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Characterization of Two New Human Oncogenes 

C. BIRCHMEIER, D. YOUNG, AND M. WIGLER 
Cold Spring Harbor Laboratory, P.O. Box 100, Cold Spring Harbor, New York 11724 

The first oncogenes discovered were the transform- 
ing genes of the oncogenic viruses (reviewed by Bishop 
1985). The subsequent discovery that the oncogenes of 
retroviruses were derived from normal host cellular 
genes provided the first direct evidence that cellular ge- 
nomes contain genes with transforming potential. More 
recently, the development of techniques for DNA 
transfer in eukaryotic cells led to the discovery of cel- 
lular transforming genes in tumor cells by their ability 
to induce foci of  transformed NIH-3T3 ceils (reviewed 
by Land et al. 1983). Several new oncogenes have been 
discovered this way, including N-ras (Shimizu et al. 
1983), met (Cooper et al. 1984), neu (Bargmann et al. 
1986), and possible others (Goubin et al. 1983; Lane et 
al. 1984; Takahashi et al. 1985). 

We and others have developed a new assay for hu- 
man oncogenes based on the tumorigenicity of co- 
transfected NIH-3T3 cells in nude mice, using human 
tumor DNA as donor (Blair et al. 1982; Fasano et al. 
1984). While we sometimes can detect genetic abnor- 
malities in donor DNA with this method, we have also 
observed that de novo activation of proto-oncogenes 
due to rearrangement or gene amplification can occur 
following gene transfer. Here, we describe the isolation 
and characterization of two human oncogenes, mcf3 
and masl, detected by the cotransfection and tumori- 
genicity assay. 

The first gene, mcf3, encodes a tyrosine kinase with 
a potential transmembrane domain. It arose from the 
human rosl gene by a rearrangement introduced dur- 
ing transfection, which deleted the putative extracellu- 
lar domain of rosl (Birchmeier et al. 1986). The human 
rosl is the closest homolog of the v-ros oncogene, 
which is the transforming gene of the avian UR2 ret- 
rovirus (Neckameyer and Wang 1985). Structurally, 
mcf3 is thus similar to a class of oncogenes whose cell- 
ular analogs presumably encode growth factor recep- 
tors. As a first step toward the characterization of the 
normal rosl gene, we have analyzed its expression in a 
variety of human tumor cell lines, rosl is expressed in 
glioblastoma and astrocytoma cells, and the amount of 
rosl expression seems to correlate with the extent of 
transformation of this cell type. 

The second gene, masl, encodes a protein with seven 
hydrophobic regions that are potential transmembrane 
domains, suggesting that mas is an integral membrane 
protein (Young et al. 1986). The structure of the mas 
protein is unique among cellular oncoproteins and may 
represent a new functional class. 

RESULTS AND DISCUSSION 

Cotransfection and Tumorigenicity Assay 

In brief, the new assay is performed as follows. NIH- 
3T3 cells are cotransfected with human cellular DNA 
and DNA of the pKOneo plasmid, which renders ani- 
mal cells resistant to the antibiotic G418 (Van Daren et 
al. 1984). In each experimental group, about 103 G418- 
resistant colonies containing about 10' cells each are 
present after 2-3 weeks. These are pooled and injected 
into one nude mouse. The time of the first appearance 
of tumors and their subsequent growth is noted. We 
call tumors resulting from cells exposed to total human 
DNA "primary" tumors. DNAs prepared from the pri- 
mary tumors are used again in the cotransformation 
and tumorigenicity assay to obtain secondary tumors. 
DNAs from primary and secondary tumors are then 
compared by Southern blotting for the presence of a 
common set of human repetitive sequences. Genomic 
libraries of the secondary tumors are constructed, and 
screened for the presence of repetitive human se- 
quences (Benton and Davis 1977). Both the mcf3 and 
mas genes, which were isolated by the strategy de- 
scribed above, were found to be rearranged and ampli- 
fied in the nude mouse tumors. In both cases the rear- 
rangements were shown to be introduced during or 
after gene transfer (Birchmeier et al. 1986; Young et al. 
1986). 

Rearrangements and amplifications also occur in the 
standard NIH-3T3 focus assay and have been reported 
to lead to proto-oncogene activation (Takahashi et al. 
1985). In our experience, such events are rare in the 
focus assay but common with the cotransfection and 
tumorigenicity assay. The cotransfection and tumori- 
genicity assay, therefore, may be unreliable for the de- 
tection of oncogenes in tumor DNAs. However, it may 
be a good method for searching for proto-oncogenes 
which can be activated by rearrangement or amplifi- 
cation. 

Structural Analysis of the reef30ncogene 

The mcf3 oncogene was isolated by molecular clon- 
ing, and its structure was compared with the structure 
of its normal counterpart  in human placental DNA. 
We found that the mcf3 oncogene was a product of a 
major DNA rearrangement which involved the fusion 
of at least three separate fragments of DNA (Birch- 
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994 BIRCHMEIER ET AL. 

meier et al. 1986). DNA cotransfection studies indi- 
cated that this rearrangement spanned functionally im- 
portant domains of mcf3. The peculiar rearrangement 
associated with the mcf3 oncogene was shown to be 
present only in DNA isolated from transfected and tu- 
morigenic cells, but not in the original donor DNA. 
Thus, a functional mcf3 gene was created by a rear- 
rangement introduced during or after gene transfer. It 
is clearly a very large gene, which extends over nearly 
70 kbp of DNA. 

To analyze the mcf3 oncogene further, cDNAs to the 
transcript of the gene were isolated and the sequence 
of the open reading frame in the cDNA was deter- 
mined. Computer analysis of the amino acid sequence 
indicated that the carboxy-terminal part of the mcf3 

protein sequence was similar to that of  all oncogenes 
encoding tyrosine kinases and closely related to v-ros 
(Neckameyer and Wang 1985). For comparison, the 
amino acid sequences of mcf3, v-ros, and other protein 
kinases are shown in Figure 1. From amino acids 51 to 
370 of mcf3, 75% homology exists between the mcf3 
and v-ros proteins. Only at the carboxyl terminus do 
they differ considerably, where the mcf3-encoded pro- 
tein contains 99 additional amino acids not found in 
the v-ros protein. As has been noted before, the tyro- 
sine kinase most closely related to v-ros is the insulin 
receptor (Ullrich et al. 1985). This is also true for mcf3, 
which shows 40%, 33~ and 31~ homology to the in- 
sulin receptor, v-src, and the EGF receptor, respec- 
tively, between amino acid positions 51-370. In partic- 
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Figure 1. Comparison of the putative tyrosine kinase domain of the mcf3 gene product with the corresponding domains of 
various other protein kinases. The predicted amino acid sequences of the putative catalytic domain of the gene product of m c f 3 ,  
v - ros  (Neckameyer and Wang 1985), the human insulin receptor (INS.R) (Ullrich et al. 1985), EGF receptor (EGER) (Ullrich et 
al. 1984) and v-src  (Tatsuo et al. 1982) genes, and the bovine cAMP-dependent protein kinase (cAPK) (Shoji et al. 1981) are 
shown. All residues shared between mcf3 and one or more of the other kinases are shaded. The numbers to the left refer to the 
first amino acid shown in the corresponding line. The asterisks indicate the termination codons of the indicated proteins. 
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Figure 2. Expression of rosl in human tumor cell lines. Total RNA (20/~g) prepared by the guanidinium/CsC1 method (Ullrich 
et al. 1977) was hybridized overnight at 52~ to approximately 1 fmole of a 32P-labeled RNA transcript produced by Sp6 
polymerase (sp. act. 8 • 107 cpm/pmole) (Melton et al. 1984). The hybridization mixture was diluted 10-fold with buffer contain- 
ing 50 mM Na acetate (pH 4.5), 2 mM EDTA, and 100 mM NaC1 and treated with 10 U of RNase T2 for 1 hr at 30~ The nucleic 
acids were precipitated with EtOH, and analyzed on a 5~ acrylamide gel containing 8 M urea which was autoradiographed. The 
labeled RNA transcript contained sequences of 480 and 270 bases in length homologous to mcf3 and plasmid sequences, respec- 
tively, rosl and mcf3 mRNA therefore protected a fragment of 480 bases in length from RNase T2 digestion. (Lanes M) DNA 
size marker; the lengths of the fragments are indicated. (Lanes I) 32p-Labeled RNA probe. The arrows indicate the labeled RNA 
transcript without RNase treatment (I) and the fragment protected from RNase T2 digestion by mcf3 or rosl mRNA (P). (A) 
(Lane 1) 1 #g of RNA from mcf3-transformed NIH-3T3 and 19/zg of carrier RNA. (Lane 2) 20 #g RNA from SK-N-SH (neu- 
roblastoma). (Lane 3) 20 /zg RNA from SK-N-ML (neuroblastoma). (Lane 4) 20 #g of RNA from UI05 MG (glioblas- 
toma-astrocytoma grade III). (Lane 5) 20/~g of RNA from Ul18 MG (glioblastoma multiforme). (Lane 6) 20 #g of RNA from 
U138 MG (glioblastoma). (Lane 7) 20 #g of RNA from U178 MG (glioblastoma-astrocytoma grade II). (Lane 8) 20 #g of RNA 
from U251 MG (glioblastoma-astrocytoma grade I). (Lane 9) 20/~g of RNA from U343 MG (glioblastoma multiforme). (Lane 
10) 20/~g of RNA from A172 (glioblastoma). (Lane 11) 20/zg of RNA from A382 (glioblastoma). (Lane 12) 20 #g of RNA from 
SW 1088 (glioblastoma). (Lane 13) 20/~g of RNA from SW 1783 (glioblastoma-astrocytoma grade III). (B) (Lane 1) 0.05 ttg of 
RNA from mcf3-transformed NIH-3T3 and 20/~g of carrier RNA. (Lane 2) 20 #g of RNA from 734B (adenocarcinoma, breast). 
(Lane 3) 20 #g of RNA from MCF7 (adenocarcinoma, breast). (Lane 4) 20 #g of RNA from VM-Cub2 (carcinoma, bladder). 
(Lane 5) 20 #g of RNA from TCCsup (carcinoma, bladder). (Lane 6) 20 ~g of RNA from 575A (carcinoma, bladder). (Lane 7) 
20/~g of RNA from 486P (carcinoma, bladder). (Lane 8) 20/zg of RNA from RD2 (rhabdomyosarcoma). (Lane 9) 20/~g of RNA 
from Caki 1 (carcinoma, kidney). (Lane 10) 20 #g of RNA from SK-N-EP (Wilm's tumor). (Lane 11) 20/~g of RNA from Wilv 
1 (Wilm's tumor). (Lane 12) 20 #g of RNA from human placenta. 

ular, a stretch of 75~ homology to the insulin receptor 
exists between positions 255 and 288 in mcf3, as com- 
pared with 28070 and 37070 to the EGF receptor and v- 
src, respectively. This stretch of high homology can be 
aligned with positions 188-214 in the cAMP-dependent 
protein kinase. Since Cys-198 of the cAMP-dependent 
protein kinase is protected from chemical modification 
by peptide substrates, this region has been implicated 
in substrate binding (Branson et al. 1982). The high 
degree of homology between the amino acid sequences 
of mcf3 and the insulin receptor in this putative sub- 
strate-binding domain might indicate a similar sub- 
strate specificity for the tyrosine kinase activities of 
these two proteins. 

The close homology between the chicken-derived v- 
ros gene and the common part of the mcf3 cDNAs sug- 
gests that the 3' portion of the mcf3 locus derives from 
the human counterpart of the v-ros gene. To determine 
whether this was indeed the case, we performed South- 
ern analyses of total human DNA under conditions of 

low stringency with two probes, a v-ros and a mcf3 
cDNA fragment, which encode roughly analogous se- 
quences of the ros proteins. Both probes hybridized 
most strongly to the same fragment in total human 
DNA also present in the mcf3 locus. We conclude, 
therefore, that a major portion of the mcf3 coding se- 
quence is derived from the gene in humans most closely 
related to the v-ros gene. We call this gene rosl ,  since 
other human genes related to the v-ros or the mcf3 gene 
may exist. 

Five of the oncogenes known to encode oncogenic 
tyrosine kinases, v-ros (Neckameyer and Wang 1985), 
v-erbB (Yamamoto et al. 1983), v-fms (Hampe et al. 
1984), neu (Bargmann et al. 1986), and trk (Martin- 
Zanca et al. 1986), have hydrophobic potential mem- 
brane-spanning domains. The membrane-spanning do- 
mains of these proteins are always encoded 5' to se- 
quences encoding the kinase domain. Inspection of the 
mcf3 nucleotide sequence shows that it can encode a 
highly hydrophobic stretch of 21 amino acids immedi- 
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ately followed by a stretch rich in positively charged 
amino acids. These features are commonly found in 
membrane-spanning domains. We wanted to know ex- 
actly which portion of the mcf3 cDNA was encoded by 
the human rosl gene and which parts derived from 
other sequences fused by rearrangement to rosl. By 
combined restriction endonuclease analysis, Southern 
blotting, and hybridization with synthetic oligonucle- 
otides, the positions of exons in the rosl-derived part 
of the mcf3 locus close to the point of rearrangement 
were determined, and their sequence was partially es- 
tablished. Thus, we found that the rearrangement 
which created the oncogenic mcf3 gene deleted all but 
eight amino acids of the putative extracellular domain 
of rosl. DNA pieces of unknown origin replaced this 
part of the rosl gene in the mcf3 locus (Birchmeier et 
al. 1986). 

The deletion of the extracellular domain may be an 
important event in the activation of the oncogenic po- 

tential of  the rosl gene. Similar events have been ob- 
served previously for the v-erbB (Downward et al. 1984) 
and the c-erbB (Nilsen et al. 1985) genes in avian leu- 
kosis virus-induced erythroblastosis. Insertion of the 
provirus into the middle to the c-erbB gene leads to the 
production of a truncated erbB transcript which en- 
codes only 64 amino acids of  the extracellular domain 
but an intact membrane-spanning and intracellular do- 
main. Similarly, trk seems to have been formed by a 
somatic rearrangement that replaced the extracellular 
domain of a putative transmembrane receptor with the 
first 221 amino acids of a nonmuscle tropomyosin pro- 
tein (Martin-Zanca et al. 1986). We have not analyzed 
the nature of the sequences in mcf3 that have replaced 
the extracellular domain of  the rosl gene. However, we 
should be cautious in concluding that the loss of the 
extracellular sequences has led to the activation of rosl. 
Although we could not detect any gross structural dif- 
ferences between the DNA of mcf3 and rosl coding for 

GCATCCAGAAGGGTCATTCAATCAGTTCTCAGTCTTATCACGTCTAACTTCCTTTCTTATCAGGTCCTAAAGG 
CCTAATCTTATCATTGTGACAAAGATAACTGTACACTCTCTTAAACTTTTTTTTAATAACATCAACATTATCATTTATA 
CCTGAATTTCTCCCTTTTATTCCAATTCAACAATTTTCATCGCTTTTTGTGTTTGTTTTCTTCTCGACATATTTACAGA 

; ; ;  MET ASP GLY SER ASN 
AAATTACCTGAAGAGTTCCAACC GGC CTC CTC ATG CAT GGG TCA AAC 

VAL GLU GLU PRO THR ASN ILE SER THR GLY ARG ASN ALA SER VAL 
GTT GAG GAA CCC ACG AAC ATC TCA ACT GGC AGG AAC GCC TCA GTC 

GLN ILE PRO ILE VAL' HIS TRP VAL ILE MET SER ILE SER PRO VAL 
CAA ATC CCC ATC GTG CAC TGG GTC ATT ATG AGC ATC TCC CCA GTG 

GLY ILE LEU LEU TRP PHE LEU CYS PHE ARC MET ARC ARC ASN PRO 
GGG ATT CTC CTC TGG TTC CTG TGC TTC eGG ATC ACA AGA AAT CCC 

THR HIS LEU SER ILE ALA ASP ILE SER LEU LEU PHE CYS ILE PHE 
ACC CAC CTG TCT ATC GCA GAC ATC TCA CTG CTC TTC TGT ATT TTC 

TYR ALA LEU ASP TYR GLU LEU SER SER GLY HIS TYR TYR THR ILE 
TAT CCT TTA CAT TAT GAG CTT TCT TCT GGC CAT TAC TAC ACA ATT 

THR PHE LEU PHE GLY TYR ASN THR GLY LEU TYR LEU LEU THR ALA 
ACT TTT CTG TTT GGC TAC AAC ACG GGC CTC TAT CTC CTC ACC CCC 

CYS LEU SER VAL LEU TYR PRO ILE TRP TYR ARC CYS HIS ARG PRO 
TGC CTG TCA GTC CTT TAC CCC ATC TGG TAC CGA TGC CAT CGC CCC 

LEU VAL CYS ALA LEU LEU TRP ALA LEU SER CYS LEU VAL THR THR 
TTG GTC TGT GCC CTT CTG TGG GCT CTT TCT TGC TTG GTG ACC ACC 

CYS |LE  ASP ARG GLU GLU GLU SER HIS SER ARG ASN ASP CYS ARG 
TGC ATC CAC AGA GAA CAA GAG ACT CAC TCT CCG AAT GAC TCC CCA 

ILE ALA ILE LEU SER PHE LEU VAL PHE THR PRO LEU MET LEU VAL 
ATA GCC ATC CTG AGC TTC CTG GTC TTC ACG CCC CTC ATC CTG GTG 

VAL VAL LYS ILE ARG LYS ASN THR TRP ALA SER HIS SER SER LYS 
GTC GTG AAC ATC CGG AAG AAC ACG TGG GCT TCC CAT TCC TCC AAG 

MET VAL THR |LE  ILE |LE PHE LEU ILE PHE ALA MET PRO MET ARG 
ATG GTC ACC ATC ATT ATA TTC CTC ATC TTC GCT ATG CCC ATG AGA 

TYR TYR GLU TYR TRP SER THR PHE GLY ASN LEU HIS HIS ILE SER 
TAC TAT GAG TAT TGG TCG ACC TTT GGG AAC CTA CAC CAC ATT TCC 

|LE  ASN SER SER ALA ASN PRO PHE ILE TYR PHE PHE VAL GLY SER 
ATC AAC ACT AGC GCC AAC CCT TTC ATT TAC TTC TTT CTG GGA AGC 

PHE LYS GLU SER LEU LYS VAL VAL LEU THR ARC ALA PHE LYS ASP 
TTC AAC GAG TCC TTA AAA CTT CTT CTG ACC AGG GCT TTC AAA CAT 

ARG GLN LYS ASP ASN CYS ASN THR VAL THR VAL GLU THR VAL VAL 
CGC CAG AAA GAC AAT TGT AAT ACG GTC ACA GTT GAG ACT GTC CTC 

VAL THR SER PHE VAL 10 
GTG ACA TCA TTT GTT 

GLY ASN ALA HIS ARG 3B 
GGG AAT GCA CAT CGG 

GLY PHE VAL GLU ASN 5e 
GGG TTT GTT GAG AAT 

PHE THR VAL TYR ILE 7e 
TTC ACT GTC TAC ATC 

ILE LEU SER ILE ASP 90 
ATe TTG TCT ATC Gac 

VAL THR LEU SER VAL 11e 
CTC ACA TTA TCA CTG 

ILE SER VAL GLU ARC 13e 
ATT ACT GTG GAG AGC 

LYS TYR GLN SER ALA 150 
AAG TAC CAG TCG GCA 

MET GLU TYR VAL MET 17g 
ATG GAG TAT GTC ATG 

ALA VAL ILE ILE PHE 19e 
CCA CTC ATC ATC TTT 

SER SER THR ILE LEU 21e 
TCC AGC ACC ATC TTG 

LEU TYR ILE VAL ILE 23e  
CTT TAC ATA GTC ATC 

LEU LEU TYR LEU LEU 25e 
CTC CTT TAC CTG CTG 

LEU LEU PHE SER THR 27e 
CTG CTC TTC TCC ACA 

SER LYS LYS LYS ARG 29e  
ACT AAG AAG AAG AGA 

CLU MET CLN PRO ARG 31e  
GAA ATG CAA CCT eGG 

* * *  325 
TAA GAACTGTGAGGGAAG 

TTCTGGATAAAAATGGTCGAACACACCTCATTTTTAGTTTGTGCTTCCAATATCACTTAAGTATCTCCTAAATGTGATA 
CAGAAGAACATC TCATCCCATATCCATCAGATACTAAT TAATGATGAAA 

Figure 3. Nucleotide sequence and predicted amino acid sequence of the mas gene. This sequence was determined from the 
genomic clone pMS422 and homologous cDNA clones, which contain the long open reading frame. The amino acid sequence 
deduced from the coding region is shown above the DNA sequence. The in-frame stop codons are indicated by asterisks. The 
numbers on the right are amino acid coordinates. 
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the carboxy-terminal part  of the protein, we would not 
have detected any subtle changes such as point muta- 
tions or small deletions by our methods of analysis. 
Moreover, the rearranged ros l  gene is very highly am- 
plified in all mcf3- transformed NIH-3T3 cells we ex- 
amined. We cannot presently assess the relative contri- 
butions of rearrangement and amplification of this 
gene to its oncogenicity. 

Expression of ros l  

The majori ty of  known oncogenes encode proteins 
with tyrosine-specific protein kinase activity. However, 
potential membrane-spanning domains amino-termi- 
nal to kinase domains are found only in v-erbB (Ya- 
mamoto et al. 1983), v- fms  (Hampe et al. 1984), neu 

(Bargmann et al. 1986), trk  (Martin- Zanca et al. 1986), 
and the v-ros and cellular ros genes (Neckameyer and 
Wang 1985; Neckameyer et al. 1986). The cellular ana- 
logs of the v-erbB and the v- fms  genes probably encode 
the receptors for the epidermal growth factor and m a c -  
rophage colony-stimulating factor, respectively (Down- 
ward et al. 1984; Sherr et al. 1985). Thus, the cellular 3.0 MAS 
ros gene very likely encodes a hormone receptor as well. 

As a first step toward the molecular characterization z.o ~ f~ 
of this potential growth factor receptor we have ana- ~ i.o 
lyzed the expression of rosl  in human tumor cell lines. _ 
We have used liquid hybridization of total cellular RNA = ~ o 
to Sp6-produced RNA probes of high specific activi- 
ties, followed by digestion of the hot hybridized probe ~ -i.o 
by RNase (Melton et al. 1984). This technique proves -2.o 
to be highly specific and very sensitive. In a survey of 
40 different cell lines (see Fig. 2a,b; data not shown), 
we found rosl  to be expressed in astrocytoma and 
glioblastoma cells at levels ranging between 10-200 3.o 
messenger molecules per cell. In contrast, we found z.o /~ ~ 
ros l  to be expressed not at all or at very low levels in >_ 
the remainder of cell lines. From astrocytomas arise a ~ ~.o r 

variety of tumors ranging from benign to highly malig- 
0 

nant. The malignant forms include the highly malig- o 
nant glioblastoma multiforme. Interestingly, we find a ~ -,.o 
good correlation between rosl  expression and the de- = 
gree of malignancy. This raises the possibility that the -2.o 
expression of rosl  contributes to the malignant phe- -3.0 

notype of this particular cell type, and may be useful 
in the classification and diagnosis of this type of can- 3.0 
cer. 

Structure of the m a s  Oncogene 

The mas oncogene was isolated by cosmid cloning. 
One cosmid, pMAS1, was shown to contain the entire 
transforming gene since it scored positive in the co- 
transfection and tumorigenicity assay (Young et al. 
1986). To define the regions of pMAS1 essential for 
transforming activity, various restriction endonuclease 
digests of pMAS1 were tested by the NIH-3T3 focus 
assay. To define the transcription unit and coding po- 
tential of the mas gene, we cloned cDNAs complemen- 
tary to mas mRNA and sequenced them. We found a 
open reading frame of 975 bp. The first ATG in this 

reading frame is preceded by an in-frame stop codon 
at position -12 .  The entire open reading frame was 
contained on a single eDNA clone which was used to 
construct an expression plasmid containing the coding 
region of mas under the control of the SV40 promoter. 
NIH-3T3 cells transfected with this construct are tu- 
morigenic in nude mice. Comparison of  the restriction 
endonuclease cleavage sites and sequence analysis of 
genomic and eDNA clones indicated that the cDNA is 
entirely colinear with genomic sequences. The nucleo- 
tide and predicted amino acid sequence of  the encoded 
protein are shown in Figure 3. 

Comparison of  Southern blots of normal human 
DNA with DNA derived from the nude mouse primary 
tumor revealed a difference in the size and intensity of 
EcoRI  restriction fragments homologous to mas, sug- 
gesting that the mas gene was rearranged and ampli- 
fied in transformants. To determine the nature of the 
DNA rearrangement, the clone pr iM2 containing the 
normal human homolog of the mas gene was isolated 

_ 3 . 0 ~ ~ _ _ _ ~  L _  I i I I I r 

H U M A N  R H O D O P S I N  

2.0 

~- 1.0 

0 

o 

-I ,0 

I 

-2.0 

I 
_ 3 0  [ , • , , , , �9 ,oo 260 3bo 460 ~6o 

AMINO ACI0 POSITION 

Figure 4. Hydrophobicity plots of human mas, human rho- 
dopsin, and the hamster ~-adrenergic receptor. Average hy- 
drophobic values were determined for spans of 19 residues 
using the method and hydrophobic values of Kyte and Doo- 
little (1982). Regions with positive values are hydrophohic. 

 Press
Cold Spring Harbor Laboratory on November 12, 2012 - Published by symposium.cshlp.orgDownloaded from 

http://symposium.cshlp.org/
http://www.cshlpress.com


998 BIRCHMEIER ET AL. 

from a human placenta cosmid library. Comparison of 
maps of restriction endonuclease sites in priM2 and 
pMAS1 confirmed a break in homology localized in 
the 5' noncoding region of pMAS1 essential for trans- 
formation of NIH-3T3 cells by the m a s  gene (Young et 
al. 1986). This suggests that the rearrangement found 
in the transformant is of functional significance. 

We do not understand precisely how the m a s  gene 
became activated during gene transfer. In transfor- 
mants, the m a s  gene has been rearranged, but this rear- 
rangement does not appear to involve the coding do- 
main. It is clear that we can activate the oncogenic 
potential of a normal placental allele by reconstructing 
a chimeric gene that replaces the normal 5' sequences 
with sequences 5' to the coding region of the rear- 
ranged gene. This chimeric gene leaves intact the long 
open reading frame of the placental allele. Thus, it 
seems likely that transformation by m a s  results from 
inappropriate expression of  a normal gene product. 

Predicted Primary and Secondary 
Structure of the m a s  Protein 

The complete nucleotide sequence of the coding re- 
gion was determined from m a s  cDNAs. The deduced 

amino acid sequence does not share strong homology 
with any published sequence. Analysis of the hydro- 
phobicity plot of the sequence by the method of Kyte 
and Doolittle (1982) reveals that the m a s  protein has 
seven distinct hydrophobic regions (see Fig. 4). Each of 
the hydrophobic regions is separated by hydrophilic re- 
gions that contain a predicted ~-turn secondary struc- 
ture (Chou and Fasman 1978). Both the amino- and 
carboxy-terminal ends of the m a s  protein are hydro- 
philic. This analysis strongly suggests that the m a s  pro- 
tein is an integral membrane protein with many trans- 
membrane domains. While the structure of m a s  is 
unlike the canonical structure of most of the known 
hormone receptors, it is similar to a class of proteins 
that includes visual rhodopsin and the/~-adrenergic re- 
ceptor. The similarity of the hydrophobicity plots of 
these proteins, shown in Figure 4, is certainly striking. 
Indeed, when the amino acid sequences of m a s ,  the vis- 
ual opsins, and the/~-adrenergic receptor are aligned, 
certain homologies appear (see Fig. 5). Particularly 
noteworthy is homology in the seventh transmembrane 
domain. 

Visual rhodopsin can be viewed as a retinoid recep- 
tor that transduces the energy of photons into chemical 
energy used to activate transducin, an intracellular 

HAMSTER B-ADRENERGIC RECEPTOR M G P P C 
HUMAN RHODOPSIN M N G T E C P N 
HUAMN RED OPSIN M A Q Q W S L Q R L A G R H P Q D S Y E D S T Q 
HUMAN BLU OPSIN M R K M S 
HUMAN MAS M D G 

~SDF~TTNGS~PDHDVTEER~EA~ 
Y~PFSNATGVVRSPFEYPQYYLAEP~ 
S~FTYTNSNS~RGPFEGPNYHIAP~WV 
EEFY~FKNISSVGPWDGPQYHIAPV~A 
~ T S ~ V E E P ~ S T G R N A S V G ~ A ~  

K~ERLQTVTNY 
QH~KL~T~NY 
K F~K L ~ N  W 
R ~ K L ~ Q ~ N Y  
C~M R ~ T  VY 

M W N F G N ~ W G E F W T  
Y F V F G P T G C N L E G  

~ V G ~ A I ~ M S V ~ V L A I V F G ~ V ~ T A I I A  
F S ~ A A Y J F L ~ I V ~ P I ~ F ~ T ~ Y V T ~  
Y H ~ T S V W ~ F ~ V T A S V F T ~ A A I T i  
F Y ~ Q A A F ~ G T ~ F L ~ ~ ~ P L N AM ~ ~ V AIT ~ 
~ P ~ H W ~ S ~ S P ~ V E ~ W F I - ~  

F I T S L A C A D L ~ M G L A V ~ P F G A S H ~ L t M K  
~LLNLAVADL~VLGGFT~TL~TgLIHG 

L V N L A V A D L A E T V ~ A S T I S I V N Q V I S G  
~ L V N V S F G G F ~  I F S ~ P ~ F V ~ S ~ N G  

T H L S I A D ] S ~  ~ D ~  E C ~ F  I ~  

S ] D ~ C V T A S ~ E T ~ C V ~ A ~ Y ~ A ~ T I S  
F F A ~ G E I A ~W S ~ V V ~ A ~ ~ y ~ V ~ CI K ~ = 
Y~v s ~ c o  I ~ w  s ~A ] ~ S ~ W ~ V ~ C l K  
F GTVAGLVTGWS~AF~AF~Y~V~CIL 
V ~ F ~ Y  N ~ Y  L ~ T  A ~ C  ~ S ~ LIY 

~ G V A F T W ~ M A ~ A C A A P P ~ A G W S ~ T !  
N ~  ~ ^ F S W ~ W S ~ e W ~ A P P ~ F e W S ~ Y *  
~TVV~ATW IG~EVg~PPFFGWS~FI  
~ C A ~ W A ~ S C ~ T ~ E Y ~  ID~EE 

Y F V L G H P M C ~ L E G  YFVFGRHVC~LEG 
~ S S G H Y ~ T I = T L S  

~FK~QSLLT~NK 
~MSNFRFGE H 
~ F G N V R F D A ~ L  
~ F G N F R F S S  H 
~ W ~ R C H R P ~ Y Q S  

T H Q K A ] ~ Y H K E T C C D F F T N Q  
P E G L Q C S ~ G ] D Y Y T L K P E V N N E  PHGL~TS~GPDVFSGSSYPGVQ 
P E G L Q C S ~ G P D W Y T V G T K Y R S E  
E S ~ S ~ N ~ R  

~ Y A ~ A S S ~ Y ~ P L V ~ M ~ F V Y S R ~ F Q V A  
S F ~ M F ~ H ~ T ~ P M  I ~ F C  Y G Q ~ M F  T ~  
S Y ~ V ~ M ~ C E ~ P L A ~ C Y L Q ~ W L A ~  
S Y T W E ~ F ~ C F ~ P L S ~ E F ~ Y ~ O ~ R A ~  
~ V ~ A ~ ~ F T P ~ S ~ I ~ - - =  

T ~ G ~ M G T F T ~ C W ~ P F F ~ V N ~ V H ~  Q ~ N L  
M ~ I A F ~ C W V P Y A S V A ~  H Q G S  
M E ~ i ~ F A Y ~ V C W G P Y T  F ~ A ~  N P G Y  
M~I~I~GSFCVCYVPYAAFAM~,~ NRNH 

LY ~ T I I ~ L I ~ A M P W R L ~  ~ Y~YW 

R Q L Q K I D K S E G ~ F H S P N L G Q V ( X ) 2  5 
E A A A Q Q Q E S A T T Q K A E K E V T R  
A V A K Q Q K E S E ~ T Q K A E K E V T R  
A V A A Q Q Q E S A T T Q K A E R E V S R  
IRKNTWASHS~ 

PK 
FOP 
FHP 
LDL 
TFG 

E ~ Y I ~ L N W ~ G Y ~ N S A F ~ C R S  
I ~ M T ~ P A ~ A K S A A I Y ~ V ~ I M ~  
L ~ A A  P A ? ~ A K S A T I Y ~ V ~ V ~  R~VT|PSE~SKSA~I~,Ii~Ci 
N = H H = S L ~ T ~ S A ~ F ~  

PDE~IAFQE~CL~RSSSKAYGNGYSSMSNGKTDYMGEASGCQLGQEKE(X)4e, 
N ~ Q ~ N C M ~ T T ~ - C E G K N P L G N N E A S A T ~ S K T E T S Q V A P A *  N~Q~NCI~Q~F-G~KVD~GSELSSAS~TEVSSVSSVSPA* 
N ~ Q ~ Q A C I ~ C G ~ M T ~ E S D T C S S ~ T E V S ~ S S T Q i G P N *  

G S S K K ~ R ~ - E S ~ L T ~ F K ~ - M Q P R R ~ N C N ~ T V E T ~ V .  

Figure 5. Comparison of the amino acid sequences of human mas  protein, hamster ~-adrenergic receptor (Dixon et al. 1986), 
human rhodopsin (Nathans and Hogness 1984), and the human visual color opsins (Nathans et al. 1986). Identical and similar 
amino acids are shaded. Similarity of amino acid residues was determined using values of Dayhoff et al. (1978). 
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guan ine  nuc leo t ide -b ind ing  pro te in .  The  l igand of  the  

t3-adrenergic recep tor  is ep inephr ine ,  a n d  the  receptor  
is t h o u g h t  to  act  via the  ac t iva t ion  of  in t race l lu lar  

guan ine  nuc leo t ide -b ind ing  pro te ins  as well. We spec- 

ula te  t ha t  m a s  may be  a recep tor  t ha t  act ivates  a guan-  
ine nuc leo t ide -b ind ing  p ro te in  in response  to b ind ing  a 
low-molecular-weight  l igand. The  un ique  na ture  of  m a s  

leads us to suspect  t ha t  it m ay  provide  a new l ink in 

u n d e r s t a n d i n g  g rowth  con t ro l  and  signal t r ansduc t i on .  
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