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ABSTRACT The human mas oncogene was originally de-
tected by its ability to transform NIH 3T3 cells. We previously
showed that the protein encoded by this gene is unique among
cellular oncogene products in that it has seven hydrophobic
potential transmembrane domains and shares strong sequence
similarity with a family of hormone-receptor proteins. We have
now cloned the rat homolog of the mas oncogene, determined its
DNA sequence, and examined its expression in various rat tissues.
A comparison of the predicted sequences of the rat and human
mas proteins shows that they are highly conserved, except in their
hydrophilic amino-terminal domains. Qur examination of the
expression of mas, determined by RNA-protection studies, indi-
cates that high levels of mas RNA transcripts are present in the
hippocampus and cerebral cortex of the brain, but not in other
neural regions or in other tissues. This pattern of expression and
the similarity of mas protein to known receptor proteins suggest
that mas encodes a receptor that is involved in the normal
neurophysiology and/or development of specific neural tissues.

The human mas oncogene was originally detected by its
ability to render NIH 3T3 cells tumorigenic in nude mice (1).
This gene encodes a protein that is unique among cellular
oncogene products both in its structure and in its transform-
ing properties (1, 2). The mas protein shares a close structural
similarity with a group of transmitter and hormone receptors
that includes the visual opsins (3), the a,-, 8;-, and B,-ad-
renergic receptors (4-7), the M1 and M2 muscarinic acetyl-
choline receptors (8, 9), and the substance K receptor (10).
The mas protein and these receptors exhibit similar hydro-
phobicity patterns that predict seven distinct transmembrane
domains. Furthermore, these sequences all share limited
amino acid sequence homology, which suggests that they
may have been derived from a common ancestral gene (3, 8-
12). In addition to their structural similarity, several of these
receptors have been shown to be linked to second-messenger
pathways through the activation of guanine nucleotide-
binding regulatory proteins (G proteins). Based on these
similarities, the mas protein may also be a receptor that
activates a G protein. To provide additional information on
the normal role of the mas gene, we have studied its pattern
of expression in rat tissues. In this paper, we describe t' :
cloning and DNA sequence? of the rat homolog of the mus
oncogene and demonstrate its high-level expression in the
hippocampus and cerebral cortex but not in other regions of
the rat brain.

MATERIALS AND METHODS

DNA Sequencing. DN A sequences were determined in both
orientations by the dideoxynucleotide chain-terminating
method (13).
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RNA Purification. Tissues were dissected from Sprague—
Dawley rats (100-150). Brains were dissected according to
the procedure of Glowinski and Iversen (14). RNA was
purified from rat tissues by published procedures (15, 16).
Frozen tissue was solubilized in 7.6 M guanidine hydrochlo-
ride (Fluka)/5S0 mM potassium acetate, pH 5.5, with a
Polytron (Brinkmann). Ethanol (0.6 volume) was added and
RNA was selectively precipitated at —20°C for several hours.
After centrifugation in an International Equipment DPR-6000
centrifuge at 3000 X g for 15 min, the RNA pellet was
dissolved in the same guanidine hydrochloride buffer by brief
heating at 60°C, extracted with phenol/chloroform (1:1,
vol/vol) several times, and precipitated as described above.
The RNA pellet was dissolved in the same buffer, precip-
itated a third time, and dissolved in 10 mM Tris‘HCI buffer
(pH 7.2).

RNA Probes and Hybridization. SP6 RNA polymerase
(Boehringer Mannheim) was used as described (17, 18) to
make 3?P-labeled RNA transcripts from a clone, pSPRS2,
which contains a 406-base-pair fragment of the rat mas coding
region cloned in the antisense orientation relative to the SP6
promoter. Prior to in vitro transcription, the DNA template
was linearized with Pvu II restriction endonuclease, which
cuts at a single site about 600 base pai.'» downstream from the
SP6 promoter. Thus, transcription by SP6 polymerase gen-
erated 600-base-long RNA transcripts. This labeled RNA
probe was hybridized to 25 ug of total RNA from rat tissue
in 30 ul of 80% (vol/vol) formamide/400 mM NaCl/1 mM
EDTA/40 mM Pipes, pH 6.4, at 50°C for 12-16 hr. The RNA
was then treated with RNases T1 and T2 (Bethesda Research
Laboratories) in 300 ul of 50 mM sodium acetate/2 mM
EDTA/100 mM sodium chloride, pH 5.0, for 60 min at 30°C
to digest unhybridized RNA. Samples were then extracted
with phenol/chloroform (1:1) three times, precipitated with 8
ugof tRNA, and electrophoresed in a 4% polyacrylamide gel
containing 8 M urea. The gel was dried and exposed to Kodak
XAR-S film.

RESULTS

Cloning and Sequence of the Rat mas Gene. We cloned the
rat homolog of the mas oncogene primarily to use it as a probe
for studying mas expression in rat tissues. Blot analysis of
EcoRI-cleaved rat genomic DNA showed that a single 5-
kilobase fragment hybridized to a nick-translated, 3?P-labeled
human mas probe (data not shown). To clone this DNA
sequence, EcoRl-cleaved rat DNA was fractionated by
electrophoresis in a 1% agarose gel and the DNA was purified
from the region of the gel that contained the hybridizing DNA

Abbreviation: G protein, guanine nucleotide-binding regulatory pro-
tein.

#The sequence reported in this paper is being deposited in the
EMBL/GenBank data base (IntelliGenetics, Mountain View, CA,
and Eur. Mol. Biol. Lab., Heidelberg) (accession no. J03823).
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fragment. A library was constructed from this DNA in the
Agt10 vector (19), and clones that hybridized to a human mas
probe were isolated from this library. One of these clones,
pRM1, was sequenced and found to contain an open reading
frame encoding a protein that is highly homologous to the
human mas protein. Like the human mas gene, the rat ho-
molog appears not to have introns in its coding region. This
is a property shared by several other genes encoding mem-
bers of this family of receptors.

Fig. 1 shows a comparison of the DNA and predicted
amino acid sequences of the rat and human mas gene coding
regions. The rat and human protein sequences are almost
identical except in their amino- and carboxyl-terminal do-
mains. The DNA sequences are 85% identical in the coding
regions, and strong homology extends 36 base pairs upstream
and 80 base pairs downstream from the coding regions. The
rat sequence codes for a protein with 324 amino acid residues,
whereas the human mas protein has 325 amino acid residues.
This difference in length is due to the presence of one
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additional amino acid in the amino-terminal domain of the
human mas protein that is absent in the rat mas protein.
The rat and human proteins share 90% amino acid identity
overall, with most of the differences occurring in the amino-
terminal hydrophilic domains, which are only 52% identical.
The sequence homology that exists between the amino-
terminal domains reflects, in part, the conservation of three
potential N-glycosylation sites. '

The structural similarity between the rat and human mas
proteins suggests that their interactions with ligands and
effector molecules have also been conserved. The hydropho-
bic domains of receptors that are related to the mas protein
are thought to be involved in ligand binding (20-22). In
rhodopsin it has been shown that the photoactive molecule,
retinal, binds within the hydrophobic core of the protein (22).
If the ligand for the mas protein also binds within the
hydrophobic core, then the high conservation of the hydro-
phobic domains of the human and rat mas proteins argues
that they interact with similar or identical ligands.
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The rat and human mas proteins are functionally similar in
their ability to transform NIH 3T3 cells. Clones containing
the Moloney murine leukemia virus promoter linked to the
coding region of either the rat or the human gene are capable
of inducing foci at similar frequencies (data not shown). Cells
transformed by these constructs have a normal morphology
but are very tumorigenic in nude mice (2). Although these
data suggest that the particular sequence differences in the
amino- and carboxyl-terminal domains do not grossly alter
the function of mas protein, they do not rule out the possible
importance of these domains in the normal physiology of mas
protein. v

Detection of mas RNA Transcripts. To assay mas RNA
levels in rat tissues, we used a sensitive RNA-RNA hybrid-
ization procedure that can detect less than 1 copy of mRNA
per cell (17, 18). High-specific-activity antisense transcripts
were made from a short region of the rat mas coding sequence
by using SP6 RNA polymerase. This *2P-labeled RNA probe
was then hybridized to total RNA from rat tissue in solution.
The unhybridized single-stranded RNA was digested with
RNases and the protected double-stranded RNA was re-
solved in a polyacrylamide gel. Fig. 2 shows the results of a
screen for mas RNA transcripts in different rat tissues by this
method. This figure shows that mas is expressed in rat brain
but not at detectable levels in other tissues including pan-
creas, small intestine, heart, spleen, kidney, skeletal muscle,
skin, and liver.

To examine the distribution of mas expression in the brain,
we performed a similar screen with RNA from different re-
gions of the rat brain. Fig. 3 shows that mas RNA transcripts
are present at a high level in the hippocampus and at
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Fi1G. 2. Expression of mas RNA in rat tissues. RNA was purified
and analyzed for mas RNA transcripts by RNase protection. Open
triangle indicates the position of migration in the gel of the full-length
600-base RNA probe. The strong signals, indicated by the solid
triangle, represent the 406-base protected region of the RNA probe
that hybridized to rat mas RNA transcripts. The first lane shows the
result of using tRNA in the hybridization as a negative control. The
second lane shows results for RNA from 15C1, a transfected NIH
3T3 (murine) cell line that expresses the rat mas gene. The other lanes
show results for RNA purified from various rat tissues. Of these
tissues, only brain shows a signal. Although faint signals are some-
times seen with RNA from the other tissues, we have shown in
separate experiments that they are totally eliminated by treatment of
the RNA samples, prior to hybridization, with RNase-free DNase 1
(Worthington) followed by precipitation in 4 M LiCl to remove
residual DNA.
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Fi1G. 3. Expression of mas RNA in rat brain regions. RNA was
purified and analyzed for mas RNA transcripts by RNase protection.
Triangles indicate the positions of migration of the full-length RNA
probe (open .triangle) and the protected probe fragment (solid
triangle), as in Fig. 2. The first lane represents results for RNA from
15C1 (see Fig. 2 legend). The other lanes show results for RNA from
total rat brain and various brain regions.

approximately one-third that level in the cerebral cortex, but
not at appreciable levels in hypothalamus, striatum, medulla
oblongata, cerebellum, or midbrain. By comparing levels of
mas RNA transcripts in the hippocampus with levels in a
transfected cell line, we estimated that mas transcripts
represent roughly 0.005% of mRNA in the hippocampus.

DISCUSSION

The expression of mas in the hippocampus and cerebral
cortex of the brain suggests that the mas-encoded protein
may be a neurotransmitter receptor that is specifically local-
ized in these neural regions. The idea that some oncogenes
may encode neurotransmitter receptors is supported by
observations that certain monoamines and neuropeptides,
such as serotonin, substance P, and substance K, are mito-
genic in culture (23, 24). The binding sites of most neuro-
transmitters have broad distributions that differ from that of
mas RNA transcripts. Nevertheless, ligands that bind to
certain pharmacologically distinct receptors, such as the
phencyclidine receptor (25, 26) and the N-methyl-D-aspartate
and quisqualate receptors (27-29), have high densities of
binding sites in regions of the hippocampus and cerebral cor-
tex. It is conceivable that the mas gene encodes one of these
known receptors.

A number of neurotransmitter receptors related to mas
protein are thought to be coupled to G proteins. G proteins
function as intermediaries in transmembrane signaling path-
ways to modulate a variety of intracellular responses. Ex-
amples of G-protein modulation of biochemical pathways
include the stimulation and inhibition of adenylate cyclase
(30, 31), stimulation of phosphatidylinositol metabolism (32,
33), regulation of K* and Ca?* charinel activities (34), and
stimulation of retinal cGMP phosphodiesterase activity (35).
G proteins may be involved in transducing signals from a
number of hormones and neurotransmitters to effect other
cellular responses. From the similarity of mas protein to a
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number of receptors that are coupled to G proteins, we
suspect that mas function is also mediated by a G protein.

We thank Mike Gilman, Carmen Birchmeier, Shimon Efrat, and
David Julius for advice on RNA purification and hybridization
procedures. This work was supported, in part, by grants from the
National Instjtutes of Health and the American Cancer Society and
by the Pfizer Biomedical Research Award. D.Y. is supported by the
Cancer Research Institute. T.J. is supported by the Howard Hughes
Medical Institute. M.W. is an American Cancer Society Research
Professor.

1.
2.

10.
11.
12.

Young, D., Waitches, G., Birchmeier, C., Fasano, O. & Wigler,
M. (1986) Cell 45, 711-719.

Young, D., Rogers, L., Collicelli, J. & Wigler, M. (1988)
Oncogene Res., in press. -

Nathans, J., Thomas, D. & Hogness, D. S. (1986) Science 232,
193-202.

Dixon, R. A. F,, Kobllka B. K., Strader, D. J., Benovic,
J. L., Dohlman, H G. Frielle, T., Bolanowski, M A., Ben-
nett, C. D., Rands, E., Diehl, R. E., Mumford, R. A., Slater,
E. E., Sigal, I. 8., Caron, M. G., Lefkowitz, R. J. & Strader,
C. D. (1986) Nature (London) 321, 75-79.

Frielle, T., Collins, S., Daniel, K. W., Caron, M. G., Lefko-
witz, R. J. & Kobilka, B. K. (1987) Proc. Natl. Acad. Sci. USA
84, 7920-7927.

Kobilka, B. K., Matsui, H. , Kobilka, T. S., Yang-Feng, T. L.,
Francke, U., Caron M. G., Lefkowitz, R. J. & Regan, J. W
(1987) Science 238, 650—656.

Yarden, Y., Rodriguez, H., Wong, S. K.-F., Brandt, D. R.,
May, D. C., Burnier, J., Harkins, R. N., Chen, E. Y., Rama-
chandran, J., Ullrich, A. & Ross, E. M. (1986) Proc. Natl.
Acad. Sci. USA 83, 6795-6799.

Kubo, T.; Fukuda, K., Mikami, A., Maeda, A., Takahashi, H
Mishina, M., Haga, T., Haga, K., Ichiyama, A., Kangawa, K.,
Kojima, M., Matsuo, H., Hirose, T. & Numa, S. (1986) Nature
(London) 323, 411-416.

Peralta, E. G., Winslow, J. W., Peterson, G. L., Smith, D. H.,
Ashkenazi, A., Ramachandran, J., Schimerlik, M. I. & Capon,
D. J. (1987) Science 236, 600-605.

Masu, Y., Nakayama, K., Tamaki, H., Harada, Y., Kuno, M.
& Nakanishi, S. (1987) Nature (London) 329, 836-838.
Birchmeier, C., Young, D. & Wigler, M. (1986) Cold Spring
Harbor Symp. Quant. Biol. 51, 993-1000.

Dohlman, H. G., Caron, M. G. & Lefkowitz, R. J. (1987)
Biochemistry 26, 2657-2664.

13.
14,
15.
16.

18.

19.

20.

21.

22

23.

24.

25.

26.
27.

29.
30.
31.
32.
33.
34,

35.

Proc. Natl. Acad. Sci. USA 85 (1988)

Sanger, F., Nicklen, S. & Coulson, A. R. (1977) Proc. Natl.
Acad. Sci. USA 74, 5463-5467.

Glowinski, J. & Iversen, L. L. (1966) J. Neurochem. 13, 655—
669.

Chirgwin, J. M., Przybyla, A. E., MacDonald, R. J. & Rutter,
W. J. (1979) Biochemistry 18, 5294-5299.

Lizardi, P. M. (1983) Methods Enzymol. 96, 24-38.

Gilman, M. (1987) in Current Protocols in Molecular Biology,
eds. Ausubel, F. M., Brent, R., Kingston, R. E., Moore,
D. D., Sideman, J. G., Smith, J. A & Struhl, K. (Wlley, New
York), pp. 4.7.1-4.7. 8

Melton, D. A., Krieg, P. A., Rebagliati, M. R., Maniatis, T.,
Zinn, K. & Green, M. R. (1984) Nucleic Acids Res. 12, 7035-
7056.

Huynh, T. V., Young, R. A. & Davis, R. W. (1985) in DNA
Cloning Techniques: A Practical Approach, ed. D. Glover
(IRL, Oxford), pp. 49-78.

Dixon, R. A. F., Sigal, 1. S., Rands, E., Register, R. B.,
Candelove, M. R., Blake, A. D. & Strader, C. D. (1987)
Nature (London) 326, 73-717.

Dixon, R. A. F., Sigal, I. S., Candelove, M. R., Register,
R.B,, Scattergood Ww., Rands, E. & Strader, C. D. (1987)
EMBO J. 6, 3269-3275.

Thomas, D. D. & Stryer, L. (1982) J. Mol. Biol. 154, 145-157.
Nemecek, G. M., Coughlin, S. R., Handley, D. A. & Mosko-
witz, M. A. (1986) Proc. Natl. Acad. Sci. USA 83, 674-678.
Nilsson, J., vonEuler, A. M. & Dalsgaard, C.-J. (1985) Nature
(London) 315, 61-63.

Quirion, R., Hammer, R. P., Jr., Herkenham, M. & Pert, C. B.
(1981) Proc. Natl. Acad. Sci. USA 78, 5881-5885.

Sircar, R. & Zukin, S. R. (1985) Brain Res. 344, 142-145.
Monaghan, D. T., Yao, D. & Cotman, C. W. (1985) Brain Res.
340, 378-383.

Olsen, R. W., Szamraj, O. & Houser, C. R. (1987) Brgin Res.
402, 243-254.

Rainbow, T. C., Wieczored, C. M. & Halpain, S. (1984) Brain
Res. 309, 173-177.

Gilman, A. G. (1987) Annu. Rev. Biochem. 56, 615-649.
Nathanson, N. M. (1987) Annu. Rev. Neurosci. 10, 195-236.
Berridge, M. J. (1987) Annu. Rev. Biochem. 56, 159-193.
Taylor, C. W. & Merritt, J. E. (1986) Trends Pharmacol. Sci.
7, 238-242.

Dunlap, K., Holz, G. G. & Rane, S. G. (1987) Trends Neurosci.
10, 241-244.

Stryer, L. (1983) Cold Spring Harbor Symp. Quant. Biol. 48,
841-852.



