Wi

15. K. A. Lord et al., ibid., p. 4371.

16. M. Murakami et al., Proc. Natl. Acad. Sci. U.S.A.
88, 11349 (1991).

17. T. Taga et al., ibid. 89, 10998 (1992).

18. |. Firmbach-Kraft, M. Byers, T. Shows, R. Dalla-
Favera, J. J. Krolewski, Oncogene 5, 1329 (1990).

19. A. F. Wilks et al., Mol. Cell. Biol. 11, 2057 (1991).

20. A. G. Harpur, A.-C. Andres, A. Ziemiecki, R. R.
Aston, A. F. Wilks, Oncogene 7, 1347 (1992).

21. O. Silvennoinen et al., Proc. Natl. Acad. Sci.

. US.A 90, 8429 (1993).

22. L. Velazquez, M. Fellous, G. R. Stark, S. Pellegrini,
Cell 70, 313 (1992).

23. B. A. Witthuhn et al., ibid. 74, 227 (1993).

24. L. S. Argetsinger et al., ibid., p. 237.

25. A. D. Beyers, L. L. Spruyt, A. F. Williams, Proc.
Natl. Acad. Sci. U.S.A. 89, 2945 (1992).

26. M. Muller et al., Nature 366, 129 (1993).

27. D. Watling et al., ibid., p. 166.

28. N. Stahl, unpublished data.

29. The ability to detect the fainter gp130-LIFRB—
associated protein in receptor complexes varied
between experiments. Under different lysis condi-
tions than those depicted for lanes 2 and 6 in Fig.
2B (with Brij 96 instead of Triton X-100), it was
possible to detect the associated B components
co-immunoprecipitating with the antiserum to
Jak1.

30. S. Davis et al., Science 253, 59 (1991).

31. The increase in phosphorylation observed upon
co-expression of Jak1 and Jak2 is most likely an
additive effect of a higher total amount of kinase
(Fig. 3B). Further overexpression of either Jak1,
Jak2, or Tyk2 (achieved by increasing the amount
of plasmid transfected) resulted in constitutive
phosphorylation of both the Jak kinases and the
co-expressed B subunit (Fig. 3B).

32. N. Stanhl, L. Velazquez, S. Pellegrini, G. D. Yanco-
poulos, unpublished data.

33. E. Eisenman and J. B. Bolen, Nature 355, 78
(1992).

SRR

34. J. B. Bolen, Oncogene 8, 2025 (1993).

35. O. Silvennoinen and J. N. Ihle, unpublished data.

36. We tested immunoprecipitates for in vitro tyrosine
kinase activity by incubating the washed beads
for 15 min at room temperature in 20 mM Hepes
(pH 7.2), 10 mM MnCl,, 30 pM sodium orthovan-
adate, 0.1% Birij 96, and 10 p.Ci of [y-32P]adenos-
ine triphosphate (6000 Ci/mmol; NEN Dupont).
The kinase assays were stopped with electropho-
resis sample buffer, and the samples were boiled,
subjected to SDS—polyacrylamide gel electropho-
resis, and electroblotted to Immobilon P (Milli-
pore). The membrane was then incubated in 1 M
NaOH at 65°C for 60 min to eliminate serine and
threonine phosphorylation before autoradiogra-

phy.

37. The Jak1 (Fig. 2, A through D) and Jak2 antisera
were as described (217); the Jak1 antiserum used
for Fig. 2E was raised in rabbits against an
NH,-terminal peptide (35). Rabbit antiserum to
Tyk2 was raised and affinity-purified against an
engineered  glutathione-S-transferase  fusion
product containing a portion of human Tyk2.

38. G. I. Evan, G. K. Lewis, G. Ramsay, J. M. Bishop,
Mol. Cell. Biol. 5, 3610 (1985).

39. We thank L. S. Schleifer, Y. Ourania, and the
entire Regeneron community for their enthusiasm
and support; M. J. Macchi, R. Rossman, L. De-
Feo, and J. Cruz Jr. for tissue culture expertise; D.
M. Valenzuela, J. Griffiths, and C. New for help
with molecular cloning technologies; D. Mahoney
and L. Crawford for assistance with graphics; and
L. Pan for excellent technical assistance. The
work by BAAW., FW.Q, O.S., and J.N.I. was
supported in part by the National Cancer Institute
Center Support grant P30 CA21765, by grant RO1
DK42932 from the National Institute of Diabetes
and Digestive and Kidney Diseases, and by the
American Lebanese Syrian Associated Charities.

29 September 1993; accepted 19 November 1993

Targeting of Go,, to the Golgi by Alternative
Spliced Carboxyl-Terminal Region

Jean-Pierre Montmayeur* and Emiliana Borrellit

Heterotrimeric guanosine triphosphate (GTP)-binding proteins (G proteins) may partici-
pate in membrane traffic events. A complementary DNA (cDNA) was isolated from a mouse
pituitary cDNA library that corresponded to an alternatively spliced form of the gene
encoding the G protein alpha subunit Go,,. The cDNA was identical to that encoding Go,,
except that the region encoding for the carboxyl-terminal 24 amino acids was replaced by
alonger region encoding 35 amino acids that have no sequence similarity with Go;, or other
members of the G protein family. This alternative spliced product and the corresponding
protein (sG,,) were present in several tissues. Specific antibodies revealed that sG,, was
localized in the Golgi apparatus, suggesting a role in membrane transport. Thus, alternative
splicing may generate from a single gene two G protein alpha subunits with differential

cellular localization and function.

Proteins that bind GTP participate in the
control of many cellular events (I1). GTP-
binding proteins are divided into two classes:
the small Ras-related GTP-binding proteins
and the heterotrimeric GTP-binding proteins
(G proteins). Genetic and biochemical stud-
ies in yeast have shown that the first class
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participates in membrane trafficking (2). In
mammalian cells this role has been assigned to
members of the Arf and Rab families of small
GTP-binding proteins (2). Heterotrimeric G
proteins have classically been defined as the
intracellular transducers of signals at the cell
surface. However, they also appear to partic-
ipate in the regulation of membrane traffick-
ing events (3-5). A nonhydrolyzable analog
of GTP, GTP-y-S, stimulates GTP-binding
proteins and inhibits membrane transport.
This effect was thought to result from activa-
tion of monomeric GTP-binding proteins.
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However, AlF,~, a compound that activates
heterotrimeric but not monomeric GTP-bind-
ing proteins, has the same effect as GTP-y-S
on membrane trafficking (3). These and other
results suggest that heterotrimeric GTP-bind-
ing proteins can also influence transport in
both secretory and endocytic pathways (4-7).
Two G proteins, Goy; (8, 9) and Ga, (10),
have been shown to be associated with the
Golgi apparatus and their activation modifies
the transport of proteins (9, 10).

The data presented in this paper demon-
strate the existence of a protein generated
by alternative splicing of the gene encoding
Gay, (G,,). The alternatively spliced tran-
script encodes a protein with a different
COOH-terminus that confers localization
in the Golgi apparatus. The alternative
localization of this form of G,;, which we
term sG,,, suggests that this protein may
function in the control of membrane trans-
port events.

We screened a mouse pituitary cDNA
library (11) at low stringency (40% forma-
mide, 42°C) with a G,, cDNA fragment
including sequences conserved between the
three inhibitory G protein a subunits (amino
acids 200 to 320) (12) and isolated several
cDNA:s. Three isoforms of G;, were obtained.
Two of the cDNAs incorporated an alterna-
tive 3’ untranslated region and corresponded
to previously described cDNAs (Fig. 1) (12,
13). The third isoform is identical to G,,
through the coding region until amino acid
position 331, where the remainder of the
COOH-terminal coding region is substituted
by a different sequence that encodes 35 amino
acids, resulting in an open reading frame of
366 amino acids (Fig. 1). The nucleotide and
amino acid sequences of this segment are not
similar to those of other G proteins.

To determine the genomic structure of
the 3’ region of the mouse G,, gene, a
genomic library was screened with an Xba
I-Xho I fragment (Fig. 1) containing the
divergent COOH-terminal fragment of
sG,,. This fragment contains the sequences
from the Xba I site of sG;,, 3’ to the end of
the cDNA. In the human genome the G;,
gene is encoded by nine exons (14). The
eighth and ninth exons contain the
COOH-terminal portion of the coding re-
gion and the 3’ untranslated sequences,
respectively (14). Accordingly, we isolated
two phages containing the corresponding
region from the mouse genome and deter-
mined the sequences of exons 8 and 9 and
the boundaries of intron 8 (Fig. 1C). By
comparison with the cDNA sequences, we
established that the alternative 3’ region
present in sG,, is derived from exon 9 and
so results from alternative splicing. Both
the predicted donor and acceptor splice
sites that generate this isoform are nonca-
nonical.

We confirmed the existence of sG;, by
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reverse transcriptase—polymerase chain re-
action (RT-PCR) analysis (15). The
COOH-terminal region of G;, was ampli-
fied from pituitary RNA (Fig. 1B). The
analysis confirmed the presence of three
fragments of different length, which corre-
spond to the two previously described G,

used ribonuclease protection assays (16) for
quantitative analysis of the distribution and
expression of sG,, relative to G,,. The sG,,
transcript was present in all the tissues
analyzed, and the amount of its expression
was proportional to that of G, (Fig. 2). We
confirmed the open reading frame of the

cDNAs (12, 13) and the sG,, form. We also  putative sG,, protein by translating the sG,,

™
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Fig. 1. Molecular structure of sG,,. (A) Schematic representation of the 3’ end of the gene encoding
G, and sG,, (top) and the cDNAs (below). Exon 8 contains the coding sequence from nucleotides
877 to 1091. This region includes the TGA sequence and 23 nucleotides of the 3' untranslated
region. Exon 9 contains the remainder of the 3’ untranslated sequence of the gene. (B) PCR
analysis of mouse genomic DNA and RNA from pituitary gland. The 854-bp fragment corresponds
to G, (12), whereas the 476-bp band corresponds to a 3' alternative splicing variant generated by
the use of an acceptor site labeled by an asterisk in (A) and (C); this splicing variant lacks the first
378 bp of exon 9 (13). The 222-bp fragment corresponds to sG,,. (C) Nucleotide sequence of the
3’ end of the gene encoding G, and sG,. The sequence displayed extends from the Bgl Il site to
the 3’ end of exon 8, the junction of intron 8, and the complete exon 9 sequence of the mouse G,
gene. Triplets in bold represent the sG,, coding region; lines indicate the donor and acceptor sites.
The capital letters represent the G, mRNA sequences. The asterisk refers to an additional splice
variant acceptor site that deletes parts of the 3’ untranslated sequence of G, (73). (D) Amino acid
sequence of the COOH-terminus of G, extending from amino acid 326 aligned with the COOH-
terminus of sGj,.
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cDNA in vitro (17). The product migrated
more slowly than G;, (Fig. 3A), confirming
its predicted larger molecular size. Polyclo-
nal antibodies were raised to a peptide
corresponding to the first 15 COOH-termi-
nal amino acids specific to sG,,. With this
antibody, anti-sG,, (Fig. 3B), we detected a
band of ~42 kD in membrane extracts from
brain and pituitary. This protein comi-
grated precisely with a band obtained from
extracts of cultured cells transfected with an
expression vector containing sG;, cDNA
(Fig. 3B). The anti-sG,, is able to immu-
noprecipitate sG,, produced by in vitro
translation (Fig. 3A). The anti-sG,;, was
blocked only by the specific peptide (Fig.
3C). The observation that sG,, is widely
expressed suggests that it has a basic func-
tion. Overexpression of sG;, in different
cell lines did not alter the intracellular
concentration of adenosine 3’,5'-mono-
phosphate (cAMP) or inositol phosphates
(18). Also, sG,, lacks the site of adenosine
diphosphate (ADP)-ribosylation by pertus-
sis toxin (PTX), which is the hallmark of
the inhibitory G proteins (19). Therefore,
this G protein probably cannot be inacti-
vated by PTX.

To study whether the alternative

———

-—110

Hisuﬂ:—rgp.r ?
L -

Fig. 2. Distribution of sG,, in various tissues.
The tissues analyzed are indicated. (A) A cDNA
fragment of sG, extending from the Bgl Il site to
20 bp downstream from the TGA was used as a
probe. Ribonuclease protection reactions (28)
included yeast tRNA (10 p.g) as control or total
RNA (10 pg) from various tissues. The fully
protected fragment of sG,, was 164 nucleotides
long. Two G,,-specific fragments were ob-
tained, a large fragment (127 nucleotides),
which is protected from the Xba | site to the 3’
end, and a 35-nucleotide fragment, which cor-
responds to a protected fragment extending
from the Bgl Il site to the Xba | site, where
splicing takes place. The smaller fragment is
not resolved on this gel. The positions of four
molecular size marker fragments are shown (M
in base pairs). A riboprobe hybridizing to the
histone H4MRNA was used as an internal con-
trol to standardize the amount of RNA used in
each sample. Samples were analyzed on a 6%
acrylamide denaturing gel.



COQOH-terminal region of sG,, could affect
the subcellular localization of the protein,
we did immunocytochemical analysis of
COS-7 cells and JEG-3 cells. JEG-3 cells do
not express G;, (20, 21) and were used as
negative controls, whereas COS-7 cells con-
stitutively express the gene (20). Although
no immunoreactivity was detected in JEG-3
cells (18), the analysis of COS-7 cells re-
vealed a labeling of intracellular membrane
compartments, most likely the Golgi appa-
ratus (Fig. 4, B, D, and F). In contrast,
immunostaining of COS-7 cells with the
G,,-specific antibody AS7 (anti-G;;) (22)
highlighted mainly the plasma membrane
(Fig. 4A). The anti-G,; recognizes the
COOH-terminal decapeptide of G, and
therefore does not cross-react with sG,,.

To document the Golgi localization of
sG,,, we treated COS-7 cells with a fluo-
rescent (Bodipy) ceramide analog that has
been shown to stain the Golgi apparatus
(23). The staining of the Golgi by this
method was comparable to that obtained
with the anti-sG,, (Fig. 4, C and D). In
addition to the Golgi, some other vesicular
structures were labeled with both ceramide
and anti-sG,;, although they were brighter
with anti-sG;,. A minor perinuclear stain-
ing was visible with anti-sG;,, possibly due
to the labeling of the endoplasmic reticu-
lum or to extensions of the Golgi apparatus
not evidentiated by ceramide. The localiza-
tion of sG,, was further characterized by
double staining experiments with monoclo-
nal antibody to B-COP (anti—B-COP) and
anti-sG,,. The protein B-COP is associated
with the Golgi apparatus and nonclathrin
coated vesicles (24). Double staining exper-
iments of fixed COS-7 cells with anti--
COP and anti-sG;, demonstrated that the
two antigens colocalize in the same cellular
compartment (Fig. 4, E and F).

The finding that B-COP and sG;, colo-
calize in the same cellular compartment is
of interest because it has been shown that
B-COP needs the participation of a hetero-
trimeric G protein to initiate its association
to the membrane (5). The COOH-terminal
portion of G;;, in common with that por-
tion of other G proteins, mediates coupling
of these proteins to membrane receptors,
and this interaction is essential for G pro-
tein activation (19, 25, 26). Thus, because
the conserved COOH-terminal region in
sG;; has been replaced, the specificity of
interaction with membrane receptors may
be modified or abolished.

The COOH-terminal 24 amino acids of
G proteins mediate coupling of certain G
protein—coupled membrane receptors to the
appropriate intracellular effector. Switching
of the COOH-terminal amino acids of the
G protein Ga,, with the corresponding re-
gion of G;, confers on the dopamine D2 and
adenosine 1 receptors, inhibitors of the

Fig. 3. Characterization of the sG,, protein. (A) In A
vitro translation of the vector alone (lane 1), G,
(lane 2), and sG;, (lane 3) RNA. The product of

sG;, is larger than that obtained by the transla- 97
tion of G,,. The predicted sizes are 41.5 kD for -
sG;, and 40.5 kD for G;,. Immunoprecipitations 46
of the in vitro-translated G, and sG;, proteins —
with anti-sG;, (lanes 4 and 5) and anti-G;, (lanes 30

6 and 7). Each antibody immunoprecipitated
only the specific protein. (B) Protein immunoblot ‘

analysis of transfected and endogenous sGi, Txn: 18 74 8 185 1F
protein. Membranes were prepared as de-

scribed (271). JEG-3 cells transfected with the

sG,, expression vector (lane 1) or untransfected B c
(lane 2) and membranes from brain (lane 3) and o7

pituitary (lane 4). A band of the expected size 69 7
was detected in transfected JEG-3 cells, which @

do not endogenously express the G, gene (20,
21), and in brain and pituitary. The immunopre-
cipitation and immunoblot were done with anti- 3¢

30
sGj,, the rabbit polyclonal antibody 293, at a 4 -

dilution of 1:100. (C) The specificity of anti-sG,, i 2

was tested by peptide competition. Samples of 46 B el PR L

membranes prepared from mouse brain were

electrophoresed and blotted. Strips of the blot were then incubated with preimmune serum (lane 1),
anti-sG;, (lane 2), anti-sGj, in the presence of the peptide used for the immunization (lane 3), and
anti-sG, in the presence of a nonspecific peptide (lane 4). Molecular sizes (in kilodaltons) are
indicated.

Fig. 4. Immunocytochemical localization of sG,,. (A) Immunostaining of fixed COS-7 cells with
anti-G, (AS7) and anti-sG,, (B). (C) Bodipy ceramide staining of living COS-7 cells compared with
anti-sG,, staining of fixed cells (D). Double staining of COS-7 cells with antibodies to -COP (M3A5)
(24) (E) or sG,, (F). Cells were processed as described (29).
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adenylyl cyclase (20, 25), the ability to
activate phospholipase C (25). In sG,, this
whole region is substituted by a different
35-amino acid segment. This segment con-
fers on sG,, a subcellular localization differ-
ent from that of G,,. This mechanism
closely resembles that for localization of
‘members of the Rab family (27), small
"GTP-binding proteins also implicated in
intracellular transport. The exchange of the
COOH-terminal 35 amino acids between
Rab5 and Rab7, two proteins localized in
the early and late endosomes, respectively,
retargets them to the subcellular compart-
ment associated with the corresponding
COOH-terminus (27). The COOH-termi-
nus may recognize specific receptors in the
appropriate compartment.

The presence of the alternative COOH-
terminal domain in sG;, may imply the
existence of organelle-specific receptors in-
volved in its recognition. The function of
this protein might be synergistic with that
of other GTP-binding proteins in the regu-
lation of membrane transport mechanisms.
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The Met Proto-Oncogene Mesenchymal to
Epithelial Cell Conversion

llan Tsarfaty, Sing Rong, James H. Resau, Shen Rulong,
Pedro Pinto da Silva, George F. Vande Woude*

Coexpression of the human Met receptor and its ligand, hepatocyte growth factor/scatter
factor (HGF/SF), in NIH 3T3 fibroblasts causes the cells to become tumorigenic in nude
mice. The resultant tumors display lumen-like morphology, contain carcinoma-like focal
areas with intercellular junctions resembling desmosomes, and coexpress epithelial (cy-
tokeratin) and mésenchymal (vimentin) cytoskeletal markers. The tumor cells also display
enhanced expression of desmosomal and tight-junction proteins. The apparent mesen-
chymal to epithelial conversion of the tumor cells mimics the conversion that occurs during
embryonic kidney development, suggesting that Met-HGF/SF signaling plays a role in this
process as well as in tumors that express both epithelial and mesenchymal markers.

The met proto-oncogene product (Met) is
a member of the family of tyrosine kinase
growth factor receptors (1, 2), and its li-
gand is hepatocyte growth factor/scatter
factor (HGF/SF) (3-5). HGF/SF mediates

liver regeneration in vivo (6), induces dif-

|. Tsarfaty, S. Rong, J. H. Resau, S. Rulong, G. F.
Vande Woude, ABL-Basic Research Program, Nation-
al Cancer Institute (NCl)—Frederick Cancer Research
and Development Center, P.O. Box B, Frederick, MD
21702-1201.

P. Pinto da Silva, Membrane Biology Section, Labora-
tory of Mathematical Biology, NCI-Division of Cancer

. Biology, Diagnosis, and Centers, Intramural Research

Program, Frederick, MD 21702.
*To whom correspondence should be addressed.

SCIENCE ¢ VOL. 263 ¢ 7]JANUARY 1994

ferentiation of Madin-Darby canine kidney
(MDCK) epithelial cells into branching
tubules (7), and promotes epithelial cell
motility and invasiveness in vitro (5, 8).
Two lines of evidence (9) suggest that Met
is involved in the formation and mainte-
nance of epithelial lumenal structures: (i)
Met is expressed in epithelial cells border-
ing lumenal structures in a variety of tis-
sues, including cells that border the mam-
mary duct, and (ii) treatment of certain
carcinoma cell lines with human HGF/SF
(HGF/SF™) induces the formation of lum-
enal structures in vitro.

NIH 373 cells produce murine HGF/SF™






