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We compared the sequence and properties of the chicken mos homolog with the previously characterized
mouse and human c-mos genes. Sequence analysis revealed one major open reading frame of 1,047 base pairs
encoding a protein of 349 amino acids. Both the nucleotide sequence and the deduced amino acid sequence
showed 62% overall homology to mouse and human c-mos, but regions of higher conservation (~70%)
occurred in the putative ATP-binding and kinase domains. We detected mos transcripts by Northern (RNA)
analyses in RNA prepared from chicken and quail ovaries and testes. Evidence for low levels of mos RNA
expression in adult chicken heart, kidney, and spleen and in the entire embryo was obtained by S1 nuclease
protection experiments. In contrast to the low transforming efficiency of human c-mos when linked t: a mouse
retroviral long terminal repeat element, chicken c-mos transformed NIH 3T3 cells as efficiently as mouse c-mos
did. We also show that chicken primary embryo fibroblasts were morphologically altered when infected with
an avian retroviral vector containing the chicken c-mos coding region.

The mos oncogene was originally identified as the trans-
forming gene (v-mos) of the acute transforming retrovirus
Moloney murine sarcoma virus (Mo-MSV) (13, 37). This
virus causes fibrosarcomas in mice and transforms fibro-
blasts in culture (1, 22). The v-mos region contains an open
reading frame that encodes a 37,000-dalton env-mos fusion
protein which has been detected in the cytoplasm of cells
acutely infected or transformed by Mo-MSV (27).

The single-copy cellular homolog of v-mos was cloned
from mouse genomic DNA and was found to be colinear with
the viral gene (26). Comparison of the deduced amino acid
sequence of the viral and cellular homologs revealed that
with the exception of additional N-terminal amino acids, the
v-mos of the HT-1 strain of Mo-MSV was identical in coding
sequence to the proto-oncogene (32). This identity was also
reflected in similar transforming efficiencies in DNA trans-
fection assays of NIH 3T3 cells when the mos oncogene and
proto-oncogene were activated by a Mo-MSV long terminal
repeat (LTR) (5, 7). In contrast, the human c-mos gene (39),
which is 77% homologous to mouse c-mos, transforms NIH
3T3 cells 100-fold less efficiently than v-mos or mouse c-mos
genes do when linked to a Mo-MSV LTR (6). Comparisons
of the transforming efficiencies of different mouse-human
mos hybrids indicate that certain domains, notably the
C-terminal domain of the mos coding region, markedly
influence transforming efficiency (6). An overlapping open
reading frame in the 5’ portion of human c-mos has also been
implicated in reducing its transforming efficiency in NIH 3T3
cells (6). In the mouse, an upstream sequence, termed UMS,
inhibits transforming activity of mouse c-mos in NIH 3T3
cells by acting as a transcriptional terminator (21, 43).

To determine whether the transforming efficiency and
regulatory regions of c-mos vary in a species-specific fash-
ion, we have begun to examine the properties of the c-mos
locus from a nonmammalian species, the chicken. The acute
transforming retroviruses isolated from this species have
provided an abundant source of oncogenes, but no avian
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virus has been found to contain a mos oncogene. We repori
here the cloning and characterization of the chicken mos
proto-oncogene and show that the nucleotide sequence and
putative amino acid sequence of this c-mos gene is 62%
homologous to either mouse or human c-mos. Like mouse
(14, 24, 28, 29) and primate c-mos (R. S. Paules, F. Propst,
K. J. Dunn, D. G. Blair, K. Kaul, A. E. Palmer, and G. F.
Vande Woude, manuscript in preparation), chicken c-mos
RNA is expressed at high levels in ovaries but at very low
levels in other tissues. We also show that the chicken c-mos
could be activated with proviral LTR sequences to transform
NIH 3T3 cells efficiently. Moreover, when inserted into an
avian retrovirus vector, chicken c-mos morphologically al-
tered chicken primary embryo fibroblasts in culture.

MATERIALS AND METHODS

Cloning of chicken c-mos sequences. A total of 10° phage
from a chicken genomic DNA library prepared in phage
vector Charon 4A (12) were screened with a nick-translated
32p_labeled Aval-HindIII fragment of mouse c-mos (30).
Hybridizations were performed in 35% formamide at 42°C
overnight. Filters were washed in 2x SSC (1x SSCis 0.15M
NaCl plus 0.015 M sodium citrate) and 0.1% sodium dodecyl
sulfate at 50°C. Hybridizing phages were isolated, and phage
DNA was characterized by restriction enzyme mapping and
Southern transfer analyses (33). Subcloning was performed
by standard procedures with pBR322, pUC12, M13 mp18,
and M13 mpl9 as vectors (9, 11, 20, 44).

DNA sequence analysis. All sequencing was performed
with the Sanger dideoxy chain termination method with M13
single-stranded DNA (31). The sequencing strategy was
based on exonuclease III deletions as described previously
(25). A total of 23 different overlapping deletion clones were
used for sequencing 1,968 base pairs (bp). Computer analy-
ses of the nucleotide sequence were performed by using

_programs of Wilbur and Lipman (42) or Stephens (34).

Analysis of RNA. Total RNA was isolated from tissue
by the guanidine isothiocyanate-CsCl procedure (10), and
poly(A)* RNA was prepared by selection on oligo(dT)-
cellulose (20). Northern (RNA) analysis was performed as
described earlier (28, 29) with a nick-translated 32P-labeled
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PstI-Pvull fragment from the c-mos coding region. A sensi-
tive S1 nuclease protection assay was used as previously
described (3, 28, 29). The probe was prepared by 3’ end
labeling a Sau3Al fragment obtained from a pUC18 clone
containing the downstream 300-bp chicken c-mos Sacl cod-
ing region fragment with all four 3?P-labeled deoxynucleo-
tides (3,000 Ci/mmol) by using the Klenow fragment of
Escherichia coli DNA polymerase I (28, 29). After digestion
with ApaLl (in pUC18), a 895-bp fragment was gel purified
and annealed (20,000 cpm) to 50 to 100 ug of RNA overnight
at 60°C. Under these conditions, there was an excess of
probe. S1 digestion, gel separation, and autoradiography
were performed as described previously (28, 29). mos-
containing transcripts will protect an ~225-bp fragment of
this probe against digestion by S1 nuclease.
Transformation of NIH 3T3 cells. The following plasmids
were used. pM1sp containing one Mo-MSV LTR was de-
scribed earlier (5). pCMB contains the Bg/II fragment pos-
sessing the chicken c-mos coding region cloned into pBR322
(Fig. 1). pM1CM36 was obtained by filling in the ends of the
Bglll fragment with the Klenow fragment of E. coli DNA
polymerase I and ligating it into pMlsp cut with Smal.
pM1CM32 was obtained by digestion of pM1CM36 with
Xbal and religation of the larger fragment. pM1CM33 was
derived by blunt-end ligation of the filled in Xbal-Bglll
fragment from pCMB containing the mos coding region into
pM1sp cut with Smal. pTS1 contains the Mo-MSV LTR and
mouse c-mos (7), and pLh04 contains the Mo-MSV LTR and
human c-mos (6). Plasmid DNA was purified twice on CsCl
gradients and linearized with BamHI or EcoRI. Transfection
of NIH 3T3 cells was performed as described previously
with dexamethasone (0.125 wM) in the culture medium (6, 7).
Transformation of chicken embryo fibroblasts. The ge-
nomic clone of chicken c-mos was inserted into the plasmid
Clal2Nco (15, 16) in three steps. Clal2Nco contains the
polylinker from pUC12N (38) flanked by Clal sites. The
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region upstream from the Ncol site (between Ncol and Clal
in Clal2Nco) derives from the region upstream from the src
initiator ATG in the SRA strain of Rous sarcoma virus (15).
The segment of chicken c-mos between Ncol and SstI (bp
760 to 805; Fig. 2) was synthesized in vitro. Two different
c-mos DNA segments were made. One precisely matched
the original c-mos sequence encoding a proline (CCA) at the
second codon. This clone was called c-mos-P. In the second
construction, the second codon was changed to GCA (gly-
cine) to more closely match the optimal sequence surround-
ing initiator codons (19). This clone was called c-mos-G.
After insertion of the synthetic segment, the central region of
c-mos was inserted as an SstI segment. The resulting plas-
mid was then recut with BstXI and Smal, and the down-
stream portion of c-mos was inserted as a BstXI-to-Bgll
segment. To permit ligation of Bgll to Smal, the protruding
Bgll end was digested away with the Klenow fragment of E.
coli DNA polymerase I before cutting with BstXI. After
assembly, the plasmid was mapped with several restriction
enzymes, including Ncol, BstXI, and SstI to confirm its
structure.

The Clal fragment containing the reassembled chicken
c-mos gene was then excised from the plasmid and inserted
into the proviral form of the avian retroviral vector RCAS
(16) at the Clal site to yield plasmid RCAS-mos. The plasmid
DNA was purified from E. coli by banding it twice in
CsCl-ethidium bromide gradients. A total of 10 pg of this
DNA was transfected onto primary chicken embryo fibro-
blasts as a calcium phosphate precipitate (41).

RESULTS

Cloning and nucleotide sequencing of chicken c-mos. South-
ern transfer analyses of chicken genomic DNA with mouse
c-mos as the probe revealed only one hybridizing fragment,
indicating that mos homologous sequences were present as a
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1 TGACATCCAGATGAAGGACCTGAAGCATAAGGAGGTGGGAAATGGGGACCAAACTTTCCAATTGATTTGTCTGCAAGTATGGAAAGATACTTGCTAGAATGCTCAAAAGCA
112 TTTAGCTGTACAAAATGAAACCACTGTGCATAATACTCATTGCTATAGTCAATGCATGATACGTGATGCTCATCAGTCCTTTTGCTGCTGTTAGGCTTACCTAAACCACTC
223 AGGATGGGCAGACTGGAGCAGCCAAAGCTCTCCTTTCACACATGTGTTGCAGGTCCCTTTAAACTCACTTTTAAATTTAGTTATGCCCGCCATAGNNTTACCAAATGCTAG
334 TGGTTACTATCTCAGCTGTGTCCTCTGAGAATGACCCCAAGTTCTTCAGTGCATCTGACAGTTATCACTGTTGCCTACAACCCCAGCAAAATGCACTCACTTTATTTACTG
445 CCAGGGCATTTTGCTAGAGATATTAATTGAGCAAAGTATCTTTTTCATCTCTTGTAATTAAAAACCATGCGAAATACACGTGAACTAATCAATTTTAGTTTAAAATCCATA
556 TACGTTTACTTTCTAGAGATTTACTTAAGGGTGGAAGAAGAATGTTCTCAGGTGAACCCAGTTATGGGATCAGCTCATTGAGACAGATGCTGATCATTAGGGGGTGGGAGG
667 GGAAAATGGTGCAGAGAGGATAAAAGAGCCTTAGGAAGATGCTCTGAGGAAGCCTTCCAGTCTCTTGTCCTAGTAACTGTTTCTGGCATCTTATT ATG CCA TCA CCT

774 ATT CCT TTT AAT AGC TTT CTT CCT TTG GAG
858 AAA GAT GGA AAA GCC TTC CTA GGA GGG ACC
942 TGG GAT CGG CTC TGC CTC CTG CAG CCC CTG
1026 GCT GTG AAG CAG GTG AAG AAG AGC AGC AAA
1110 CAG CAT GAT AAT GTG GTG CGT GTG GTG GCT
1194 TAT GTT GGC AAT GTC ACC CTG CAC CAT GTC
1278 GGG AGG AAG GCT CTG AGC ATG GCG GAG GCT
1362 ATC GTG CAC CTC GAC CTG AAG CCT GCC AAT
1446 AGA CTG GAG GAG GGC TTG TCC CAG AGC CAC
1530 GGC GAG AGG GTC ACT GCC AAA GCA GAC ATC
1614 GGC GAG CGG CAG TAC GTG CTC TAT GCT GTG
1698 GTG GGC CAA AGG CTT CGG AGC ATC ATC AGC
1782 AGC CTC AGG GCC CTG AAG GAG AAC CTC TAG

CTC
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TCC CCA TCT GCA GAC TTG AGA CCT TGC AGC AGC CCT GTA GTT ATC CCT GGC
TCA CCC AGG ACA CGC CGT CTG CCC CCA CGC TTG GCC TGG TGC TCC ATC GAC
TCT GGG GGC TTT GGG GCT GTC TAC AAG GCC ACC TAC CAC GGT GTG ACT GTG
CGG CTG GCA TCC CGA CAG AGC TTC TGG GCT GAG CTG AAC GTA GCC CGA CTG
AGC ACG TGT GCC CCT GCC AGC CAG AAC AGC CTG GGC ACC ATC ATC ATG GAG
TAC GGC ACT AGA GAT GCG TGG AGG CAG GGC GAG GAG GAG GAA GGA GGA TGT
TGC TAC TCG TGT GAC ATC GTG ACT GGC TTA GCC TTC CTT CAC TCG CAG GGC
CTC ATC ACT GAG CAC GGA GCG TGC AAG ATC GGA GAC TTC GGC TGC TCC CAG
GTT TGC CAG CAA GGG GGC ACG TAC ACC CAC CGC GCT CCT GAG CTC CTC AAG
TCC TTT GCC ATC ACC CTC TGG CAG ATC GTC ATG CGG GAG CAG CCC TAC CTG
GCC TAC AAC TTG €GC CCT CCT CTG GCG GCC GCC ATC TTC CAC GAG TCA GCG
TGC TGG AAG GCT GAC GTA GAG GAG CGC CTC AGC GCG GCC CAG CTG CTC CCC

GGGAGCTCAAGGTTACTTTCAACTCTTTCCCTCCACTTTTCCTTCAAAAATAATGACTGTAGCCCCTTTGG
1883 CTTTCATATTTTTTTATATTAAAAAAAAAGGTGTTTTGTTATAAGAAAATAAATAAAGACATTGAACAGATTTATTTTTTTAAACA

FIG. 1. Restriction map and nucleotide sequence of the chicken c-mos locus. The initiation codon (ATG), stop codon (TAG), and open
reading frame (black bar) are indicated. A, Accl; BI, Bgll; BII, Bg/ll; Bx, BstXI; RI, EcoRI; P, Pstl; Pv, Pvull; S, Sacl and SstI; Su, Sau3Al;
X, Xbal. The open reading frame is shown in triplet codons, and two overlapping poly(A) addition consensus signals are underlined.
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human 1 LALRPY RS F V AP S SEL =-=--A LL
mouse 1 LSLCRY PR L vV § S I LVA RKAG LF
chicken 1 MPSPIPFNSFLPLELSPSADLRPCSSPVVIPGKDGKAFLG
human 38 ~-ATL APR R (4 EQV LQR A S
mouse 4 -TTP APG R F EQV MHR S S
chicken 41 GTPSPRTRRLPPRLAWCSIDWDRLCLLQPLGSGGFGAVYK
human ” R P 1 N CT NRL R \} R
mouse 80 H P I N CT DLR R 1 R
chicken 81 ATYHGVTVAVK VKESSENRLASRQSF'AELNVARLQHDN
human 117 I RT AGS FG Q AAG
mouse 120 I RT EDS FG Q ATR
chicken 121 VVRVVAASTCAPASQNSLGTIIMEVVGNVTLHHVIYG-TR
human 157 H-PEGDAGEPHCRTGGQ LGKCLK L V N L

mouse 160 S=-PE=-===- PLSC-REQ LGKCLK L V N L
chicken 160 DAWRQGEEEEGGCGRKAL uAEAVCY_CEI!TG_LAFLHSQ
human 196 S V S QbOV S EK EDLLCFQTP
mouse 193 S L S QDV S QK QVLRCRQAS
chicken 200 GIVHLDLKPANILITEHGACKIGDFGCSQREEEGLSQSHH
human 236 SYPL R L GV P A MTTK
mouse 233 PHHI Q 1 IA P G MTTR
chicken 240 VCQQGGTYTHRAPEL GERVIAKADIYSFAITLNQIVHR
human 276 QA S R HIL D S SA V ED LP QR GD
mouse 273 EV S P YVQ N S AG V TA LT KT QN
chicken 280 EQPYLGERQYVLYAYV YNLRPPLAAAIFHESAVGQRLRS
human 316 V QR RPSAAQ PS L LVD TSLKAE G 346

mouse 313 I QS EARALQ PG L QRD KAFRGA G 343

chicken 320 IISCCWKADVEERLS Q_L_LPSLRALKENE 349

FIG. 2. Comparison of the deduced amino acid sequences of the human (38), mouse (35), and chicken c-mos open reading frames. Amino
acids homologous to all three species are underlined and shown only for chicken c-mos. Gaps are indicated by a dash.

single copy (data not shown). We cloned the mos homolo-
gous sequences from a chicken genomic DNA library pre-
pared by Dodgson et al. (12), and three isolates were
obtained from 10° phages. Southern transfer analysis
showed that all three isolates were identical and that the
hybridizing sequences were localized within a 2.8-kilobase
(kb) Bg/II restriction fragment (Fig. 1). This fragment was
cloned into pUC12, and subclon: - derived from it by exo-
nuclease III digestion were used for nucleotide sequencing
by the Sanger dideoxy chain termination procedure (31). We
derived 1,968 bp of sequence information and localized mos
homologous sequences between nucleotides 765 and 1,700
(Fig. 1). This region of homology contains an open reading
frame of 1,047 bp corresponding to a coding region of 349
amino acids which is homologous to the deduced human and
mouse c-mos amino acid sequences.

Comparisons of the chicken, mouse, and human c-mos loci.
Comparisons of the nucleotide sequence of the chicken
c-mos with the mouse and human c-mos loci showed a 62%
homology within the conserved mos open reading frame
(data not shown). No significant regions of homology up-
stream or downstream from this region were observed.
Thus, no sequences were found that were homologous to the
UMS region in the mouse c-mos locus or the MUH region
present in both the mouse and human c-mos loci (8, 21, 43).
Two overlapping poly(A) addition consensus signals, AA
TAAA (40), were found 120 bp downstream of the open
reading frame (Fig. 1). Poly(A) addition signals were also
present at similar distances from c-mos stop codons in the
mouse (36), human, and African green monkey genes and are
apparently used in normal tissues of those species (28, 29;
Paules et al., in preparation).

Comparison of the deduced amino acid sequences of the
three c-mos genes showed that, whereas the human and
mouse sequences are 77% homologous to each other, the
deduced chicken c-mos protein sequence is only 62% homol-
ogous to either the mouse or human proteins (Fig. 2).

However, there are regions of higher homology that divide
the coding region into three conserved domains (residues 45
to 157, 185 to 230, and 244 to 301 of chicken c-mos; Fig. 2)
which are ~70% conserved among the three species. Amino
acid sequence homology of v-mos protein to bovine cyclic
AMP-dependent protein kinase (2) and to src kinase onco-
genes (2, 17, 18, 35, 36) has been previously reported. The
homology is greatest in the ATP-binding and kinase do-
mains, and amino acid residues in these regions are highly
conserved among the mos proteins of the three species (i.e.,
residues 70 to 92 and 204 to 270 in chicken mos; Fig. 2). The
putative ATP-binding domain is separated from the putative
kinase domain by a region of total nonhomology (residues
157 to 169 in chicken c-mos; Fig. 2) which corresponds to a
region in other kinase oncogenes where large insertions are
found (4, 17). The putative kinase domain is further divided
by a stretch of 13 amino acid residues of low homology. The
N terminus (residues 1 to 44 in chicken c-mos) and C
terminus (residues 309 to 349 in chicken c-mos; Fig. 2) are
also less well conserved and show only 41 and 27% homol-
ogy, respectively, among the three genes.

Expression of chicken c-mos RNA. c-mos RNA expression
has been detected in several mammalian species (24, 28, 29;
Paules et al., in preparation), and in each species, the highest
levels have been detected in gonadal tissue. In chickens, two
mos transcripts are detected in ovaries (1.4 and 3.3 kb),
whereas in testes, one major RNA transcript (1.4 kb) is
observed (Fig. 3). The same size ovary- and testis-specific
mos RNA transcripts are detected in quail (Fig. 3). Whereas
both mos transcripts present in chicken ovaries are detected
with a probe containing sequences of the mos open reading
frame (Fig. 3), a probe obtained from the PstI-Bg/lII fragment
at the 3’ end of the chicken c-mos clone pCMB (Fig. 1) only
detects the larger 3.3-kb transcript (not shown). This result
suggests that the two chicken ovarian transcripts differ in
their 3’ untranslated region. We were unable to detect RNA
transcripts of discrete sizes by Northern analysis in other
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FIG. 3. Detection of chicken c-mos transcripts. (A) Northern
analysis of RNA from ovaries and testes of chicken and quail. Total
RNA (25 pg) was analyzed in each lane. The probe was a *2P-
labeled, nick-translated PstI-Pvull fragment from the c-mos coding
region. rRNA sizes are indicated (in kilobases). Lanes: 1, chicken
ovary; 2, chicken testes; 3, quail ovary; 4, quail testes. The
detection of a 1.8-kb band in quail RNA is due to background
hybridization to 18S ribosomal RNA and was only observed in this
particular experiment. X-ray film was exposed for 2 days. (B) S1
nuclease protection analysis. The probe was a 3’-end-labeled
Sau3 Al fragment containing 225 bp from the downstream end of the
c-mos coding region. Lanes: 1, 50 pg of yeast tRNA; 2, 100 pg of
total testes RNA; 3, 50 pg of poly(A)* testes RNA; 4, 100 pg of
whole 4-day-old embryo RNA; 5, 50 pg of poly(A)* 4-day-old
embryo RNA; 6, 100 pg of 10-day-old whole embryo RNA; 7, 100 pg
of 17-day-old whole embryo RNA; 8, 50 pg of poly(A)* 17-day-old
whole embryo RNA; 9, 100 pg of whole heart RNA; 10, 100 pg of
whole kidney RNA; 11, 100 pg of whole spleen RNA. The X-ray film
was exposed for 17 days.

adult chicken tissues or in RNA extracted from whole
embryos. However, we were able to demonstrate the pres-
ence of mos transcripts in embryonic and adult chicken
tissue by S1 nuclease protection analysis. With an end-
labeled 895-bp DNA fragment probe containing the down-
stream portion of the c-mos coding region, we detected the
expected 225-bp (Sau3A-Sacl; Fig. 1) fragment with RNA
from 4-, 10-, and 17-day-old whole embryos and from adult
testes, heart, kidney, and spleen (Fig. 3). RNA from adult
chicken muscle and liver were negative under these assay
conditions (results not shown).

Transforming activity of chicken c-mos in NIH 3T3 cells.
Mouse c-mos can be activated by an LTR upstream or
downstream of the coding region and, when activated, can
morphologically transform NIH 3T3 cells in culture (7).
Typical transformation efficiencies for upstream LTR con-
structs vary from 1,700 to 7,500 foci per pmol (6, 7). We have
shown that human c-mos can be activated in the same

MoL. CELL. BioL.

manner but at a 10- to 100-fold lower efficiency (6). To test
the transforming activity of chicken c-mos, several plasmids
were constructed having Mo-MSV LTR sequences at vary-
ing distances upstream from the c-mos coding region.
pM1CM32 and pM1CM33, with the LTR placed ~200 bp
upstream from the chicken c-mos coding region transformed
NIH 3T3 cells very efficiently (700 to 4,700 foci per pmol),
whereas pM1CM36, with the LTR enhancer and promoter
regions placed 900 bp upstream, was 100-fold lower in
transforming activity (Fig. 4). In these assays, the mouse
(pTS1) and human (pLh04) LTR constructs transformed
with the same efficiencies as previously described (6, 7) (Fig.
4). The transforming efficiencies of the chicken c-mos plas-
mids (pM1CM32 and pM1CM33) are comparable to that of
mouse c-mos constructs and are also 10- to 100-fold higher
than that of the activated human c-mos constructs (Fig. 4).
The foci produced by the chicken c-mos plasmids were
easily distinguishable and strongly resembled mouse mos
foci (6, 7). Cell lines derived from several foci contained the
expected chicken c-mos DNA sequences and expressed mos
RNA transcripts (data not shown). We conclude from these
analyses that chicken c-mos can transform mouse cells as
efficiently as mouse c-mos.

Transforming activity of chicken c-mos in chicken embryo
fibroblasts. To test whether chicken c-mos is an active
transforming gene in the homologous species, the two c-mos
proto-oncogene constructions c-mos-P and c-mos-G (see
Materials and Methods) were inserted into the avian retro-
viral vector RCAS (16). This vector is replication competent
and, after transfection, the viruses spread throughout the
culture. A total of 10 pg of each plasmid, RCAS mos-P and
RCAS mos-G, were transfected onto chicken embryo fibro-
blasts by standard procedures (15, 41). After approximately

Foclipmol
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FIG. 4. Transforming activities of LTR c-mos plasmids in NIH
3T3 cells. Results represent ranges of foci obtained from the
following number of separate assays: pMlsp, 2; pCMB, 2;
pM1CM36, 2; pM1CM33, 4; pM1CM32, S; pTS1, 2; and pLh04, 2.
Symbols: OO, Mo-MSV LTR; , chicken c-mos; mmm, mouse
c-mos; Ez@, human c-mos; , mink genomic DNA; mww, ge-
nomic DNA. RI, EcoRI; B, Bglll; S, Smal; X, Xbal.
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FIG. 5. Restriction map of chicken c-mos retrovirus vectors RCAS-mos-P and RCAS-mos-G and the transformation of chicken embryo
fibroblasts by RCAS-mos-G. (A) RCAS-mos vectors contain the chicken c-mos coding region inserted into the replication-competent vector
RCAS (16) as described in Materials and Methods. (B) Upper panel: uninfected chicken embryo fibroblasts; lower panel: chicken embryo

fibroblasts transformed with RCAS-mos-G.

2 weeks in culture, the culture transfected with RCAS
mos-G showed significant morphological alterations (Fig. 5),
whereas the culture infected with RCAS mos-P was indis-
tinguishable from control cultures (not shown).

DISCUSSION

The coding region of the mos proto-oncogene is less well
conserved between species than most other proto-onco-
genes. However, greater conservation is found in those
coding regions previously shown to be homologous to other
members of the kinase oncogene family (2, 17, 18, 35, 36). In
the N-terminal portion, residues in the putative ATP-binding
domain (2, 17, 18, 35, 36) are conserved, whereas in the
C-terminal portion, residues homologous to the kinase do-
main are conserved.

RNA transcripts have been identified in mouse and pri-
mate tissues, with the highest levels found in gonads (14, 24,
28, 29; Paules et al., in preparation). In the mouse, c-mos
expression in gonads has been shown to be developmentally
regulated and expression is primarily confined to germ cells
(14, 24, 28). As in mice, in adult birds, we find the highest
levels of c-mos transcripts in ovaries. However, we also find
c-mos expression in early (4-day-old) embryos which de-
creases in older embryos. In heart, kidney, and spleen, we
detected mos in RNA by S1 nuclease protection experi-

ments, but no discrete-size-class RNA transcripts were
observed in Northern analysis from the same tissues. In the
mouse, similar observations were made with RNA from
immature testes and some adult tissues (28). We suspect that
either the level of the transcripts is too low for detection by
Northern analysis or the transcripts are initiated from mul-
tiple sites, or both.

Sequences which inhibit transforming activity of c-mos
have also been identified in the human and mouse c-mos loci
(6, 21, 43). The pM1CM36 LTR construct containing 900 bp
of sequences upstream from chicken c-mos has diminished
transforming efficiency. No overlapping reading frame is
present in the chicken c-mos locus, as is found in primates
(6; Paules et al., in preparation). However, as in the mouse
locus (28), the chicken c-mos locus is preceded by numerous
ATG codons which are followed immediately by termination
codons. Such ATGs influence the translational efficiency of
the yeast GCN-4 regulatory gene (23), and if the upstream
chicken c-mos sequences are present in the ovarian and
testis transcripts, it is possible that they could also influence
translation. Likewise, in all species thus far analyzed, the
nucleotide sequences surrounding the conserved c-mos ATG
do not conform with good consensus initiator codons and
morphological alterations were only observed in chicken
embryo fibroblasts with the RCAS-mos retroviral vector
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containing an initiation codon and a conforming consensus
sequence. This also changed the penultimate amino acid
from Pro to Gly, and we cannot exclude the possible
influence of this change.

The mos proto-oncogene from all species tested can be
activated by an LTR to transform NIH 3T3 cells in culture or
to produce tumors in nude mice (6, 7). The transforming
activity of human c-mos was shown to be 100-fold lower than
that of mouse c-mos (6). One possibility for this difference
could be the large divergence between mouse and human
sequences, making mouse cells inappropriate targets for
testing the oncogenic potential of human c-mos. However,
we show in this study that the more distantly related chicken
c-mos transforms mouse cells as efficiently as mouse c-mos.
Moreover, the chicken c-mos-G can morphologically alter
cells from the homologous species, although the alterations
are not as profound as those seen when the RCAS vectors
express v-src or v-ras (16; S. Hughes, unpublished observa-
tions). We have been unable to transform human cells with
retroviral constructions containing the human c-mos gene (6;
D. G. Blair, unpublished observations). It should be noted,
however, that the form of chicken c-mos shown to produce
this effect differs from the normal c-mos at the second amino
acid (Gly was substituted for Pro). This modification was
made in an attempt to provide a better initiation codon for
c-mos. Whether the different biological effects seen with the
two forms of c-mos, c-mos-G and c-mos-P, are the result of
the more efficient translation of c-mos-G or whether it is a
more potent form of the protein or some combination of
these effects is unclear, and we are currently investigating
these questions. Genetic distance per se, therefore, cannot
account for the low level of transforming activity of human
c-mos. It is possible that the human gene (and that of
old-world monkeys) (Paules et al., in preparation) has a
reduced transforming potential. Obviously, this reduction
could provide a selective advantage to the species. More-
over, if mos transforming function is a measure of proto-
oncogene function, this finding raises the possibility that in
old-world primates, its normal cellular function may be
altered.

ACKNOWLEDGMENTS

We thank R. Paules for helpful discussions.

M.S. was supported in part by a grant from Deutsche Forschungs
Gemeinschaft. This research was sponsored by the National Cancer
Institute under contract number NO1-CO-74101 with Bionetics
Research, Inc.

LITERATURE CITED

1. Aaronson, S. A., and W. P. Rowe. 1970. Nonproducer clones of
murine sarcoma virus-transformed BALB/3T3 cells. Virology
42:9-19.

2. Barker, W. C., and M. O. Dayhoff. 1982. Viral src gene products
are related to the catalytic chain of mammalian cAMP-depen-
dent protein kinase. Proc. Natl. Acad. Sci. USA 79:2836-2839.

3. Berk, A. J., and P. A. Sharp. 1978. Spliced early mRNAs of
simian virus 40. Proc. Natl. Acad. Sci. USA 75:1274-1278.

4. Besmer, P., J. E. Murphy, P. C. George, F. Qiu, P. J. Bergold,
L. Lederman, H. W. Snyder, Jr., D. Brodeur, E. E. Zuckerman,
and W. D. Hardy. 1986. A new acute transforming feline
retrovirus and relationship of its oncogene v-kir with the protein
kinase gene family. Nature (London) 320:415-421.

S. Blair, D. G., W. L. McClements, M. K. Oskarsson, P. J.
Fischinger, and G. F. Vande Woude. 1980. Biological activity of
cloned Moloney sarcoma virus DNA: terminally redundant
sequences may enhance transformation efficiency. Proc. Natl.
Acad. Sci. USA 77:3504-3508.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

MoL. CELL. BioL.

. Blair, D. G., M. K. Oskarsson, A. Seth, K. J. Dunn, M. Dean, M.

Zweig, M. A. Tainsky, and G. F. Vande Woude. 1986. Analysis
of the transforming potential of the human homolog of mos. Cell
46:785-794.

. Blair, D. G., M. K. Oskarsson, T. G. Wood, W. L. McClements,

P. J. Fischinger, and G. F. Vande Woude. 1981. Activation of
the transforming potential of a normal cell sequence: a molec-
ular model for oncogenesis. Science 212:941-943.

. Blair, D. G., T. G. Wood, A. M. Woodworth, M. L. McGeady,

M. K. Oskarsson, F. Propst, M. A. Taisky, C. S. Cooper, R.
Watson, B. M. Baroudy, and G. F. Vande Woude. 1984. Prop-
erties of the mouse and human mos oncogene loci, p. 281-289.
In G. F. Vande Woude, A. J. Levine, W. C. Topp, and J. D.
Watson (ed.), Cancer cells: oncogenes and viral genes, vol. 2.
Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y.

. Bolivar, F., R. L. Rodriguez, P. J. Greene, M. C. Betlach, H. L.

Heyneker, H. W. Boyer, J. H. Crosa, and S. Falkow. 1977.
Construction and characterization of new cloning vehicles. II. A
multipurpose cloning system. Gene 2:95-113.

Chirgwin, J. M., A. E. Przybyla, R. J. MacDonald, and W. J.
Rutter. 1979. Isolation of biologically active ribonucleic acid
from sources enriched in ribonuclease. Biochemistry 18:5294—
5299.

Crouse, G. F., A. Frischauf, and H. Lehrach. 1983. An inte-
grated and simplified approach to cloning into plasmids and
single-stranded phages. Methods Enzymol. 101:78-89.
Dodgson, J. B., J. Strommer, and J. D. Engel. 1979. Isolation of
the chicken B-globin gene and a linked embryonic B-like globin
gene from a chicken DNA recombinant library. Cell 17:879-887.
Frankel, A. E., and P. J. Fischinger. 1976. Nucleotide sequence
in mouse DNA and RNA specific for Moloney sarcoma virus.
Proc. Natl. Acad. Sci. USA 73:3705-3709.

Goldman, D. S., A. A. Kiessling, C. F. Millette, and G. M.
Cooper. 1987. Expression of c-mos RNA in germ cells of male
and female mice. Proc. Natl. Acad. Sci. USA 84:4509—4513.
Hughes, S., and E. Kosik. 1984. Mutagenesis of the region
between env and src of the SR-A strain of Rous sarcoma virus
for the purpose of constructing helper-independent vectors.
Virology 136:89-99.

Hughes, S. H., J. J. Greenhouse, C. J. Petropoulos, and P.
Sutrave. 1987. Adapter plasmids simplify the insertion of foreign
DNA into helper-independent retroviral vectors. J. Virol.
61:3004-3012.

Hunter, T., and J. A. Cooper. 1986. Viral oncogenes and
tyrosine phosphorylation, p. 191-237. In P. D. Boyer and E. G.
Krebs (ed.), The enzymes, vol. 7. Academic Press, Inc., Or-
lando, Fla.

Kamps, M. P., S. S. Taylor, and B. M. Sefton. 1984. Direct
evidence that oncogenic tyrosine kinases and cyclic AMP-
dependent protein kinase have homologous ATP-binding sites.
Nature (London) 310:589-592.

Kozak, M. 1986. Point mutations define a sequence flanking the
AUG initiation codon that modulates translation by eucaryotic
ribosomes. Cell 44:283-292.

Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

McGeady, M. L., T. G. Wood, J. V. Maizel, and G. F. Vande
Woude. 1986. Sequences upstream from the mouse c-mos
oncogene may function as a transcription termination signal.
DNA 5:289-298.

Moloney, J. B. 1966. A virus-induced rhabdomyosarcoma in
mice. Natl. Cancer Inst. Monogr. 22:139-142.

Mueller, P. P., and A. G. Hinnebusch. 1986. Multiple upstream
AUG condons mediate translational control of GCN4. Cell 45:
201-207.

Mutter, G. L., and D. J. Wolgemuth. 1987. Distinct develop-
mental patterns of c-mos proto-oncogene expression in female
and male mouse germ cells. Proc. Natl. Acad. Sci. USA 84:
5301-5305.

Okita, T. W. 1985. Nonrandom DNA sequencing of exonu-
clease IlI-deleted complementary DNA. Anal. Biochem. 144:
207-211.



VoL. 8, 1988

26.

27.

28.

29.

30.

31.

32.

33.

34.
3s.

36.

Oskarsson, M., W. L. McClements, D. G. Blair, J. V. Maizel,
and G. F. Vande Woude. 1980. Properties of a normal mouse cell
DNA sequence (sarc) homologous to the src sequence of
Moloney sarcoma virus. Science 207:1222-1224.

Papkoff, J., E. A. Nigg, and T. Hunter. 1983. The transforming
protein of Moloney murine sarcoma virus is a soluble cytoplas-
mic protein. Cell 33:161-172.

Propst, F., M. P. Rosenberg, A. Iyer, K. Kaul, and G. F. Vande
Woude. 1987. c-mos proto-oncogene RNA transcripts in mouse
tissues: structural features, developmental regulation, and lo-
calization in specific cell types. Mol. Cell. Biol. 7:1629-1637.
Propst, F., and G. F. Vande Woude. 1985. Expression of c-mos
proto-oncogene transcripts in mouse tissues. Nature (London)
315:516-518.

Rigby, P. W. ]J., M. Dieckmann, C. Rhodes, and P. Berg. 1977.
Labeling deoxyribonucleic acid to high specific activity in vitro
by nick translation with DNA polymerase 1. J. Mol. Biol. 113:
237-251.

Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

Seth, A., and G. F. Vande Woude. 1985. Nucleotide sequence
and biochemical activities of the Moloney murine sarcoma virus
strain HT-1 mos gene. J. Virol. 56:144-152.

Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

Stephens, R. M. 1985. A sequencers sequence analysis package
for the IBM PC. Gene Anal. Tech. 2:67-75.

Sternberg, M. J. E., and W. R. Taylor. 1984. Modelling the
ATP-binding site of oncogene products, the epidermal growth
factor receptor and related proteins. FEBS Lett. 175:387-392.
Van Beveren, C., J. A. Galleshaw, V. Jonas, A. J. M. Berns,

CHICKEN HOMOLOG OF THE mos PROTO-ONCOGENE

37.

38.

39.

41.

42.

43.

929

R. F. Doolittle, D. J. Donoghue, and I. M. Verma. 1981. Nucle-
otide sequence and formation of the transforming gene of a
mouse sarcoma virus. Nature (London) 289:258-262.

Vande Woude, G. F., M. Oskarsson, W. L. McClements, L. W.
Enquist, D. G. Blair, P. J. Fischinger, J. V. Maizel, and M.
Sullivan. 1980. Characterization of integrated Moloney sarcoma
proviruses and flanking host sequences cloned in bacteriophage
\. Cold Spring Harbor Symp. Quant. Biol. 44:735-745.

Vieira, J., and J. Messing. 1982. The pUC plasmids, an
M13mp7-derived system for insertion mutagenesis and sequenc-
ing with synthetic universal primers. Gene 19:259-268.
Watson, R., M. Oskarsson, and G. F. Vande Woude. 1982.
Human DNA sequence homologous to the transforming gene
(mos) of Moloney murine sarcoma virus. Proc. Natl. Acad. Sci.
USA 79:4078-408:.

. Wickens, M., and P. Stephenson. 1984. Role of the conserved

AAUAAA sequence: four AAUAAA point mutants prevent
messenger RNA 3’ end formation. Science 226:1045-1051.
Wigler, M., A. Pellicer, S. Silverstein, R. Axel, G. Urlaub, and L.
Chasin. 1979. DNA-mediated transfer of the adenine phospho-
ribosyltransferase locus into mammalian cells. Proc. Natl.
Acad. Sci. USA 76:1373-1376.

Wilbur, W. J., and D. J. Lipman. 1983. Rapid similarity
searches of nucleic acid and protein data banks. Proc. Natl.
Acad. Sci. USA 80:726-730.

Wood, T. G., M. L. McGeady, B. M. Baroudy, D. G. Biair, and
G. F. Vande Woude. 1984. Mouse c-mos oncogene activation is
prevented by upstream sequences. Proc. Natl. Acad. Sci. USA
81:7817-7821.

. Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved

M13 phage cloning vectors and host strains: nucleotide se-
quences of the M13mpl8 and pUC19 vectors. Gene 33:103-
119.



