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The Mov-10 mouse strain was derived by infection of preimplantation embryos with the Moloney murine
leukemia virus and carries one copy of the provirus in its germ line. Here we show that the provirus has
integrated into an evolutionarily conserved gene that can code for a protein of 110 kDa containing the three
consensus elements characteristic for GTP-binding proteins. The Mov-10 locus was expressed in a variety of cell
types, including embryonal carcinoma and embryonic stem cells. Transcription of the gene was down-regulated
about 10-fold when F9 embryonal carcinoma cells are differentiated into parietal endodermlike cells and about
2-fold when they are differentiated into visceral endodermlike cells. High levels of Mov-10 transcripts were also
found at different stages of embryonal development and in the testes and thymus of adult animals. Expression
was cell cycle controlled, with steady-state RNA levels significantly higher in growth-arrested than in
growth-stimulated cells. The results suggest that the Mov-10 locus has an important function in development
and/or control of cell proliferation. The provirus was shown to have integrated into intron 1 of the gene without
disrupting expression, indicating that integration into intronic sequences of a transcription unit does not
necessarily affect transcription. This result together with previous results from the Mov-13 mouse strain suggest
that proviruses exert their mutagenic effect only by integration in specific sites, such as cis-regulatory DNA

elements.

The introduction of foreign DNA into the mouse germ line
by retroviral infection or microinjection can result in inser-
tional mutations of genes with important roles in develop-
ment (for reviews, see references 10 and 17). By using the
transgene as a tag for molecular cloning, it is possible to
isolate flanking cellular DNA sequences and thus to identify
the mutated gene. Several retrovirus-induced mutations in
mice occurring either spontaneously or through experimen-
tal manipulations have been described previously (20, 23, 33,
35, 36). A summary of published and unpublished data
shows that about 5% of all proviral insertions in transgenic
mice result in recessive lethal mutations. This rather high
frequency has led to the suggestion that retroviruses inte-
grate preferentially into transcribed DNA regions (10). In
support of this hypothesis, we have recently shown that
proviruses in at least three of five transgenic Mov mouse
strains, which were derived by retroviral infection of preim-
plantation embryos with the Moloney murine leukemia virus
(M-MulLV), had integrated in DNA regions transcribed in
embryonal stem cells (27). In none of these mouse strains
has provirus integration resulted in an altered phenotype,
suggesting either that transcription of the respective gene is
not blocked or that a block in expression does not interfere
with normal development.

In the present report, we describe the structure and
expression of one of these genes identified by provirus
integration in the Mov-10 mouse strain. We show that the
gene encodes a protein with potential GTP-binding activity
and that its expression is regulated during development and
cell proliferation. Transcription is not affected by the inser-
tion of the provirus in intron 1.
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MATERIALS AND METHODS

Mice. All mice were bred in our mouse colony at the
Heinrich-Pette-Institut. The origin of the Mov-10 mice has
been described earlier (19). Embryos were obtained from
timed matings; the day of the mating plug was counted as
day 1 of gestation.

Cell culture. F9 cells were grown on gelatinized petri
dishes in Dulbecco modified Eagle medium containing 10%
fetal calf serum (FCS). Cells were induced to differentiate
into parietal endodermlike cells by growth as monolayers in
the presence of 5 X 10~% M retinoic acid (RA), 107* M
N¢,0%dibutyryl cyclic AMP (cAMP), and 10~* M isobutyl
methyl xanthine for 4 to 5 days unless stated otherwise (14).
Differentiation to visceral endodermlike cells was achieved
by growing small aggregates of 20 to 30 cells for 7 days in
suspension in bacteriological petri dishes in the above me-
dium containing 0.1 pM RA (14, 15). CCE cells (7), obtained
from M. Evans, Cambridge, England, were maintained in
Buffalo rat liver cell-conditioned medium as described pre-
viously (34). Mouse NIH 3T3 cells were routinely grown in
Dulbecco modified Eagle medium supplemented with 10%
FCS. To obtain quiescent cells, we incubated exponentially
growing cells for 72 h in the presence of 1% FCS. For serum
stimulation, quiescent cultures were incubated with 10%
FCS for the indicated times. Before RNA isolation, the
growth state of the cells was assessed in parallel cultures by
a 1-h pulse with [*H]thymidine (15 wC/ml; 20 Ci/mmol)
followed by cell lysis and trichloroacetic acid precipitation of
incorporated [*H]thymidine.

Screening of cDNA library. A cDNA library prepared from
the undifferentiated F9 embryonal carcinoma cell line con-
structed in Agtl0 (16) was a gift from H. Shin, Whitehead
Institute, Cambridge, Mass. About 5 X 10° plaques were
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screened with genomic probes from the Mov-10 locus de-
scribed previously (27). Eight positive plaques were identi-
fied and plaque purified. Of these plaques, the largest one,
designated p10-CD1, was further characterized.

DNA sequencing. The nucleotide sequence of cDNA clone
pl0-CD1 was determined by the dideoxy-chain termination
method (31). Restriction fragments were subcloned into
M13mp18 and M13mp19 bacteriophages. M13 17-bp univer-
sal primer along with synthetic oligonucleotides were used
as primers. Both strands were sequenced completely.

RNA preparation and analysis. Total cellular RNA was
isolated by the method of Auffray and Rougeon (2) and
fractionated (15 pg per lane) by electrophoresis in 1%
agarose slab gels containing formaldehyde and ethidium
bromide (30). rRNA bands were used to confirm the integrity
and amount of RNA in each lane. RNA was transferred onto
Gene Screen Plus membranes (Dupont) and hybridized in
the presence of 50% formamide at 42°C for 18 to 20 h as
described by the manufacturers. 32P-radiolabeled probes of
the Mov-10 cDNA clone pl10-CD1 were prepared by the
random priming procedure of Feinberg and Vogelstein (8).
Final filter washes were done at 65°C with a solution of 2x
SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate)
and 1% sodium dodecyl sulfate.

Nucleotide sequence accession number. The nucleotide
sequence shown in Fig. 1 has been assigned the EMBL
accession number X52574.

RESULTS

Mov-10 cDNA nucleotide sequence and predicted amino acid
sequence. The Mov-10 locus was originally defined by the
presence of an M-MuLV provirus in the Mov-10 mouse
strain (12, 19). Previous experiments indicated that the
provirus was located within a transcription unit as genomic
fragments on both sites of the integration site hybridized
with RNA (27). Subfragments of a cosmid clone hybridized
to a 3.6-kb RNA species in both the CCE embryonal stem
cell line and the F9 embryonal carcinoma cell line (27). The
same fragments were used to screen a Agtl0 cDNA library
prepared from RNA of undifferentiated F9 cells. Several
positive plaques were isolated and characterized by restric-
tion digestion. The largest cDNA insert was about 3.6 kb
long and was recloned in the ribovector pSP65. This clone,
designated p10-CD1, was shown by sequence and primer
extension analysis to represent the total length of the Mov-10
transcript and was used as a probe in all subsequent expres-
sion studies. The complete nucleotide sequence of p10-CD1
was determined and is shown in Fig. 1. It is about 3,528 bp
long, with a major open reading frame of 3,012 bp beginning
with a potential ATG initiator codon at nucleotide 171 and
ending with a TGA terminator codon at position 3183, coding
for a protein with a calculated molecular mass of about 110
kDa. Two other possible initiation codons are present at
positions 339 and 351; however, the ATG at position 171
conforms best to the consensus for translation start se-
quences (21). The 3’ untranslated region does not contain the
AATAAA polyadenylation signal usually located 10 to 30
nucleotides upstream of the poly(A) addition site (29). In-
stead, the sequences AAGAAA and AACAAA are 21 and 14
bp upstream of the terminal poly(A) tract, respectively,
either of which might serve as a polyadenylation signal.
Sequence analysis of a genomic clone from the 3’ end (data
not shown) confirmed the absence of an AATAAA motif and
showed that about 14 bp downstream of the poly(A) addition
site there is a GT-rich sequence which is present in many
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genes and has been postulated to be involved in the cleavage
and/or processing of primary transcripts (25). A search for
similarities with protein sequences collected in the Leeds
data base revealed that the gene product of the Mov-10 locus
belongs to the GTP-binding protein family. It contains the
three peptide sequences GPPGTGKT, DEAG, and NGYD
(separated by 113 and 69 residues, respectively), corre-
sponding to the three consensus motifs found in GTP-
binding proteins (4). The peptide structure suggests that the
Mov-10 gene product is not a membrane-associated protein.

Expression in F9 cells and differentiated derivatives of F9.
We have previously shown that the Mov-10 locus is ex-
pressed in the embryonal carcinoma cell line F9 (27). Tran-
scription decreased by at least 10-fold after differentiation of
F9 cells into parietal endodermlike cells and by about 2-fold
after differentiation into visceral endodermlike cells. (Fig.
2A). Down-regulation of Mov-10 mRNA after differentiation
of F9 cells into parietal endoderm cells with RA and cAMP
was studied in more detail, and the results are shown in Fig.
2B. A time course experiment revealed that after 96 h the
Mov-10-specific RNA was no longer detectable. Differenti-
ation in the presence of CAMP alone produced hardly any
change in Mov-10 expression, whereas RA alone resulted in
a three-fold decrease. Exposure to both RA and cAMP was
required to give maximal down-regulation of the Mov-10
mRNA level. A characteristic feature of the differentiated F9
phenotype is that once established, it remains stable after
removal of the inducers (38). Mov-10 mRNA levels were
similarly reduced upon incubation with RA and cAMP for 1
day followed by 3 days without inducers compared with
continuous exposure to inducers (Fig. 2B). This result indi-
cates that the down-regulation of Mov-10 mRNA is associ-
ated with the differentiated phenotype and does not require
the continuous presence of the inducers.

Expression in embryos and different tissues of adult mice.
To determine whether the Mov-10locus is expressed in other
cell types, we extracted RNA from embryos of different
developmental stages and from different tissues of adult mice
and assayed it by Northern (RNA) blot analysis. The integ-
rity and amount of RNA in each lane was confirmed by
staining RNA bands with ethidium bromide (data not
shown). Furthermore, blots were rehybridized with an actin
probe, which, however, hybridized to different extents with
total RNA of various organs. The Mov-10 locus was tran-
scribed at all stages of fetal development (Fig. 3). The
transcript has the same size as the one in F9 cells. In late
embryos (days 17 to 19 of gestation) and in newborn mice,
expression seemed to occur predominantly in fetal liver.
Mov-10 mRNA was also present in placenta of different
developmental stages (data not shown). When RNA from
different tissues of adult mice was analyzed, significant
expression was found only in testes and thymus (Fig. 4).
Expression in adult liver (Fig. 4) was significantly reduced
when compared with expression in fetal or newborn liver
(Fig. 3). The decline from fetal to adult levels occurred
during the first week of postnatal development (data not
shown). Low levels of Mov-10 mRNA were detected in all
tissues tested with the exception of muscle (Fig. 4) and skin
(data not shown). In the latter tissues, transcripts were
absent even after long exposures of Northern blots with
poly(A)-enriched RNA or when an RNase protection assay
was used. In summary, the results in Fig. 3 and 4 show that
expression of the Mov-10 locus is not restricted to embryo-
nal stem cells but occurs also in other cell types. Further-
more, the expression is tissue and stage specific.

Expression at different stages of the cell cycle. Mouse NIH
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FIG. 1. Nucleotide sequence of the Mov-10 cDNA clone p10-CD1 and the deduced amino acid sequence of the protein. The three peptide
sequences corresponding to consensus motifs found in GTP-binding domains (4) are boxed. The sequences AAGAAA and AACAAA
potentially used as polyadenylation signals are underlined. The numbers on the left refer to amino acid position, and those on the right refer

to nucleotide position.

3T3 fibroblasts constitute a convenient system for studying
cell cycle-dependent gene expression since they can be
brought to a quiescent state (G0) by serum deprivation and,
upon subsequent exposure to serum, they reenter the Gl
phase and resume proliferation. The Mov-10 RNA level
decreased after serum stimulation and reached a minimum
after 8 to 12 h, when it again increased and reached a
steady-state level that was about the same as the level in
arrested cells after 22 h (Fig. 5). Subsequent rehybridization
of the filter with a probe corresponding to glyceraldehyde-
3-phosphate dehydrogenase, whose gene expression does
not vary significantly during the cell cycle, confirmed that
similar amounts of RNA were present in different lanes.
Therefore, our results suggest that the expression of the
Mov-10locus is cell cycle controlled, with steady-state RNA

levels higher in growth-arrested than in growth-stimulated
cells.

Provirus integration and expression in Mov-10 mice. The
exon-intron structure of the Mov-10 locus was determined
by restriction, nuclease S1, and partial sequence analyses of
genomic and cDNA clones. The provirus integration site
with respect to the transcribed gene was mapped by restric-
tion analysis of the previously described genomic clone
pMov10, which contains the proviral insert (12), and the
cosmid clone representing the wild-type allele (27). The total
length of the gene is about 17 kb. Only the exon-intron
distribution at the 5’ end is shown in Fig. 6. The provirus
integrated into intron 1 about 8.5 kb downstream of the first
exon-intron boundary in the opposite orientation relative to
the transcriptional orientation of the Mov-10 locus. We have
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FIG. 2. Expression of Mov-10 locus in F9 cells and its differentiated derivatives. (A) Total cellular RN A from undifferentiated F9 cells and
F9 cells differentiated into parietal endodermlike cells (PE) and visceral endodermlike cells (VE) was analyzed by Northern blot hybridization
with the Mov-10 cDNA clone p10-CD1 as a probe. The filter was rehybridized with the a-fetoprotein gene (AFP) to confirm the differentiated
state of the VE cells (6). (B) Effect of RA and cAMP on expression of the Mov-10 locus from F9 cells cultured for indicated times (hours)
in the presence of RA and cAMP, from F9 cells kept for 24 h in the presence of RA and cAMP followed by 72 h without inducers (lane labeled
+24), and from F9 cells kept for 96 h in the presence of either cAMP or RA was analyzed by Northern blot hybridization. The filter was
rehybridized with the SPARC gene to confirm the differentiated state of the F9 cells (24).

previously shown that provirus integration into intron 1 can
result in a transcriptional block and lead to a recessive lethal
mutation (11). It was therefore of interest to analyze tran-
scription of the Mov-10 locus in homozygous Mov-10 mice.
For this purpose, RNA was isolated from d15 embryos and
from thymus and testes of adult homozygous Mov-10 ani-
mals and of adult 129 mice, the parental strain from which
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the Mov-10 strain was derived (19). The Northern blot
shown in Fig. 7 shows that provirus integration did not affect
the size and the amount of the Mov-10-specific transcript.
The transcript from homozygous Mov-10 mice did not hy-
bridize with M-MuLV sequences, ruling out the possibility
that it is a hybrid RNA consisting of cellular and viral
sequences (data not shown). The observation that the pro-
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FIG. 3. Expression of Mov-10 locus during embryonal development. Total cellular RNA isolated from whole embryos or from liver and
remaining embryo at indicated days of development, from liver and remainder of newborn (nb) animals, from livers of 8-day-old animals, and,
for comparison, from F9 cells was analyzed by Northern blot hybridization. The blot was subsequently rehybridized with the actin probe

pAct-1 (5).
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FIG. 4. Expression of Mov-10 locus in different organs of adult
mice. Total cellular RNA from indicated organs of 2-month-old
animals and, for comparison, from F9 cells was analyzed by
Northern blot hybridization. The blot was subsequently rehybrid-
ized with the actin probe.

virus did not interfere with transcription is in agreement with
the fact that homozygous Mov-10 mice do not show any
phenotypic alteration during their entire life span (18).

DISCUSSION

Mov-10 locus: cDNA and predicted protein. The Mov-10
mouse strain was derived by infection of preimplantation
embryos with M-MuLV (19). The proviral integration site
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was mapped previously on chromosome 3 (28). The results
presented here show that integration occurred into intron 1
of a novel gene that is expressed in a developmentally and
cell cycle-specific manner.

The cDNA sequence of the gene contains a major open
reading frame which can code for a protein with a calculated
molecular mass of about 110 kDa. A protein of similar size
was found in F9 cells by Western immunoblotting with
polyclonal antibodies made from the in vitro-translated
cDNA (9a). The deduced protein (Fig. 1) contains three
short amino acid sequences that match the consensus se-
quence found in GTP-binding proteins (4). This consensus
sequence includes the three sequence elements GXXXXGK,
DXXG, and NKXD, with spacings of 40 to 170 amino acid
residues between the first and second elements and 40 to 80
amino acid residues between the second and third se-
quences. With one exception, only known GTP-binding
proteins match this consensus sequence (4). There are
several different classes of proteins that bind guanine nucle-
otides (for a review, see reference 3). These include ribo-
somal protein synthesis factors and ras-21 proteins and G
proteins, which act as transducers in the signal pathway. The
function of the protein described here is not known. Exper-
iments are under way to characterize biochemically the
GTP-binding and hydrolysis activity as well as its location in
the cell.

A distinct feature of the Mov-10 cDNA sequence is the
absence of the sequence motif AATAAA, which usually
serves as a polyadenylation signal and in most genes is
located 10 to 30 nucleotides upstream of the poly(A) addition
site (29). For reasons presented in the Results, we think that
either AACAAA or AAGAAA is used as a polyadenylation
signal. However, both sequences have previously been
shown by mutational analysis to result in greatly reduced
levels of polyadenylated mRNA (26, 39). Further studies are
necessary to resolve this discrepancy and to study the
possible role of these sequences in regulating the level of
Mov-10 transcripts.
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FIG. 5. Growth cycle regulation of Mov-10 gene expression. Total cellular RNA was extracted from arrested cells and at indicated times
after the addition of 10% FCS and was analyzed by Northern blotting. DNA synthesis was measured at the indicated times by [*H]thymidine
incorporation. The blot was subsequently rehybridized with the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probe.
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200 bp

FIG. 6. Schematic representation of the exon-intron structure at the 5’ end of the Mov-10 gene. The first four exons (indicated by open

boxes) and the integration site of the M-MuLV provirus are shown
by arrows.

Developmentally and cell cycle-regulated expression. The
Mov-10 locus can serve as a model system for studying gene
regulation during the formation of early embryonic tissues.
Its expression is decreased at least 10-fold upon differentia-
tion to parietal endodermlike cells and about 2-fold upon
differentiation to visceral endodermlike cells (Fig. 2). Down-
regulation of Mov-10 expression in parietal endodermlike
cells appears to reflect the differentiated state of the cell,
since it remains stable after removal of the inducers RA and
cyclic AMP. As the level of transcription is reduced only
after more than 72 h in the presence of the inducers, the
Mov-10 locus is not involved in early events of the differen-
tiation process. As undifferentiated embryonal carcinoma
cells are tumorigenic, whereas differentiated derivatives
have lost this property (37), it is possible that expression of
the Mov-10 locus is associated with maintaining the rapidly
growing transformed state.

Expression of the Mov-10 locus is regulated during the cell
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FIG. 7. Expression of Mov-10 locus in homozygous Mov-10
mice. Total RNA was isolated from whole 15-day-old embryos and
from indicated organs of 2-month-old homozygous Mov-10 and 129
mice and analyzed by Northern blotting. The blot was subsequently
rehybridized with the actin probe.

. Transcriptional orientations of the gene and the provirus are indicated

cycle (Fig. 5) and reaches its highest level in growth-arrested
cells. After induction of growth by serum stimulation, the
expression is down-regulated (to a minimum after 8 to 12 h)
and accumulates again during the S phase of synchronized
cultures. Studies on the control of cell proliferation have
mainly focused on positively regulated genes that are acti-
vated after stimulation of arrested cells (e.g., see reference
1). Very few studies so far have dealt with negatively
regulated genes that are specifically expressed in the GO
phase and are down-regulated after growth stimulation.
Some growth arrest-specific (gas) genes have recently been
isolated from a subtraction cDNA library (32) and show cell
cycle-controlled expression patterns similar to the one de-
scribed here for the Mov-10 locus. The Mov-10 locus and its
gene product may provide an additional tool to understand
growth control.

Gene expression and provirus integration. Transcription of
the Mov-10 locus does not seem to be affected by the
provirus insertion since no differences were observed when
the amount and size of Mov-10-specific RNA from three
different tissues of homozygous Mov-10 and wild-type mice
were compared (Fig. 7). These results suggest that process-
ing of the primary transcript, including proper splicing of
intron 1 containing the viral sequence, results in a mature
mRNA indistinguishable from that derived from the wild-
type allele. This conclusion is supported by the observation
that homozygous Mov-10 mice develop normally and show
no phenotypic alteration (18). However, the experiments
presented here do not rule out small alterations in mRNA
structure and/or a transcriptional block in minor cell types.

When compared with the previously described Mov-13
mouse strain, the present results show clear differences but
also some similarities. In both Mov mouse strains the
provirus has integrated into intron 1 of a gene, with the
transcriptional orientation of the provirus opposite to that of
the host gene (11). In the Mov-13 mouse, provirus integra-
tion into intron 1 of the a1(I) collagen gene has led to a block
in transcription resulting in a recessive lethal mutation (11,
13, 18, 33). However, recently we have shown that the
Mov-13 provirus affects transcription in a tissue-specific
manner (22). In contrast to all other cell types, the mutated
Mov-13 allele is transcribed in odontoblasts and osteoblasts
and the primary transcripts are spliced properly, resulting in
a functional mature mRNA. These results suggest that
odontoblasts and osteoblasts use cis-regulatory elements for
expression of the al(I) collagen gene which are different
from those in other cells and which are not affected by the
provirus (22). Similarly, we assume that the provirus in the
Mov-10 locus does not disrupt any regulatory DNA elements
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and therefore does not interfere with transcription. The
transcriptional analysis of the Mov-10 and Mov-13 loci
shows that provirus integration into intronic sequences does
not necessarily affect transcription and implies that provi-
ruses exert their mutagenic effect only within a limited range
of a chromosomal domain. From the results of the present
study and previous studies of the Mov-13 locus, we suggest
that proviruses have to disrupt control elements to cause
mutations. Support for this hypothesis comes from related
work in other laboratories, where it was shown that retrovi-
rus-induced mutations are clustered in a defined region in or
near to the affected gene (e.g., see reference 9). For Mov-10
and Mov-13, experiments are under way to define the
cis-regulatory DNA elements and their positions relative to
the proviral insert.
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