin on saturation

density. Rat-1 cells infected with plmV-7, oi2-WT,
and oi2-R179C were seeded in quadruplicate at 104
cells per well, and incubated for six days in the

presence or absence of 100 ng/ml pertussis toxin.
Bars indicate mean + Standard deviation.
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Table 1. Anchorage-independent growth

NO. Of Colonies

Cells >175 pum in diameter

Rat-1 O

pMV-7 O

oi2-WT O

oi2-R179C 32

H-rasval12 240

Rat-1 cells of the types indicated were seeded in soft
agar at 5000 cells per well and incubated for 16 days.
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As expected, H-rasval12 Rat-1 cells induced rapid formation of fast

growing tumors (Fig. 4). After injection of 5 x 105 H-rasval12 cells, tumors
were detected at six days and grew rapidly thereafter; indeed, injected mice

were sacrificed at 10 days, when tumor diameters reached the arbitrary cutoff

size, a diameter of 7 mm.

Oliz-R179C Rat-1 cells also induced formation of tumors in nude mice

(Fig. 4). Injection of 104 oi2-R179C cells per site produced slow-growing

tumors detected at 22 days at two sites, and at 43 days at a third site; injection

of the same number of oi2-WT or p\MV-7 Rat-1 cells produced no detectable
tumors.

At a higher cell dose (105 per site), both control cells (pMV-7 and oi2

WT) and oi2-R179C-expressing cells produced tumors. However, tumors

derived from Oliz-R179C cells arose earlier than did the controls and reached a

diameter of 7 mm at 38-42 days; tumors derived from control cells, which

seemed to grow more slowly, did not attain this size before termination of the

experiment (Fig. 4). Tumors formed by injection of 105 oi2-R179C-expressing

cells arose later and grew more slowly than tumors formed by injection of 5 x
105 H-rasval12 cells.

We conclude that oi2-R179C in Rat-1 cells promotes tumorigenesis at a

level beyond that seen with appropriate control Rat-1 cells.

Effects of cAMP on growth. Because Giz belongs to a subclass of G

proteins that mediate hormonal inhibition of adenylyl cyclase, it seemed

reasonable to ask whether cAMP affects growth of Rat-1 and NIH-3T3 cells.

Fig. 5 shows that agents that mimic cAMP or elevate cellular cAMP

substantially inhibited growth of Rat-1 cells, while the same agents exerted a
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much smaller effect on growth of NIH-3T3 cells. These agents include

cholera toxin, which activates os; forskolin, a direct stimulator of adenylyl

cyclase; and a cAMP analog, 8-bromo-cAMP.
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DISCUSSION

Discovery of the putative oncogene gip2 in human tumors (Lyons, et

al., 1990) led to two predictions: (i) Gip2 will be found to encode a

constitutively active oi2 subunit and (ii) gip2 will promote neoplastic

transformation in tissue culture cells. As reported elsewhere (Wong, et al.,

1991), we tested the first prediction by asking whether mutant oi2 can

negatively regulate accumulation of cellular cAMP. As expected for a

constitutively active O. subunit of a Gi protein, stable expression of oi2-R179C
in NIH-3T3 cells decreased both forskolin- and hormone-induced cAMP

accumulation; transient expression of mutant oi2 similarly inhibited cAMP

accumulation in 293 cells. Oiz-WT had no effect in either expression system.

Initial experiments (data not shown) indicate that oi2-R179C inhibits calAP

accumulation in Rat-1 cells as well. These observations show that the R179C

mutation in O.i.2 biochemically activates the O. subunit's ability to inhibit

cAMP accumulation, and imply that the mutation will constitutively activate

other effector functions of oiz.

The present work tests and verifies the second prediction. Expression

of gip2 in Rat-1 fibroblasts induced neoplastic transformation, as indicated by

subtle changes in cell morphology, increased saturation density, and

anchorage-independent growth. gip2-expressing cells also generated tumors

in nude mice at a rate and frequency greater than observed for control cells,

thereby meeting the most stringent criterion of neoplastic transformation.

In contrast to its effect in Rat-1 cells, gip2 had no obvious effect on the

growth of NIH-3T3 cells. Saturation densities of NIH-3T3 cells expressing oi2

R179C were not substantially greater than those of controls (parental, vector

infected, and o. i2-WT-infected cells). gip2 expression did not alter the
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morphology of NIH-3T3 cells and it did not cause them to form tumors in

nude mice. Despite its failure to alter growth of NIH-3T3 cells, oi2-R179C was

expressed and biochemically active in these cells, as shown by immunoblots

and inhibition of cAMP accumulation (Wong, et al., 1991).

The cell-specific capacity of gip2 to promote mitogenesis in one cell

type, but not in another, is probably responsible for the limited distribution of

gip2 mutations in human tumors: a search for gip2 mutations in more than

250 human tumors, derived from many different tissues, revealed gip2

mutations only in tumors derived from adrenal cortex or from ovarian

endocrine cells (Lyons, et al., 1990). gip2 mutations will apparently contribute

to oncogenesis only in cells that utilize normal oi2 to transduce a mitogenic

signal, just as gsp mutations seem to be oncogenic only in cells that use os to

transduce a cAMP-mediated mitogenic signal — i.e., in pituitary

somatotrophs and in thyroid cells (Landis, et al., 1989; Lyons, et al., 1990).

Pertussis toxin prevented the increase in saturation density attained by

Rat-1 cells expressing mutant oi2 (Fig. 3). Because the toxin uncouples Gi

proteins from activation by hormone receptors (Stryer and Bourne, 1986;

Gilman, 1987; Birnbaumer, 1990), its effect on proliferation of these cells

suggests that the mitogenic effect of the mutant protein depends in part upon

its activation by receptors that bind growth factors in the medium; these

growth factors, as yet unidentified, could be provided by serum or produced

by the cells themselves. This interpretation is based upon the GTPase cycle of

G proteins: the R179C mutation inhibits GTP hydrolysis by the mutant oi2,

but by itself the mutation does not shift a large enough fraction of oi2 into the

active GTP-bound state to exert a large mitogenic effect; the slower rate of GTP

hydrolysis by the mutant protein does, however, potentiate the effect of
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growth factors acting on receptors coupled to Giz. In contrast, increased

expression of wild-type oi2 does not produce a pertussis toxin-sensitive

mitogenic effect, presumably because the normal protein hydrolyzes GTP

more rapidly and thus lacks the amplifying effect of the mutant protein. The

effect of the oi2 mutation parallels effects of cholera toxin and GTPase

inhibiting mutations in Os, both of which potentiate hormonal stimulation of

adenylyl cyclase (Landis, et al., 1989, Cassel and Selinger, 1977).

Agents that elevate or mimic intracellular cAMP markedly inhibited

the growth of Rat-1 cells, but only slightly inhibited that of NIH-3T3 cells.

This difference raises the possibility that gip2 stimulates growth of Rat-1 cells

by inhibiting adenylyl cyclase, thereby relieving a tonic inhibitory effect of

cellular cAMP on cell proliferation. In agreement with this interpretation,

LPA inhibits adenylyl cyclase and stimulates DNA synthesis in Rat-1 cells,

and both effects are blocked by pertussis toxin (Van Corven, et al., 1989);

similar results are reported, for several mitogens, in CCL39 cells as well

(Pouysségur, et al., 1988; Seuwen, et al., 1988; Seuwen, et al., 1990). According

to this scenario, gip2 exerts no mitogenic effect in NIH-3T3 cells — despite its

ability to inhibit camP accumulation — because cAMP does not negatively

regulate proliferation of these cells.

Despite its appealing simplicity, the idea that decreased cellular cAMP

universally mediates pertussis toxin-sensitive mitogenic pathways is clearly

contradicted by observations in another cell type, Swiss 3T3 cells. Although

pertussis toxin blocks effects of several mitogens in Swiss 3T3 cells (Letterio, et

al., 1986; Zachary, et al., 1987; Nishizawa, et al., 1990), elevated cellular cAMP

actually promotes growth of this cell line (Rozengurt, 1986 and references

therein). In this case, mitogenic stimuli relayed through Gi proteins could
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not depend on inhibition of adenylyl cyclase, and therefore must utilize a

different signaling pathway.

Of the other signaling pathways activated by Gi, which ones promote

mitogenesis? One obvious alternative pathway is the inositol

phospholipid/Ca2+ cascade. Results with pharmacological antagonists and/or

pertussis toxin have ruled out this alternative in several cell types, including

Rat-1 (van Corven, et al., 1989) and CCL39 (Seuwen, et al., 1988; Seuwen, et al.,

1990) fibroblasts. Analysis of other oi2-mediated signals may help to elucidate

the mitogenic pathway triggered by gip2.

We thank Cathy Berlot for providing single stranded oi2 cDNA for

mutagenesis, David Julius for helpful discussions and assistance with

tumorigenesis assays, and Robert Cohen for assistance with soft-agar colony

assays. This work was supported in part by grants from the National
Institutes of Health and the March of Dimes.
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Chapter 3:

Giz-Mediated Activation of the MAPK Cascade
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ABSTRACT

The Gi class of heterotrimeric G proteins has been implicated in transmitting

mitogenic signals from a variety of seven transmembrane domain receptors.

In addition, the O. subunit of Giz (0.12) is oncogenic when mutated to a

constitutively active form (gip2). The mechanism by which Giz stimulates

cellular proliferation is unknown, but is believed to involve activation of the

mitogen-activated protein kinase (MAPK) signaling cascade. In order to study

Giz activation of the cascade, we transiently expressed a mutant, pertussis

toxin (PTX)-resistant oi2 in Chinese hamster ovary (CHO-K1) cells. After PTX

treatment of these cells, Gi-coupled receptors specifically activate PTX

resistant Giz without activating other Gi proteins. Receptor-mediated

activation of Giz leads to activation of MAPK and its upstream activator,

MAPK/ERK-activating kinase (MEK). Activation of MAPK and MEK by Giz

is blocked by expression of a dominant-negative mutant of Ras. Giz activation

does not, however, detectably increase the proportion of Ras protein in the

GTP-bound form. Additional experiments strongly suggest that Giz

stimulates the MAPK pathway, at least in part, by mechanisms that involve

release of BY and activation of phosphatidylinositol-3 kinase.
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INTRODUCTION

G proteins are heterotrimeric signal transduction complexes activated

by cell surface receptors to transduce extracellular stimuli into cellular

responses. G proteins consist of an O. subunit, which binds guanine

nucleotides, and a BY dimer. Receptor stimulation causes release of GDP from

o, followed by binding of GTP. oGTP then dissociates from BY, making both

O.GTP and BY free to interact with downstream effectors. Known effectors —

enzymes and ion channels (Neer, 1995) — are activated or inhibited by

specific subtypes of O. or BY. Hydrolysis of bound GTP returns the G protein to

its inactive state, in which O.GDP reassociates with BY.

Eight separate genes encode O. subunits belonging to the Gi protein

family. Three of these (oi1, oi2, and oia) are expressed in many different

tissues, while five others (Oo, Oz, Otl, Otz, and Ogust) are expressed in more
restricted locations. Pertussis toxin (PTX)1, an exotoxin produced by

Bordetella pertussis, catalyzes ADP-ribosylation of all O. subunits in the Gi

family, with the exception of oz. Because this modification prevents the

corresponding Gi protein from interacting with receptors, PTX provides a tool

for determining whether a hormonal effect is mediated by a Gi protein.

Although PTX inhibits the mitogenic responses of cultured cells to

certain hormones and growth factors (reviewed in Seuwen and Pouysségur,

1990), the specific Gi proteins mediating these effects cannot be identified by

such experiments. A possible role for Giz in mitogenic signaling was

suggested by discovery of a mutant Oliz gene — the gip2 oncogene — in

human endocrine tumors (Lyons et al., 1990). Gip2, which encodes a

constitutively active oi2 protein, neoplastically transforms Rat-1 fibroblast

cells in culture (Pace et al., 1991; Gupta, et al., 1992a) and enhances the growth
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of NIH-3T3 and Swiss-3T3 cells (Hermouet, et al., 1991; Gupta, et al., 1992a).

Microinjection of antibodies specific for oi2 substantially inhibits serum

stimulated DNA synthesis in Balb/c 3T3 cells (LaMorte, et al., 1992).

Recent studies have defined a highly conserved signal transduction

pathway required for mitogenesis, the mitogen-activated protein kinase

(MAPK) cascade (reviewed in Marshall, 1994). The third kinase in this

pathway, MAPK itself (also called ERK), is activated by phosphorylation on

tyrosine and threonine residues, a step performed by a kinase called MEK

(MAPK/ERK-activating kinase). MEK in turn can be phosphorylated and

activated by members of the Raf family of serine/threonine kinases and also

by MEK kinase (MEKK) (Marshall, 1994; Catling, et al., 1994; Lange-Carter, et

al., 1993).

In the case of growth factors that act on receptor tyrosine kinases, a key

intermediate in activating the MAPK cascade is p21'48, a GTPase encoded by

the Ras proto-oncogene. Ras activates Raf-1 by translocating it to the plasma

membrane (reviewed in Hall, 1994). Ras can also activate the cascade by

forming complexes with B-Raf (Jaiswal, et al., 1994; Moodie, et al., 1994), and

by activating MEKK (Lange-Carter and Johnson, 1994). Ras itself is activated

by a guanine nucleotide exchange factor linked to the receptor by one or a

combination of "adaptor" proteins (Schlessinger, 1994).

Agonists for a variety of Gi-coupled receptors can stimulate PTX

sensitive increases in the activities of p21°48, Raf-1, MEK, and MAPK

(L'Allemain, et al., 1991; van Corven, et al., 1993; Winitz, et al., 1993; Howe

and Marshall, 1993; Alblas, et al., 1993; Bito, et al., 1994). Although stable

expression of gip2 elevates MAPK and MEK activities (Gupta, et al., 1992b;

Gardner, et al., 1993), Ras is not detectably activated in gip2-transformed cells,
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and a dominant-negative Ras mutant reduces their growth rate only slightly

(Gupta, et al., 1992a). These findings suggest that gip2 may transform cells by

activation of the MAPK cascade, but without the involvement of Ras, unlike

the pathway activated by Gi-coupled receptors.

In addition to the MAPK pathway, activation of phosphatidylinositol-3

kinase (PI3K) is also important for growth factor-induced mitogenesis (Fantl,

et al., 1992; Valius and Kazlauskus, 1993). PI3K phosphorylates

phosphatidylinositol (4,5)-bisphosphate in vivo to produce phosphatidyl

inositol (3,4,5)-trisphosphate (PIP3) (reviewed in Stephens, et al., 1993). PI3K

either activates (Hu, et al., 1995) or is activated by Ras (Rodriguez-Viciana, et

al., 1994), and inhibition of PI3K activity can inhibit activation of the MAPK

signaling cascade by receptor tyrosine kinases (Cross, et al., 1994; Welsh, et al.,

1994) and G protein-coupled receptors (Sakanaka, et al., 1994; Ferby, et al.,

1994). Several Gi-coupled receptors stimulate accumulation of PIP3

(Stephens, et al., 1993). Recently, G protein By subunits were shown to

activate a PI3K which may be distinct from that activated by tyrosine kinases

(Stephens, et al., 1994; Thomason, et al., 1994), and a BY antagonist, derived

from a domain of 3-adrenergic receptor kinase, inhibited thrombin

stimulation of PI3K activity in platelets (Zhang, et al., 1995). PI3K therefore

seems to be an important component of both mitogenic and Gi signal

transduction, although its exact role is unknown.

In order to study signal transduction by a specific Gi protein, Giz, we

devised a system for assessing effects of receptor stimulation of Giz, without

participation of other Gi proteins. CHO-K1 cells are transiently transfected

with a mutant oi2 protein in which cysteine 352, the site of PTX modification,

is replaced by serine. PTX treatment of such cells inactivates endogenous Gi
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proteins and allows Gi-coupled receptors to activate only the mutant, toxin

insensitive Giz. We used this system to study activation of the MAPK signal

transduction cascade by Giz.
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MATERIALS AND METHODS

Plasmids

The "glu-glu" epitope EEYMPTE (single letter amino acid code), a

modification of an epitope identified by Grussenmeyer, et al. (1985), was

incorporated into mouse oi2 cDNA, replacing codons 166 to 172 in the wild

type sequence. The oligonucleotide GACCTGGAGCGCATAGCACAGGAG
GAGTACATGCCGACAGAGCAGGATGTGCTGCGGACCCGTGTG was used

to mutate mouse oi2 cDNA by oligonucleotide-directed mutagenesis . The

mutant DNA was verified by dideoxy-sequencing and subcloned as a

HindIII/EcoRV fragment into the expression vector pcDNA3 (Invitrogen, San

Diego, CA) to create oi2EE. Rat oi2 cDNA in which codon 352 had been

mutated from cysteine to serine (plasmid pKT2016-2A, provided by Ron

Taussig, University of Texas Southwestern Medical Center, Dallas, TX) was

subcloned into pcDNA3 as an EcoRI/EcoRI fragment, after which a BgllI/Not■

fragment encompassing the mutation was removed and ligated into the

OlizEE construct in place of the analogous fragment, to create an oi2 that is

both epitope-tagged and mutant at codon 352 (oi2EECS). We replaced the

carboxyl terminus of oi2EE with a wild type rat BgllI/Not■ fragment, to make

the oi2EE construct analogous to oi2EECS. Sources of the human lutropin

receptor and the human M1 muscarinic receptor are described in Conklin, et

al. (1992). Sources of HA-tagged p44maPk and HA-tagged p45MFK are described

in Faure and Bourne (1995). Other plasmids are from the following sources.

P.D. Garcia, University of California, San Francisco: rat A1 adenosine receptor

(Garcia and Myers, 1994); W.J. Fantl, Chiron Corp., Emeryville, CA: dominant

negative Ras (N17ras), and constitutively-active v-ras (H-rasval12); N.G. Ahn,
University of Colorado: constitutively active human MEK1 or MAPKK1,
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AN3-S218E-S222D (Mansour et al., 1994); A.M. MacNicol, University of

Chicago: constitutively active, N-terminally truncated Raf (v-Raf); D. Stokoe,

ONYX Pharmaceuticals, Richmond, CA: constitutively active, membrane

targeted Raf, RafCAAX (Stokoe et al., 1994); R.J. Lefkowitz, Duke University:

pRK-BARK1-(495-689) (Koch et al., 1994a).

Cell Culture and DNA Transfection

Chinese hamster ovary cells (CHO-K1) were maintained in Minimal Essential

Medium Alpha without nucleosides (GIBCO/BRL, Gaithersburg, MD), 10%

fetal calf serum (GIBCO/BRL), 100 pg/ml streptomycin sulfate, and 100 U/ml

penicillin G. DNA was transiently transfected using adenovirus and DEAE

dextran according to the method of Forsayeth and Garcia (Forsayeth and

Garcia, 1994). Cells to be transfected were resuspended directly into the

transfection medium, 1 ml per 106 cells, and seeded into dishes or wells as

described for the individual assays. Following 2.5 to 3 h incubation at 37 °C,
the transfected cells were washed with 10% DMSO in PBS and fed with

growth medium. Approximately 24 h after transfection the cells were fed

with serum-free medium to induce quiescence. Assays were performed

approximately 48 h after transfection. When required, 100 ng/ml pertussis

toxin (PTX, List Biologicals, Campbell CA) was added 4 h prior to assay, and

wortmannin (Sigma) at concentrations indicated, was added 15 min prior to

assay. Transfection efficiencies were determined by transfection of the 3

galactosidase-encoding plasmid pCN249 and assayed as described (Forsayeth

and Garcia, 1994).

Western Blotting

For determining expression of oi2EE and oi2EECS constructs in transiently

transfected cells, approximately 106 cells were boiled in 2X Laemmli sample
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buffer, separated by 12% SDS-PAGE, and transferred to Immobilon-P

membranes (Millipore, Bedford, MA). Membranes were blocked for 1 h in

blocking buffer (5% non-fat dry milk, 50 mM Tris HCl-pH 7.5, 150 mM NaCl,

0.05% Tween 20, and 0.01% sodium azide), incubated overnight in blocking

buffer containing 2-4 pug/ml anti-glu-glu monoclonal antibody (ONYX

Pharmaceuticals), then incubated for 1 h in blocking buffer (minus azide)

with horseradish peroxidase-linked anti-mouse Ig (Amersham, Arlington

Heights, IL) and processed for chemiluminescence (Dupont NEN, Boston,

MA). All other immunoblotting was carried out as follows. Cells were

washed with cold PBS, incubated for 30 min on ice with lysis buffer (50 mM

Tris HCl pH 7.5, 100 mM NaCl, 1% Triton X-100, 5 mM EDTA, 40 mM sodium

pyrophosphate, 1 mM sodium orthovanadate, 1 mM DTT (Boehringer

Mannheim Biochemicals, BMB, Indianapolis, IN), 2 pg/ml leupeptin (BMB),

2 pg/ml aprotinin (BMB), 1 pg/ml pepstatin (BMB), and 0.1 ug/ml PMSF

(BMB), scraped into microcentrifuge tubes and centrifuged at 14,000 x g, 5 °C.,

for 8 min. The supernatant fraction was mixed with sample buffer, and

processed as described above. HA-tagged p42mapk and p44mapk were detected

with 1 plg/ml monoclonal antibody 12CA5 (Berkeley Antibody Co.,

Richmond, CA). Antisera against endogenous p42mapk (C-14), p44mapkº (C-16),
A-Raf (C-10), B-Raf (C-19), Raf-1 (C-12 and C-20), and MEKK (C-22), from Santa

Cruz Biotechnology, Santa Cruz, CA, were used at a concentration of 1 pg/ml.
cAMP Accumulation

Cells were transfected 24 well plates at a density of 5 x 105 cells/well. After 24

h, they were placed in 5 p.Gi/ml [3H]-adenine in serum-free medium to label

and induce quiescence. After treatment with PTX and appropriate agonists,

cAMP accumulation was determined as previously described (Wong et al.,
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1991). Human chorionic gonadotropin (hCG) was obtained from the National

Hormone and Pituitary Program, Baltimore, MD. R-N6-(2-phenylisopropyl)-
adenosine (PIA) was from Sigma, St. Louis, MO.

Measurement of MAPK Activity

Transfected cells were seeded into 12 well plates at 106 cells/well. After

treatment with appropriate agonists, cells were lysed on ice as described for

Western blotting. After removal of insoluble material by centrifugation,

supernatants were precleared with protein A agarose (GIBCO/BRL) and

incubated at 5 °C for 1–2 h with 25 pil protein A agarose (50% slurry with lysis

buffer) and 1-5 pig/ml of either anti-HA monoclonal antibody 12CA5

(Berkeley Antibody Co., Richmond, CA), anti-p42mapk (C14) or anti-p44mapk
(C16) antiserum (Santa Cruz Biotechnology). Immunoprecipitates were

washed twice with lysis buffer, twice with kinase buffer (40 mM HEPES -pH

7.5, 5 mM magnesium acetate, 1 mM EGTA, 1 mM DTT, 0.2 mM sodium

orthovanadate), and kinase activity measured as described (Faure, et al., 1994),

except that reactions (55 pul) contained 1 pCi of [Y32P)-ATP and were carried out

at 30 °C. Radioactivity incorporated into myelin basic protein (MBP; Sigma)

was determined by scintillation counting. Basic fibroblast growth factor

(bFGF) was from Calbiochem (La Jolla, CA).

Measurement of MEK Activity

Transfected cells were seeded into 6 well plates at 2 x 106 cells/well. The assay

was performed as described for MAPK measurement with the following

changes: anti-MEK1,2 antiserum, 15 pg/ml, (Transduction Labs) or 3 pg/ml

12CA5 were used for immunoprecipitation of endogenous and HA-p45MFK,

respectively; instead of MBP, the reaction (55 pul) contained 1 pig of bacterially

expressed MAPK (btMAPK), a glutathione S-transferase (GST) fusion protein
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of p44mapkpurified from bacteria (Faure and Bourne, 1995); 5 p.Gi of [Y32P]-
ATP were used instead of 1 pCi. The reactions were stopped by the addition of

15 pil 5X Laemmli sample buffer; 30 pil of each reaction were subjected to 12%

SDS-PAGE; gels were dried and autoradiographed. Radioactivity incorporated

into btMAPK and MEK (or HA-MEK) was quantified by Phosphor.Imager

analysis (Molecular Dynamics, Sunnyvale, CA).

Analysis of GTP- and GDP-Bound Ras

Transfected cells were seeded into 10 cm plates at 7 x 106 cells/dish. Cells were
incubated with serum-free medium for 24 h, and within that time labelled

overnight with 250 p.Gi/ml [32P]-orthophosphoric acid (8500-9120 Ci/mmol,

Dupont NEN) in phosphate-free, serum-free medium. The method of Satoh,

et al., 1990, with modifications as noted below, was used for measuring
relative amounts of GDP and GTP bound to Ras. After treatment with PTX

and agonists for specified times, cells were washed twice with cold Tris

buffered saline and lysed on ice for 30 min with immunoprecipitation buffer

(400 pul/plate) containing Y13-259 anti-Ras monoclonal antibody (provided by

W.J. Fantl). Lysates were transferred to microcentrifuge tubes and centrifuged

at 14,000 x g for 8 min to pellet insoluble material. After removing free

guanine nucleotides from the lysates with activated charcoal (Narit A;

Sigma), Ras immunocomplexes were precipitated by a 1 h incubation with 30

pil of a 50% slurry of anti-rat IgG (Cappel/Organon Teknika Corp., Durham,

NC) precoupled to protein A agarose beads. Immunoprecipitates were

processed as described (Satoh et al., 1990), and radioactive GDP and GTP

quantified by Phosphorimager analysis. Percent GTP-bound Ras was

calculated as 100 X GTP/[GTP + (1.5 GDP)].
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RESULTS

The cDNA construct oi2EECS encodes a mutant oi2 in which cysteine

352 has been replaced by serine, and which has the epitope EEYMPTE (EE)

incorporated into an internal site. Cysteine 352 is the site of ADP-ribosylation

by PTX; mutation of an analogous cysteine of Ois renders it insensitive to the

inhibitory effect of PTX (Hunt, et al., 1994). Incorporation of the EE epitope

allows specific detection of this protein by immunoblotting, using a

monoclonal antibody. To test whether this constuct, oi2EECS, encodes a

functional protein, we assessed its ability to interact with receptor (which

implies interaction with BY) and with a known effector, adenylyl cyclase,

which should be inhibited by active oi2. OizEECS DNA was transiently co

transfected into CHO-K1 cells, along with DNAs encoding the A1 adenosine

receptor (A1R, a Gi-coupled receptor) and the lutropin receptor (a Gs-coupled

receptor which is also responsive to hCG). In these cells, PIA (an agonist for

the A1R) inhibited hCG-stimulated cAMP accumulation in a PTX-insensitive

manner (Fig. 1). In cells expressing a control construct (oi2EE, which contains

the epitope but lacks the cysteine— serine mutation) instead of oi2EECS, PTX

prevented inhibition of cAMP accumulation by PIA. Western blots showed

that the two oi2 constructs were expressed at similar levels (unpublished).

This demonstrated that the A1R can couple to Giz composed of exogenous

oi2EECS and endogenous BY, and that PTX uncouples other Gi subtypes in the
cell from the A1R.

Transient transfection of CHO-K1 cells, using an adenovirus-assisted

procedure (Forsayeth and Garcia, 1994; see Materials and Methods) was highly

efficient in our experiments: assays for transfection efficiency were performed

routinely by co-transfection of DNA encoding 3-galactosidase with receptor
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Figure 1. Inhibition of cAMP accumulation by Giz.
CHO-K1 cells were transfected with cDNAs encoding the
A1R, LHR, and either oi2EE or oi2EECS (100 ng of each
per 106 cells). Cells were placed in serum-free medium
containing [3H]-adenine 24 h after transfection and

assayed 48 h after transfection. After a 4 h pretreatment
+ PTX, cells were stimulated for 30 min, 37 °C, as
indicated in the figure, and then assayed for cAMP
content as described in Materials and Methods.

Treatment medium contained 1 mM isobutylmethyl
xanthine with or without hCG (50 ng/ml) and PIA (10
puM). Bars represent the mean + standard deviation of
triplicate determinations. Similar results were obtained
in two additional experiments.
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and O. subunit DNAs; expression was consistently detected in at least 90% of

the cells. This high degree of efficiency allowed us to measure reliably the

abilities of proteins encoded by transfected DNAs to regulate endogenous

components of the MAPK pathway.

We used this experimental system to investigate the ability of Giz to

activate components of the MAPK signal transduction cascade, beginning

with the p42 and p44 isoforms of MAPK itself. Treatment with the A1R

agonist, PIA, increased the activities of both MAPK isoforms in cells

expressing either oi2EE or oi2EECS (Fig. 2A and 2B), as measured by the ability

of the immunoprecipitated kinases to phosphorylate myelin basic protein in

vitro. PTX almost completely prevented PIA-induced activation of MAPK in

cells transfected with oi2EE, but inhibited MAPK activation only to a small

degree in cells transfected with oi2EECS, indicating that receptor-mediated

activation of Giz leads to MAPK activation. As expected for a growth factor

acting on a receptor tyrosine kinase, bFGF stimulation of MAPK was not

affected by PTX (Fig. 2B). Similar results were obtained in assays measuring

activation of a transiently expressed hemagglutinin epitope (HA)-tagged

MAPK isoform by PIA (see below).

We then asked whether activation of Giz leads to activation of MEK, an

activator of MAPK. PIA treatment increased HA-tagged p45MEK (HA-p45MEK)

activity in cells transfected with A1R and either oi2 construct (Fig. 3), as

reflected by increased autophosphorylation and increased phosphorylation of

its substrate btMAPK. PTX almost completely blocked activation of HA

p45MFK by PIA in cells expressing oi2EE, but only partially blocked its
activation in cells expressing oi2EECS. As expected, PTX had little effect on

bFGF stimulation of HA-p45MFK. Giz activated endogenous MEK as well (see
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Figure 2. Activation of MAPK in response to Giz stimulation. cDNAs

encoding the A1R and either oi2EE or oi2EECS were transfected into CHO-K1

cells (100 ng of each per 106 cells). Cells were placed in serum-free medium 24

h after transfection, and assayed 48 h after transfection. Pretreatment + PTX

was followed by incubation at 37 °C with serum-free medium with or without

PIA for 7 min (A and B) or bRGF for 10 min (B). Endogenous MAPK activity

was measured as described in Materials and Methods. (A) Activity of

endogenous p42maPk. (B) Activity of endogenous p44mapk. Similar results
were obtained in at least 6 other experiments for each MAPK isoform.
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Figure 3. Activation of HA-tagged p45MEK by Gi2.
cDNAs encoding the A1R, HA-p45MEK, and either oi2EE,
oi2EECS, or pcDNA3 (control) were transfected into CHO
K1 cells (100 ng of each per 106 cells). Cells were placed
in serum-free medium 24 h after transfection and

assayed 48 h after transfection. After pretreatment +
PTX, cells were incubated at 37 °C with either serum-free
medium (basal) or bf{GF (5 min), or with PIA (2.5 min).
HA-p45MEK activity was measured as described in
Materials and Methods. The upper band represents
phosphorylation of HA-p45MEK; the lower band
represents phosphorylation of recombinant MAPK
expressed as a GST fusion protein and purified from
bacteria (btMAPK). Results are representative of 5
different experiments.
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below). Phosphorimager analysis indicated that Giz activation caused a 3- to

5-fold increase in MEK activity. These results indicate that activation of Giz
leads to activation of MEK.

We could not reliably detect activation of protein kinases known to

activate MEK, including several Raf isoforms and MEKK, by either Giz or

bFGF (unpublished data; see Discussion); nonetheless, we asked whether

stimulation of Giz activates p21”8, which activates Raf in many cell types.

PIA did not increase the fraction of p21"as bound to GTP in cells transfected

with the A1R and oi2EECS (Fig. 4A and 4B). Identical results were obtained

when a range of PIA stimulation times were examined (unpublished results).

The cells did respond to treatment with bRGF, which increased RasGTP almost

3-fold, from 9% to 23%. Given the high efficiency of transfection for these

experiments, and that PIA-induced activation of endogenous MAPK and

MEK was easily detected in similarly transfected cells, the lack of response to

PIA cannot be due to poor expression of the A1R or oi2EECS. Activation of

Gi2, therefore, does not lead to a detectable activation of Ras.

This finding conflicts with results of experiments using a dominant

negative Ras mutant, N17ras, in which serine 17 is changed to asparagine

(Feig and Cooper, 1988a). Co-expression of N17ras with A1R and oi2EECS

blocked PIA-induced activation of both endogenous MAPK (Fig. 4C) and

endogenous MEK (Fig. 4D) in cells pretreated with PTX. N17ras also blocked

activation of MAPK and MEK by bFGF, as expected for a mitogen acting

through a receptor tyrosine kinase (Fig. 4C and unpublished observations).

The inhibitory effects of N17ras were specific, in that it did not block MAPK

activation by downstream elements of the pathway, including constitutively

active mutants of Raf (v-raf and raf-CAAX) or MEK (AN3-S218E-S222D,
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Figure 4. Lack of activation of Ras by Giz (A) and (B), and effects of N17ras on

activation of MAPK and MEK by Giz (C) and (D). (A) and (B), CHO-K1 cells

were transfected with A1R and oi2EECS cDNAs (100 ng of each per 106 cells).

The next day, the cells were placed in serum-free medium for 24 h, and

within that time labelled overnight with [32P]-orthophosphoric acid. Two

days after transfection, the cells were pretreated with PTX and then stimulated

with the indicated agonists for 4 min. The proportion of Ras bound to [32P]-
GTP vs [32P]-GDP was determined as described in Materials and Methods. (A)

Autoradiograph of a TLC showing radioactivity of GDP and GTP bound to

Ras. (B) Quantitation of fraction of GTP-bound Ras by Phosphorimager

analysis. Shown is the average of 3 determinations with variation bars. (C)

CHO-K1 cells were transfected with 100 ng each of A1R and oi2EECS cDNA,

200 ng of either vector or Ras construct, and 400 ng of either vector, v-raf,

rafCAAX, or MEK" per 106 cells. Cells were placed in serum-free medium 24

h after transfection and assayed 48 h after transfection. All cells were

pretreated with PTX, then treated with either serum-free medium for 10 min

(Basal, v-raf, rafCAAX, and MEK"), or stimulated with either PIA (7 min) or

bFGF (10 min). p44mapk activity was measured as described in Materials and

Methods. Similar results were obtained in 6 other experiments. (D) CHO-K1

cells were transfected with 100 ng each of A1R and oi2EECS cDNA, and 200 ng

of either Ras construct, per 106 cells. Cells were placed in serum-free medium

24 h after transfection and assayed 48 h after transfection. All cells were

pretreated with PTX, then treated with serum-free medium (basal) or PIA for

2.5 min. p45MFK activity was measured as described in Materials and
Methods. Results are representative of 3 separate experiments.
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designated MEK") (Fig. 4C). In addition, N17ras did not affect the expression

of co-transfected DNA (unpublished observation). Thus Giz activation of the

MAPK cascade requires an activity that is blocked by N17ras, although we

could not detect Ras activation by PIA and Giz.

In light of recent evidence that G protein By subunits can activate

MAPK (Faure, et al., 1994; Crespo, et al., 1994), we asked whether BY released

from Giz mediates activation of the MAPK cascade by PIA. To do so, we

transiently expressed a carboxyl terminal fragment of the B-adrenoceptor

kinase, BARK1-(495-689), which binds By in vitro and antagonizes BY

mediated signaling in intact cells (Koch, et al., 1994a). Expression of the BARK

fragment was previously reported to decrease Gi-coupled receptor activation

of p21"as and MAPK in Rat-1 fibroblasts and COS cells (Koch, et al., 1994b). In

CHO-K1 cells transfected with A1R, oi2EECS, and HA-tagged p44mapk (HA
p44mapk), and pretreated with PTX, co-transfection of BARK1-(495-689)
decreased PIA stimulation of HA-p44mapk (Fig. 5A). Inhibition by BARK1
(495-689) increased with increasing amounts of transfected BARK1-(495-689)

DNA, to a maximum of approximately 50%. To test for specificity of BARK1

(495-689) action, we performed the same experiment with the M1 muscarinic

receptor (M1R); M1R activation of MAPK should be less sensitive to a BY

antagonist, because it is dependent on the activities of both the O. and BY

subunits of Gq (Crespo, et al., 1994). BARK1-(495-689) failed to inhibit
stimulation of HA-MAPK by the M1R (Fig. 5B), supporting the idea that

BARK1-(495-689) acts by antagonizing By, rather than by a nonspecific

mechanism. BARK1-(495-689) had no effect on expression of oi2EECS and

HA-MAPK (unpublished results). Giz therefore appears to activate MAPK in

CHO-K1 cells at least in part by releasing BY.
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Figure 5. Effect of BARK1-(495-689) on activation of HA-tagged MAPK by Giz.

A1R, oi2EECS, and HA-p44maPk cDNAs (100 ng of each per 106 cells) (A), or
M1R cDNA (200 ng per 106 cells) and HA-p44mapk cDNA (100 ng per 106 cells)
(B) were transfected into CHO-K1 cells along with the indicated amounts of

BARK1-(495-689) cDNA. Transfected cells were placed in serum-free medium

24 h after transfection and assayed 48 h after transfection. All cells were

pretreated with PTX. (A) Cells were stimulated with serum-free medium

(basal) or PIA for 7 min. HA-p44mapk activity was assayed as described in

Materials and Methods. Three additional experiments gave similar results,

with an average maximal inhibition of 46%. (B) Cells were treated with

serum-free medium or 200 p. M carbachol for 7 min and assayed for HA

p44maPk activity. Results are representative of 2 independent experiments.
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PI3K represents a second potential mechanism for Giz activation of the s
MAPK cascade. Wortmannin, a potent inhibitor of PI3K (Thelen, et al., 1994; ■ º
Arcaro and Wymann, 1993), inhibited Giz activation of MAPK with an IC50 of Yºf G ■ º

approximately 60 nM; maximal inhibition was ~40% (Fig. 6). In contrast, Z/º-
wortmannin did not inhibit MAPK activity stimulated by constitutively 72
active MEK" or v-ras (unpublished results), indicating that its effects were not :- º

due to a nonspecific mechanism. These findings suggest that Giz activates º
MAPK at least in part by stimulating PI3K.
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Figure 6. Effect of wortmannin on Giz activation
of HA-tagged MAPK. A1R, oi2EECS, and HA
p44mapk cDNAs were transfected (100 ng of each
construct per 106 cells) into CHO-K1 cells.
Transfected cells were placed in serum-free
medium 24 h after transfection and assayed 48 h
after transfection. All cells were pretreated with
PTX, then incubated for 15 min with Wortmannin
at the indicated concentrations prior to
stimulation with PIA for 7 min. HA-p44mapk
activity was assayed as descibed in Materials and
Methods. Each point represents the average of 3
to 5 determinations.
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DISCUSSION

Our results show that activation of Giz in CHO-K1 cells leads to

activation of MEK and MAPK, components of a signaling cascade utilized by

many growth factors in stimulating cell proliferation. These observations

confirm and extend previous evidence that receptors coupled to endogenous

PTX-sensitive G proteins stimulate the MAPK pathway (L'Allemain, et al.,

1991; van Corven, et al., 1993; Winitz, et al., 1993; Howe and Marshall, 1993;

Alblas, et al., 1993; Bito, et al., 1994). We also explored mechanisms that may

link activated Giz to stimulation of MEK and MAPK. Here our experiments

produced an apparent paradox, and also provide clues as to how the Giz signal
is transduced.

What is the role of p21"as?

Studies in Rat-1 and CCL39 cells (van Corven, et al., 1993; Winitz, et al.,

1993; Alblas, et al., 1993) have shown that several agents — including LPA

and thrombin acting on endogenous receptors, and carbachol and UK14304,

acting on transfected M2 muscarinic acetylcholine and 0.2A adrenergic

receptors, respectively — can promote PTX-sensitive activation of p21"as, as

assessed by an increased proportion of the protein in its GTP-bound form. In

COS-1 cells, PTX-sensitive (and therefore probably Gi-mediated) activation of

the MAPK pathway by LPA is inhibited by expression of N17ras (Howe and

Marshall, 1993). In CHO-K1 cells, however, activation of Giz failed to

promote formation of RasGTP (Figs. 4A and 4B), although N17ras substantially

blocked Giz-mediated stimulation of MAPK and MEK (Figs. 4C and 4D).

This inconsistency could reflect insensitivity of the Ras activation

assay. Using a novel assay, Scheele, et al. (1995) reported that in confluent

NIH 3T3 cells, less than 0.3% of p21"as is bound to GTP — a much lower
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proportion of RasGTP than is measured in unstimulated cells by the standard

phosphate incorporation assay used in our experiments. Thus it is possible

that our assays missed a small but physiologically significant increase in

RasGTP induced by PIA.

Alternatively, the failure to detect a Giz-induced elevation in RasGTP

may simply indicate that activation of Giz does not cause activation of Ras.

This would be surprising, given the reported abilities of several Gi-coupled

receptors, listed above, to activate p21°48. The discrepancy could reflect

differences in cell type or experimental conditions, or may indicate that a

different Gi subtype (Gil or Gia) is responsible for activation of Ras by Gi

coupled receptors. We should also consider an obvious difference between

our system and activation of the other Gi-coupled receptors: the thrombin

and LPA receptors activate Gq as well as Gi, (LaMorte, et al., 1993; van Corven,

et al., 1989) while the O2A adrenergic and M2 muscarinic receptors activate Giz

and Gia (Milligan et al., 1991; Dell'Acqua, et al., 1993). In our system, the A1R

can only activate one Gi protein, Giz, and does not activate Gq, based on its

inability to stimulate phosphoinositide-specific phospholipase C

(unpublished observations). Thus activation of p21”8 by these receptors may

require simultaneous activation of more than one G protein.

But if Giz on its own cannot activate p21°48, why does N17ras prevent

Giz activation of MEK and MAPK? Owing to a decreased affinity for GTP,

N17ras exists primarily in the GDP-bound form, and is believed to exert its

effect by sequestering Ras guanine nucleotide exchange factors. By competing

with endogenous Ras for an exchange factor, N17ras may reduce the basal

level of RasGTP in the cell. N17ras could therefore block Giz-triggered

stimulation of the MAPK pathway if a threshold level of RasGTP is required
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in parallel with the Giz pathway. A precedent for this type of coincidence

signaling has already been described: By activation of type II adenylyl cyclase

(AC-II) can only occur when AC-II is simultaneously activated by the o

subunit of Gs (Tang and Gilman, 1991). Alternatively, but less likely, N17ras

may act by a mechanism independent from blockade of GDP/GTP exchange

on Ras, perhaps by inhibiting a distinct function of an exchange factor (or of

another protein) that is required for Giz activation of MEK.

Apparent Lack of Raf Stimulation

The failure of both PIA and bFGF to increase activities of any one of the

known activators of MEK is puzzling. Although CHO-K1 cells contain A-Raf,

B-Raf, Raf-1, and MEKK, repeated attempts to detect consistent activation of

these kinases by either agonist were unsuccessful (these negative results are

unpublished). Our assay involved immunoprecipitation of the relevant

kinase from detergent lysates of cells or from detergent extracts of particulate

fractions, followed by an in vitro kinase reaction using kinase-inactive MEK

as a substrate. Although similar assays have successfully detected Raf

activation in other cell lines, in this (Faure and Bourne, 1995) and other

laboratories, the assay may for some reason not accurately measure Raf

activity in CHO-K1 cells. Alternatively, CHO-K1 cells may express an as yet

unidentified MEK activator that is utilized by Giz and mitogens.

Connecting Giz to MEK

CHO-K1 cells showed no change in RasGTP or activities of Raf isoforms

in response to PIA-induced stimulation of Giz, although this stimulation

clearly activated both MEK and MAPK. Thus it will be important to identify

and characterize the molecular pathway(s) responsible for connecting

activated Giz to MEK and MAPK. Although our experiments so far do not
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reveal the steps of such a pathway, they do point to two of its probable
molecular components, the By subunit of Giz and PI3K.

The ability of BARK1-(495-689) to inhibit Giz-dependent activation of

MAPK (Fig. 5A) strongly suggests that the BY subunit of this G protein

mediates, at least in part, PIA-induced activation of the MAPK pathway. This

observation extends and confirms the conclusion drawn from experiments

(Koch, et al., 1994b) using the same 3-ARK fragment to inhibit Gi-mediated

stimulation of MAPK in COS-7 cells. In both sets of experiments, BARK1

(495-689) exerted only a partial inhibition of MAPK activation. Although the

reason for these partial effects is unknown, in the case of MAPK activation it

seems possible that Oi – in our experiments, oi2 — acts in parallel with BY to

stimulate the MAPK pathway. We were unable to confirm this possibility in

CHO-K1 cells: transient expression of 31 and Y2, or mutationally activated oi2

R179C, or of the three constructs together, failed to elevate MAPK activity

(unpublished observations). The issue of whether Giz utilizes both oi2 and

3y, or BY alone, to activate the cascade is therefore unresolved.

Partial inhibition of Giz-mediated MAPK activation by low concen

trations of wortmannin (Fig. 6) suggests that PI3K could play an important

role in connecting Giz to MEK and MAPK. Previous evidence that G protein

By subunits can activate PI3K activity (Zhang, et al., 1995; Stephens, et al., 1994;

Thomason, et al., 1994) raises the possibility that BY released from Giz may act

to stimulate PI3K in CHO-K1 cells. Our data implicating BY and PI3K in the

Gi2 pathway are based on experiments with inhibitors. We have not

determined whether the effects of wortmannin and BARK1-(495-689) are

additive, because the efficiency with which either inhibitor disrupts its

putative target are unknown. Instead, more direct biochemical experiments
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are necessary to determine whether activation of Giz does in fact increase the

cellular content of PIP3, whether CHO-K1 cells express a PI3K that is activated

by BY released from Giz, and whether these events regulate MEK and MAPK.

The apparent insignificance of Raf isoforms in mediating MEK/MAPK

activation by Giz in CHO-K1 cells may open a way to identifying and

characterizing a novel regulatory pathway connecting G proteins to the

MAPK pathway.
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The goal of this project was to determine whether a constitutively

active o subunit of Giz, oi2-R179C, is capable of neoplastically transforming

fibroblast cells in culture, and if so, to identify signaling pathways that may be

involved in the process. We have shown that expression of oi2-R179C, or

gip2, causes transformation of Rat-1 fibroblasts, and that activation of Giz in

CHO-K1 cells leads to activation of the MAPK signaling cascade. These results

support the hypothesis that gip2 is an oncogene, and suggest that gip2 exerts

its oncogenic effect by constitutive activation of the MAPK cascade. We have

not specifically demonstrated that activation of the MAPK cascade accounts

for gip2's oncogenic effect in human tumors, nor that this pathway is

involved in the transformation of Rat-1 cells by gip2. There is ample

evidence, however, that constitutive activation of the MAPK cascade

correlates with cellular transformation in culture and in vivo. In short,

protooncogene products not only comprise steps of the cascade (eg. Raf-1), but

also lie upstream (eg. receptor tyrosine kinases, c-Src, and Ras) and

downstream (eg. c-Jun, c-Fos, c-Myc, and Elk-1) of the cascade (Blenis, 1993);

recently, constitutively active MEK was shown to transform cells in culture

(Mansour, et al., 1994, and references therein). Moreover, Gupta, et al. (1992)

and Gardner, et al. (1993) have demonstrated that basal levels of MAPK and

MEK are elevated in gip2-transformed Rat-1 cells. As a common signaling

pathway activated by many different oncogenes, the MAPK cascade is very

likely to be involved in neoplastic transformation, including that induced by

gip2.

Several projects could be undertaken to continue this work. Two

general topics are (i) the mechanism of gip2-induced transformation of Rat-1
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cells, and (ii) the mechanism of Giz activation of the MAPK cascade in CHO

K1 cells. Specific questions that could be addressed and approaches towards

solving those questions are described below.

The mechanism of gip2-induced transformation of Rat-1 cells

(a) Does receptor activation of Giz lead to activation of the MAPK cascade in

Rat-1 cells? Which components of the cascade are activated?

A similar approach to that described in Chapter 3 for CHO-K1 cells can

be applied to Rat-1 cells, whereby the PTX-insensitive oi2 mutant oi2EECS is

transiently transfected with a Gi-coupled receptor, so that Giz can be

specifically activated. Transient transfection (rather than stable expression) is

desirable for these types of experiments because high expression levels of

oi2EECS may be needed to generate a strong receptor-activated signal in the

presence of PTX. We attempted both stable and transient expression in Rat-1

cells prior to working with CHO-K1 cells, but were not able to achieve

adequate expression of the O. subunits. Recently, however, Tatyana Voyno

Yasenetskaya (of the Bourne lab) has discovered that Rat-1 cells from a

different source than those we used can be transiently transfected with fairly

high efficiency (personal communication); these new Rat-1 cells would be

useful for the experiments described here. Specifically, one could determine

whether activation of Giz leads to activation of Ras, any of the Raf isoforms,

MEKK, MEK, MAPK, and PI3K. These experiments would establish whether

Gi2 actually activates the MAPK pathway in these cells (as suggested from the

gip2-transformed cells) and therefore whether activation of the pathway is a
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potential mechanism for gip2-induced transformation. It would also be

interesting to see whether the "Ras paradox" observed in CHO-K1 cells (in

which dominant-negative Ras blocks Giz activation of MAPK, yet Giz does

not activate Ras) occurs in Rat-1 cells as well.

(b) Does gip2 transform Rat-1 cells by activation of the MAPK cascade?

If Giz does activate the MAPK cascade in Rat-1 cells, then dominant

negative mutants of MAPK and/or MEK could be used to look at the role of

the pathway in gip2-mediated transformation. Dominant-negative MAPK

and MEK mutants result from changing regulatory serines or threonines to

alanine, and when an active site lysine is changed to aspartic acid (Pagès, et al.,

1993; Seger, et al., 1994). One could determine whether expression of these

mutants reverts gip2-transformed cells to a non-transformed phenotype.

Since transformation assays usually involve assessment of growth under

certain conditions, and since transiently transfected cells usually do not

proliferate, the best way to do these experiments would be to stably express, in

gip2-transformed cells, constructs in which the dominant-negative kinases

are driven by inducible promoters. Then, one could test whether the

increased growth rate of gip2-transformed cells, or their ability to grow in soft

agar, is reduced by interfering with the MAPK cascade.

It would also be informative to determine whether prolonged

activation of MAPK is sufficient to transform Rat-1 cells, by stable expression

of constitutively active mutants of MEK and MAPK. Such information

would help to interpret the findings of the experiments described above.



(c) Does gip2-induced transformation of Rat-1 cells involve By signal
transduction?

Chapter 3 discusses the potential role that By plays in gip2-mediated

transformation. An approach similar to that described above for the

dominant-negative kinases can be used to determine whether induced

expression of the BY antagonist BARK1-(495-689) reverses the transformed

phenotype of gip2-expressing cells. The O. subunit of tranducin (ot), which

has also been shown to antagonize By function in some cases, presumably by

sequestration (Federman, et al., 1992; Crespo, et al., 1994), could also be tested

for its ability to inhibit the transformed phenotype.

The mechanism of Giz activation of the MAPK cascade in CHO-K1 cell

(a) Do CHO-K1 cells express a By-responsive PI3K? Does activation of Giz

lead to an increase in PI3K activity? If so, is this activation inhibited by

expression of BARK1-(495-689)?

Stephens, et al. (1994) describe the detection and partial purification of a

BY-sensitive PI3K from myeloid-derived cells. Their approach involved

adding purified bovine brain BY subunits (originating predominantly from Gi

and Go) to either crude lysates, various cellular fractions and extracts, or

partially purified protein fractions, and performing in vitro PI3K assays. A

similar approach could be taken to determine whether CHO-K1 cells express a

BY-sensitive PI3K. To determine whether Giz activates PI3K, the A1R/o.12

EECS system could be used to specifically activate Giz and test for both

increased cellular PIP3 levels and increased PI3K activity in lysates. If Giz does

stimulate a PI3K activity, coexpression of BARK1-(495-689) and/or ot (see
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above) would reveal whether the effect were due to release of BY. One could

also test whether transient overexpression of various combinations of 3 and Y

subunits in CHO-K1 cells causes an increase in PI3K activity, although such

an approach to look for other effects of BY has only been reported in COS-7

cells, possibly due to a need for extremely high expression levels of free BY
dimers.

(b) Do CHO-K1 cells express a novel activator of MEK?

Since Giz does not appear to appreciably activate any of the known

MEK activators, it is possible that CHO-K1 cells express an as yet unidentified

MEK kinase. Two standard approaches could be used to find such an activity.

An activity that phosphorylates kinase-deficient MEK could be tested for in

lysates and various fractions from cells in which Giz had been activated. If a

Giz-responsive activity were observed, one would try to purify and eventually

clone it. Another standard approach would be to attempt to clone the new

kinase (preferably from a CHO cell cDNA library) based on homology with

known MEK activators, as was done for the cloning of MEKK (Lange-Carter,

et al., 1993). A third approach would be to use the yeast two-hybrid system to

identify proteins expressed from a CHO cell cDNA library that interact with a

dominant-negative MEK mutant in which the regulatory serines at codons

218 and 222 are changed to alanine (Seger, et al., 1994). The rationale for using

dominant-negative MEK as "bait" is based on experiments of Moodie, et al.

(1994), which suggest that phosphorylation and activation of MEK1 by B-Raf

causes release of MEK1 from B-Raf. The phosphorylation site mutant MEK

may therefore bind its upstream activator more tightly than wild-type MEK,

since it cannot be phosphorylated, and therefore may not be released as easily

(which may account for its dominant-negative activity). If a potential MEK
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activator were cloned by either of these last two approaches, one would then

develop methods for testing whether the new kinase actually phophorylates

MEK, and whether it is activated in cells by the Giz pathway.

(c) What is the mechanism of N17ras inhibition of Giz-induced activation

of MAPK?

One could begin by using a more sensitive assay for Ras activation than

that described in Chapter 3, to test whether Giz causes a weak activation of Ras

not previously detected. Scheele, et al. (1995) have devised a nucleoside

diphosphate kinase-linked method to measure absolute amounts of Ras

bound GDP and GTP in cells. Using this method, they found that in parental

NIH 3T3 cells grown to confluence in serum, « 0.3% of Ras is GTP-bound, an

amount much lower than the 5-10% GTP-bound Ras which the 32PO4

incorporation method typically estimates for quiescent cells. The enzyme

linked method should therefore be able to detect a weak activation of Ras by

Giz if it were to happen. If Giz activation of Ras is still not observed, other

possibilities to account for the action of N17ras would have to be explored.

Two models worth testing are as follows: (i) an exchange factor performs a

second function (other than stimulating Ras guanine nucleotide exchange)

required for Giz activation of the MAPK cascade; N17ras inhibits the exchange

factor's ability to perform this function; (ii) Giz activates the MAPK pathway

by a mechanism distinct from activation of Ras, yet requires a basal level of

RasGTP in parallel to do so; N17ras competes with cellular Ras for binding to

the exchange factor and thereby reduces cellular RasGTP levels. To test the

first model, one could determine whether overexpression of an exchange

factor such as Sos or Ras-GRF can rescue activation of MAPK by Giz in the
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presence of N17ras. This would only reveal whether or not the particular

exchange factor used could fulfill the role played by an endogenous factor; it

would not indicate how the exchange factor is working. If an exchange factor

that functions in this manner is found, one would then try to determine

whether anything happens to it upon activation of Giz, such as

phosphorylation, translocation, association with or dissociation from another

protein, etc. To test the second model, one could determine whether

cotransfection of very small amounts of an activated Ras mutant, too little to

activate the MAPK pathway on its own, rescues N17ras-inhibited Giz
activation of MAPK. The Ras mutant alanine 146 -? valine has a decreased

affinity for GDP and thereby is activated by increased basal guanine nucleotide

exchange (Feig and Cooper, 1988b). This mutant would be appropriate for the

experiment described here, since it would not be dependent on an exchange
factor for activation.

More broadly, the types of experiments described in Chapters 2 and 3

could be performed on other members of the Gi family, in particular to

highlight similarities and differences between the three oi subtypes, which

share > 85% sequence identity. Transformation assays with constitutively

active mutants of oil and oia would provide an indication of whether these G

proteins, like oi2, have the potential to be oncogenic. With PTX-insensitive

versions of Oil and 0.13 in addition to 0.12, comparisons of the signaling

capabilities of Gil, Giz, and Giã can be made. Identifying differences in

receptor and effector coupling between the Gi proteins may be helpful in

assigning functional roles to structural elements that differ between the

subtypes.
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In closing, I have found that a constitutively active mutant of the O.

subunit of Giz, 0.12-R179C, causes neoplastic transformation when stably

expressed in Rat-1 fibroblasts. This supports the hypothesis that the same

mutant identified in human tumors played a role in the formation of those

tumors, and justifies the classification of this mutant as the gip2 oncogene. I

have also found that receptor activation of Giz in CHO-K1 cells leads to

activation of the MAPK pathway. Giz-induced activation of the MAPK

cascade appears to involve BY and the activation of a PI3K activity.

Furthermore, based on evidence with dominant-negative Ras, activation of

the cascade by Giz may involve the Ras pathway, although Giz activation of

Ras is not detected by a commonly used assay. It is possible that Giz-induced

activation of the MAPK pathway is the mechanism by which gip2 induces

neoplastic growth. Further experiments are needed to reveal the molecular

steps between activation of Giz and stimulation of the MAPK cascade, and to

investigate the involvement of the MAPK pathway in gip2-induced
transformation.
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