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The Mpv 20 transgenic mouse strain was created by infection of embryos with a defective retrovirus. When
Mpv 20 heterozygous animals were crossed, no homozygous neonatal mice or midgestation embryos were
identified. When embryos from heterozygous crosses were cultured in vitro, approximately one quarter arrested
as uncompacted eight-cell embryos, indicating that proviral insertion resulted in a recessive lethal defect whose
phenotype was manifest very early in development. Molecular cloning of the Mpv 20 insertion site revealed that
the provirus had disrupted the Npat gene, a gene of unknown function, resulting in the production of a
truncated Npat mRNA. Expression of the closely linked Atm gene was found to be unaffected by the provirus.

The insertion of retroviral proviruses into the host genome
can have mutagenic consequences, either by the activation of
host genes through juxtaposition of positive viral regulatory
elements (7) or by the transcriptional silencing of adjacent host
sequences that occurs as murine type C viruses infect germ line
cells (15, 16). The former phenomenon has been exploited with
great success for the discovery of oncogenes; the latter has
been useful for identifying mammalian developmental muta-
tions (8, 21). Through retroviral insertional mutagenesis
screens, genes whose inactivation caused recessive lethal de-
fects manifest at the midgestation (25), neonatal (22), and
adult stages (29) have been identified. The use of defective
viruses incorporating selectable markers has further enhanced
the utility of the strategy by allowing the infection and selection
of ES cell clones in which genes have been trapped (3, 5).
There are two great advantages in using retroviruses as muta-
genic agents: they generate discrete, localized insertion muta-
tions (as opposed to the large deletions that frequently accom-
pany the insertion of DNA introduced by pronuclear
microinjection), and the provirus provides the probe with
which the site of insertion can be cloned.

We have used the defective murine type C virus myelopro-
liferative sarcoma virus (MPSV)-neo (23) to infect early mouse
embryos in a screen which previously gave rise to the adult
kidney-specific mutant strain Mpv 17 (29). In this paper, we
describe Mpv 20, a mouse strain in which insertional mutagen-
esis has resulted in a recessive lethal phenotype manifest at a
very early stage of embryonic development. We also report the
identification of the mutated gene in Mpv 20 as Npat, a re-
cently described gene closely linked to the Atm locus (13). No
function has been reported for Npat, and its predicted amino
acid sequence is not sufficiently similar to known sequences to
allow predictions about the function of the Npat protein. The
data presented herein suggest that whatever its function, the

Npat gene protein is absolutely required for development be-
yond the eight-cell stage.

MATERIALS AND METHODS

Generation of transgenic mouse lines. Retroviral infection of 4- to 16-cell
CFW mouse embryos was accomplished as described previously (15, 29). Briefly,
Rat 1 cells infected with MPSV-neo and Friend murine leukemia virus (kindly
provided by W. Ostertag) as a helper virus were used as producer cells. Embryos
were cocultured with producer cells and then transferred to pseudopregnant
C57BL/6J 3 CBA females. Progeny mice were genotyped by Southern analysis
of tail biopsy DNA with a neo-specific probe. Of the 42 mice examined, 11
contained one or more copies of the neo gene (a total of 18 proviruses). Each
provirus was segregated by breeding founder animals to wild-type CFW mice,
resulting in 18 transgenic strains.

In vitro culture of embryos. Five-week-old Mpv 20 heterozygous females were
superovulated by intraperitoneal injection of 5 IU of pregnant mares’ serum
gonadotropin followed 44 h later by 5 IU of human chorionic gonadotropin.
Following the second injection, the females were paired with either heterozygous
or normal CFW male mice. The following morning, the females were checked for
vaginal plugs. Mated females were killed 48 to 64 h after human chorionic
gonadotropin injection, and their oviducts and uteri were gently flushed with
CZ-B embryo culture medium (2) supplemented with 875 mg of taurine per liter
(CZ-B/T). Embryos were collected, washed, and transferred to a solution con-
taining 0.8 ml of CZ-B/T supplemented with 1 mg of glucose per ml in embryo
culture dishes (Falcon; Becton Dickinson) for subsequent culture. Embryo de-
velopment was assessed at 12-h intervals.

Molecular cloning. The Mpv 20 integration site was cloned by established
methods as described previously (29). Briefly, BglII-digested liver DNA from a
heterozygous animal was fractionated on a 0.7% agarose gel. DNA with a
molecular size of 10 to 20 kb was purified from a gel slice with Geneclean (Bio
101) and ligated into the phage vector lEMBL3 (Stratagene). Ligated DNA was
packaged with Gigapack reagents (Stratagene). Phage were plated onto Esche-
richia coli K802. Filter lifts were hybridized to a radiolabelled 754-bp NheI-to-
SpeI fragment derived from the MPSV long terminal repeat (LTR). Filters were
hybridized in a standard solution (53 SSC [13 SSC is 0.15 M NaCl plus 0.015 M
sodium citrate]–50% formamide at 42°C) and washed under high-stringency
conditions (0.13 SSC, 0.1% sodium dodecyl sulfate), under which the probe does
not detect endogenous proviral sequences on Southern blots. Five positive
clones, one of which was lBg4.1, were identified from approximately 106 phage.
Additional clones were obtained with a 2.5-kb genomic BamHI fragment from
lBg4.1 to screen a phage library constructed from DNA partially digested with
MboI, fractionated into 15- to 20-kb fractions by sucrose gradient centrifugation,
and ligated into lEMBL3 arms as described above.

RNA isolation and Northern blotting. Tissues were flash frozen in liquid
nitrogen and processed for RNA extraction by the LiCl-urea method as de-
scribed previously (29). RNA samples were resuspended in water, and optical
densities were determined spectrophotometrically. Equal quantities of Mpv 20
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heterozygous and wild-type RNAs were pipetted into a loading dye containing
ethidium bromide and were separated on a 1% formaldehyde–agarose gel. The
integrity and quantity of the RNA samples were confirmed by UV transillumi-
nation. RNAs were transferred to Hybond N (Amersham) by capillary transfer.
RNAs were then cross-linked to the membrane with a UV cross-linker (Bio-Rad)
and probed with cDNA fragments labelled with [32P]dCTP by using a random
oligonucleotide system (Boehringer Mannheim).

RNA quantitation. Northern blots were probed with Npat or ATM probes and
exposed to PhosphorImager screens for 12 h and were then imaged on a Mo-
lecular Dynamics model SI PhosphorImager. The blots were stripped and rehy-
bridized with a ubiquitous, abundant control probe from the Unp gene (10). The
volumes of RNA bands were determined by using ImageQuaNT software (Mo-
lecular Dynamics). Values for Npat or Atm bands were divided by the corre-
sponding Unp values to correct for RNA loading.

Exon trapping. Phage spanning the integration site were digested with SalI to
release inserts. Inserts were isolated by using Geneclean (Bio 101) and subjected
to either a partial MboI digest or a complete BamHI digest. DNA was cloned into
the BamHI site of the exon-trapping vector pSPL1 (Gibco BRL).

Transfections were carried out by the calcium phosphate method (6) into
African green monkey Cos-1 cells. Briefly, cells were plated at a density of 8 3
105 per 100-mm-diameter tissue culture dish. When cells reached 60% conflu-
ence, 10 mg of plasmid DNA was transfected and RNA was isolated 24 h later.

cDNA was generated with SuperScript II reverse transcriptase according to
the manufacturer’s instructions (Gibco BRL). First-strand synthesis was primed
with the SA4 oligonucleotide.

DNA sequencing. Sequencing was performed either manually or with an au-
tomated system. Manual DNA sequencing was performed by using a T7 dideoxy
sequencing kit (Pharmacia). Automated sequencing was performed on an ABI
377 DNA sequencer with dye-terminator chemistry.

Probes. The Npat reverse transcription (RT)-PCR probe was amplified from a
murine testis cDNA library with the following oligonucleotide primers: 5mnpat,
59 TTTAATGTCTCCTGGTAGACG 39, and 3mnpat, 59 GGCCTAGCAGTTC
ATCAATTG 39. Cycling conditions were 40 cycles at 94°C for 30 s, 55°C for 30 s,
and 72°C for 1 min, followed by a 10-min cycle at 72°C.

A 2.4-kb ATM probe was generated by EcoRI digestion of the mouse mATM
6 cDNA (T. Shiomi), followed by purification by low-melting-point agarose.

RACE cloning. 59 rapid cloning of cDNA ends (RACE) was performed with a
random-primed and oligo(dT)-primed mouse lung cDNA library (Stratagene) as
the source of the template. PCR was performed with oligonucleotides 3mnpat
and KS (59 CGAGGTCGACGGTATCG 39). Cycling conditions were 40 cycles
of 94°C for 30 s, 58°C for 30 s, and 72°C for 90 s followed by a final soak at 72°C
for 10 min.

RESULTS

Generation and identification of a mutant transgenic mouse
line. Mpv 20 transgenic mice were generated during the same
screen for recessive lethal mutations that generated the Mpv
17 strain, whose adult kidney phenotype has been described
previously (29). Of the 18 transgenic mouse lines tested, only
Mpv 17 and Mpv 20 were found to harbor recessive lethal
phenotypes. In the Mpv 20 strain, no animals that were ho-
mozygous for the MPSV-neo provirus were identified among
the progeny of heterozygous crosses (the results of tail DNA
biopsies of test crosses are summarized in Table 1). In addi-
tion, no homozygotes were among day 11 midgestation em-
bryos from similar crosses (Table 1). These data suggested the
influence of an early recessive lethal phenotype, possibly prior
to implantation. To examine this possibility, we cultured pre-
implantation embryos from heterozygous 3 heterozygous or
heterozygous 3 wild-type crosses. Approximately one quarter
of the embryos from the crosses of heterozygous and heterozy-
gous animals failed to proceed from the morula to the blasto-

cyst stage (Table 2). Many of the arrested embryos had the
appearance of uncompacted eight-cell embryos (Fig. 1).

Molecular cloning of the Mpv 20 proviral insertion site. In
order to identify the gene or genes affected by the insertion of
proviral sequences, we cloned the region of the insertion in
bacteriophage. A proviral LTR fragment was used to screen a
genomic library constructed from Mpv 20 heterozygous liver
DNA, yielding clone Bg4.1 (Fig. 2). Additional overlapping
phage clones were obtained from a wild-type genomic library,
and a restriction map of the locus was deduced by single and
multiple digests with several enzymes (Fig. 2). To confirm that
these phage clones were in fact derived from the insertion site,
a Southern blot of DNA from wild-type and Mpv 20 heterozy-
gous mice was hybridized with a probe derived from phage
M2041, which was predicted to contain the wild-type “prein-
sertion” site. As expected, the insertion of proviral sequences
resulted in the appearance of additional bands in the Mpv 20
heterozygous lanes that were in complete agreement with the
previously deduced restriction map of the locus (Fig. 3). South-
ern blotting analyses with additional enzymes confirmed that
proviral insertion in Mpv 20 was not accompanied by any gross
genomic rearrangements near the integration site (data not
shown).

Identification of a transcriptional unit at the Mpv 20 locus.
An exon-trapping strategy was used to identify putative exons
in the cloned phage DNA. Subcloned MboI fragments from
phage M2017 as well as the 2.5-kb BamHI fragment from
phage M2041 (in both orientations) were used to transfect
Cos-1 cells. One exon was identified in this screen and was
used to probe a Southern blot of cloned phage DNAs digested

FIG. 1. Cultured embryos from an Mpv 20 heterozygous cross (photo-
graphed by phase-contrast microscopy at 3.5 days postcoitum). The uppermost
embryo arrested at the uncompacted eight-cell stage, while the rest compacted
and, in some cases, formed blastocysts.

TABLE 1. Results of tail DNA biopsies of test crosses

Stage of
development

No. of progeny from
Mpv 20/wta 3 Mpv 20/wt matings with:

Total wt/wt Mpv 20/wt Mpv 20/Mpv 20

Adult 199 67 132 0
Day 11 embryo 55 21 34 0

a wt, wild type.

TABLE 2. Development of embryos to blastocysts in vitro

Cross No. of blastocysts/
no. of embryos %

wta 3 wt 49/54 91
wt 3 Mpv 20/wt 43/50 86
Mpv 20/wt 3 Mpv 20/wt 110/155 71b

a wt, wild type.
b Significantly different from wt 3 wt cross (Z test; a 5 0.0006).
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with various enzymes. The trapped exon sequences hybridized
to the 2.5-kb BamHI fragment of M2041 (data not shown).

Identification of Npat as the disrupted gene. In order to
confirm that the trapped exon was derived from the integration
site, an SstI fragment from clone Bg4.1 that contained part of
the proviral LTR as well as the genomic flanking sequence and
a 9-kb EcoRI fragment from clone M2041 that included the
site of proviral insertion were subcloned into the plasmid vec-
tor pGEM-4 (Promega). The sequence of the trapped exon
was identified within the genomic sequence from the insertion
site. The predicted translation products of the trapped exon
and of possible exons in the sequence near the insertion site
were compared to entries in the translated GenBank database.
This search resulted in the identification of the human NPAT
gene product as one very similar to the predicted translation
product of putative exons near the proviral insertion site (Fig.
4). Surprisingly, the trapped exon was aligned to the transla-
tion product of its supposedly antisense strand (it appears to
have been fortuitously trapped as a consequence of elements in
the DNA which can function as splice acceptors and donors in
the orientation opposite to that of Npat). Mapping data from
somatic cell hybrids had placed the Mpv 20 provirus on chro-
mosome 9 (5a), which is also the site of the murine Npat gene
(18). Based on the sequencing and mapping data, we con-
cluded that the MPSV-neo provirus in Mpv 20 mice had in-
serted into the Npat gene. The sequencing data suggest that
the provirus was situated in an intron of Npat in the transcrip-
tional orientation opposite to that of the Npat gene.

Confirmation of the relationship of Mpv 20 and Npat by
Southern analysis. To confirm that Mpv 20 was an insertion
mutation of the Npat gene, we isolated an Npat cDNA by
RT-PCR. Oligonucleotides were chosen corresponding to a
region of predicted mouse protein product that had 100%
identity to the human NPAT protein (13). These primers were
used to amplify a partial mouse cDNA from a testis cDNA
library. An RT-PCR fragment which spans a region corre-
sponding to amino acids 281 to 302 of the human protein was
obtained, and its identity was confirmed by hybridization to the
human NPAT cDNA (13) and by sequencing (data not shown).
This probe was subsequently used in both Northern and South-

ern blot analyses of Mpv 20 and wild-type samples. Southern
blots of DNAs digested with a series of enzymes were probed
with the above-mentioned fragment, which identified both the
wild-type as well as the disrupted alleles of Npat (Fig. 5). These
data confirm that the provirus in Mpv 20 had inserted into the
Npat gene.

Analysis of Npat and ATM RNA expression. Northern blots
of total RNA (Fig. 6a) or poly(A)-enriched RNA (data not
shown) were probed with the RT-PCR Npat fragment. In sam-
ples from brain, lung, and kidney, there was a demonstrable
difference in Npat expression (Fig. 6a). Decreased expression
of Npat was noted in Mpv 20 heterozygotes in which one Npat
allele was expected to be inactivated by proviral insertion.
Because the Npat cDNA probe in this analysis was derived
from exons 39 to the provirus (with respect to the Npat gene),
it could not distinguish between the transcriptional inactivation
of the disrupted Npat allele and the transcriptional termination
upstream of the sequences contained within the probe. To
investigate the mechanism of inactivation further, we obtained
cDNA sequences from Npat 59 exons by RACE. When North-
ern blots were probed with the 59 RACE cDNA, an RNA
species of approximately 1 kb was detected in tissues from Mpv
20 heterozygous mice but not in samples from wild-type mice
(Fig. 6b). An RNA band of similar mobility was detected in the
same lanes with an MPSV LTR probe (Fig. 6c), suggesting that
the disrupted Npat allele was transcribed but that the tran-
scripts did not include the Npat exons immediately 39 to the
provirus.

Northern blots were stripped and reprobed with a murine
ATM cDNA fragment to determine if the expression of this
closely linked gene (13) was also affected by the integration
event. There was no obvious difference in Atm expression be-
tween Mpv 20 heterozygous and wild-type tissue RNAs (Fig.
6d). To quantify levels of Npat and Atm expression in RNA
samples, Northern blots were analyzed with a PhosphorIm-
ager. Npat mRNA levels were 1.5- to 1.8-fold higher in wild-
type animals than in Mpv 20 heterozygous mice (Table 3). Atm
mRNA levels were not substantially different between wild-
type and heterozygous mice.

DISCUSSION

The Mpv 20 mouse strain was one of two recessive lethal
mutant strains (the other being Mpv 17) obtained from a
screen of 18 transgenic lines obtained by retroviral infection of
embryos (29). If these data are grouped with data from the

FIG. 2. Map of the Mpv 20 locus. The MPSV-neo provirus is indicated at the
top (in the transcriptional orientation opposite to that of the cellular exons), with
its site of integration indicated by broken lines. Sequenced exons (Fig. 4a) are
indicated by shaded boxes, and exons whose approximate positions were inferred
from hybridization analyses are indicated by open boxes. The box marked
“probe” indicates the position of a genomic fragment used for the Southern
blotting analysis (Fig. 3). The positions of overlapping phage clones are depicted
below the genomic restriction map. B, BamHI; Bg, BglII; E, EcoRI; K, KpnI; S,
SacI (SstI).

FIG. 3. Southern blot analysis of heterozygous (h) versus wild-type (w) CFW
DNA. A genomic fragment adjacent to the insertion site (from phage clone
M2041 [Fig. 2]) was used to probe DNA samples digested completely with the
enzymes indicated. In each case, a second band, whose size was consistent with
the deduced restriction map of the locus, was evident in heterozygous DNA.
These data confirm that clone M2041 is derived from the proviral insertion site.
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Mov strains (reviewed in reference 8), there have been four
mutant strains out of 70 transgenic lines, giving a mutation
frequency of approximately 5 to 6%. Although the sample size
is obviously quite small, it is intriguing that the proviral inser-
tions in these strains appear to favor noncoding regions. In the
Mov 13 strain, proviral insertion occurred in the a(1)I collagen
gene (11, 14, 22), resulting in the inactivation of a cis-acting
transcriptional element (1). In the Mov 34 strain, proviral

insertion into the 59 region of a gene encoding a proteasomal
subunit (9, 25, 26) was found to inactivate RNA expression
from the gene. Recently, Harbers et al. (12) have reported that
insertion of a provirus into the first intron of a gene encoding
a ubiquitin-conjugating enzyme caused a 70% reduction in the
steady-state levels of mRNA from the gene, resulting in a
placental defect and embryonic lethality. In the present work,
we show that in the Mpv 20 strain, the provirus inserted into an

FIG. 4. (a) Sequence of genomic DNA at the Mpv 20 proviral insertion site. The lowercase sequences did not align with NPAT or Npat cDNA sequences and are
therefore intronic. The uppercase sequences represent exons whose predicted translation products matched the translated NPAT entry (exons correspond to positions
551 to 906 of the human NPAT cDNA [GenBank accession no. D83243]). Putative introns have appropriate splice donor and acceptor sites. The position of the proviral
insertion is indicated by a filled triangle (its position was determined by sequencing off the proviral LTR of clone Bg4.1 into the flanking genomic sequence). The EcoRI
and SacI sites adjacent to the provirus (Fig. 2) are in italics and in bold and italics, respectively; the BamHI site is double underlined. The underlined regions represent
a perfectly conserved direct repeat of unknown function. The sequence represents a contig of multiple sequence reactions of both DNA strands. (b) Alignment of
predicted translation products of the Npat exons flanking the Mpv 20 insertion site and the published NPAT translation product (12). Identical residues are indicated
by a vertical line. There is 82% identity between the predicted murine Npat and human NPAT amino acid sequences within this region. The intron harboring the Mpv
20 provirus separates exons encoding the residues indicated by triangles.
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intron of the Npat gene. Retroviral insertion can occur at many
sites in the mammalian genome, but there is some evidence of
preferential insertion into active chromatin (20, 28). It may be
that the noncoding sequences that are the sites of proviral
insertion in the Mov and Mpv strains have a conformation that
is particularly accessible to the viral integrase or that disrup-
tions of coding sequences are merely underrepresented in the
current small sample size and would be detected if more mu-
tant strains were generated. Although in the Mov 13 strain the
mechanism of inactivation involves the disruption of a cis-
acting element (1), in other strains the mechanism of gene
inactivation is not fully clear. Upon passage through embryonic
cells, type C proviruses can initiate a general inactivation by a

mechanism that involves the methylation (15, 16) of a genomic
expanse that includes not only proviral sequences but also
flanking genomic regions. We have not been able to detect
proviral expression in Mpv 20 mice using a neo probe (30). If
there was more extensive inactivation in the Mpv 20 strain, one
might expect regional differences in methylation that could be
detected by Southern analysis of DNAs digested with methyl-
ation-sensitive restriction enzymes and probed with Npat
cDNAs, but we detected no such differences between Mpv 20
and wild-type DNAs (data not shown). Further, one might
expect the adjacent Atm gene to be affected by any regional
inactivation (particularly given the proximity of the Npat and
ATM transcriptional start sites), but this does not seem to be
the case (Fig. 6d). Rather, our data are best explained by a
model of altered transcription leading to a nonfunctional Npat
transcript. In one scenario, we speculate that in the reverse
orientation there remain sequence elements in the MPSV-neo
provirus that could provide functional polyadenylation and
transcriptional termination signals (although these elements
are not obvious from an examination of the MPSV DNA
sequence). The detection of a 1-kb hybrid Npat-LTR transcript
containing a 59 but not a 39 Npat exonic sequence is consistent
with this model, which would imply that approximately 600
bases of the mRNA are derived from Npat, the remainder
being comprised of MPSV-neo sequences and the poly(A) tail
[the truncated hybrid mRNA was detected in poly(A)1 RNA
samples, indicating that polyadenylation had occurred]. An
alternative explanation for the 1-kb hybrid mRNAs involves an
unusual splicing event, resulting in the inclusion of reversed
proviral sequences and the exclusion of the proximal 39 Npat
exons but not of the exon containing the Npat polyadenylation
signal. In either case, the reading frame of Npat would be lost
or become nonsensical at the same position. If the reading
frame of Npat is similar to that of the human NPAT gene, we
predict that the truncated mRNA encodes a truncated protein

FIG. 5. Confirmation that the Npat RT-PCR probe is derived from the Mpv
20 locus. A Southern blot of Mpv 20 heterozygous (h) and CFW wild-type
littermate (w) DNA was probed with the RT-PCR fragment. The RT-PCR
fragment detected an extra band in heterozygous DNA and must therefore be
derived from the locus. The sizes of the bands detected indicate that the exons
from which the probe was derived must lie entirely between the EcoRI sites
flanking the insertion site (Fig. 2).

FIG. 6. (a) Northern blot analysis of tissue RNAs from a heterozygous Mpv 20 animal and a wild-type littermate. Both animals were female. The upper panel depicts
the pattern detected with an Npat RT-PCR cDNA probe. The position of the Npat mRNA is indicated by an open triangle. The lower panel represents the same blot
hybridized with a control human transferrin receptor cDNA probe (obtained from the American Type Culture Collection). In each matched tissue pair, the Npat band
was of greater intensity in the wild-type sample, consistent with the inactivation of one Npat allele in Mpv 20 heterozygous mice. The positions of ribosomal markers
(as determined by UV transillumination) are indicated. (b) Northern analysis with a 59 RACE product probe. The open triangle indicates the position of Npat mRNA.
A truncated mRNA (arrow) was detected in samples from Mpv 20 heterozygous mice but not in samples of wild-type littermate RNA. The control hybridization (lower
panel) was to transferrin receptor cDNA, as in panel a. (c) Northern analysis with a probe derived from the MPSV LTR. A transcript with a mobility similar to that
detected in panel b (arrow) was detected in heterozygous but not in wild-type poly(A)1 RNA. Other bands were detected in wild-type as well as in Mpv 20 heterozygous
RNA and probably are derived from endogenous type C proviruses. The control hybridization (lower panel) was to transferrin receptor cDNA. (d) Analysis of Atm
RNA expression. The Northern blot from panel a was stripped and rehybridized with a mouse Atm cDNA probe. No difference was detected between Atm RNA levels
(closed triangle) in heterozygous Mpv 20 and wild-type littermate brain samples. The loading control hybridization (lower panel) was to transferrin receptor cDNA.
h, heterozygous; w, wild type; Br, brain; Ki, kidney; Lu, lung.
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of 203 amino acids with a molecular mass of approximately 23
kDa. Until the function of the gene product is known, it will be
impossible to predict whether such a truncated Npat protein
can retain any functional activity. Clearly, if a truncated pro-
tein does exist, it is lacking some activity that is essential for
early embryogenesis.

The relative levels of Npat mRNA in Mpv 20 heterozygous
and wild-type mice showed less than the expected twofold
difference, varying from 1.5- to 1.8-fold in the various tissues
(Table 3). Harbers et al. (12) have also reported that proviral
insertion into an intron can result in less than the expected
reduction in mRNA levels from the mutated gene. Our data
can be interpreted in the context of either of the previously
described models of inactivation. The data may mean that at
some frequency the transcriptional machinery is able to pro-
ceed through the inverted provirus without termination or that
the splicing machinery is occasionally able to correctly excise
the provirus-containing intron. Another explanation for the
less-than-twofold difference is that there is elevated, perhaps
compensatory, transcription from the wild-type Npat gene in
the heterozygous animals. These models make different pre-
dictions with respect to the expression of Npat in homozygous
embryos. If the mechanism of inactivation is “leaky,” there
might be a small amount of functional Npat protein of zygotic
origin even in homozygous embryos (although the amount
must be insufficient for viability). If, on the other hand, there is
elevated transcription of the wild-type gene in heterozygotes,
this could not occur in homozygotes and there would be no
Npat protein of zygotic origin. In the absence of any informa-
tion regarding the role of Npat, it is difficult to predict whether
small amounts would have any functional importance.

The lack of homozygous Mpv 20 midgestation embryos and
the preimplantation arrest of one quarter of the embryos from
the Mpv 20 heterozygous crosses suggest a recessive lethal
mutation whose phenotype is among the earliest known. There
are few reported examples of mutations affecting the develop-
ment of the preimplantation mouse embryo. The earliest of
these, the c25H strain, carries a 5-centimorgan deletion span-
ning the albino locus on chromosome 7 (17), and embryonic
arrest occurs at the two- to six-cell stage. In a second example,
insertion of exogenous DNA into and/or the deletion of 2
centimorgans of chromosome 1 in the bS12 transgenic line
resulted in the generation of a morula decompaction (mdn)
phenotype in which embryos were observed to compact and
then to decompact and developmentally arrest (4). We have
not observed the compaction-decompaction phenomenon in
Mpv 20 embryos. Because of the large genomic rearrange-
ments that have occurred in the c25H and bS12 strains the
gene or genes responsible for the early embryonic arrest have
not been identified in either case. With respect to targeted (as
opposed to random) mutations, there is a surprising paucity of

descriptions of preimplantation phenotypes in the literature.
Intuitively, most mutations that have consequences that are
lethal to cells might be expected to have associated early em-
bryonic lethality, but if this is the case, the mutations have not
been reported. One exception is the targeted mutation of
Rad51 (the mammalian homolog of the yeast RAD51 and E.
coli recA genes, required for DNA repair). Rad51 is apparently
essential for cell viability in that no ES cell lines that were
homozygous null for the gene could be obtained. Among em-
bryos from a heterozygous cross, very few Rad512/2 embryos
were found to have progressed to the morula stage (27). A
second example of early embryonic lethality is provided by the
mutation of E-cadherin, which is known to be required for the
compaction process (24) and whose absence could therefore be
expected to have deleterious effects on development. Inactiva-
tion of E-cadherin by homologous recombination caused the
dissociation of blastomeres and the resulting arrest of homozy-
gous mutant embryos (19).

The function of Npat is not currently known. Based on the
presence of protein motifs in the predicted translation product,
it has been speculated that the human NPAT gene encodes a
nuclear protein that may be a substrate of cyclin-dependent
kinases (13). There are also sequence similarities between
NPAT and transcription factors such as Oct-1, although no
subcellular localization or other data that would support a
nuclear role for the Npat protein product have been reported.
Until more information is available, it will be difficult to ex-
plain how the disruption of the Npat gene leads to embryonic
arrest at or around the uncompacted eight-cell stage. Two
possibilities must be considered: either the lack of zygotic Npat
is of no consequence until maternal stores are depleted (which
must occur at or around the eight-cell stage) or the Npat gene
product is not required by the embryo until the eight-cell stage.
The former scenario implies that the Npat gene product is
involved in any number of activities related to the structure,
metabolism, and cycle of the cells, whereas the latter scenario
implies that the Npat product has a direct or indirect role in
events occurring at the eight-cell stage (notably, cell polariza-
tion or compaction). In the future, we will manipulate the
zygotic levels of Npat by microinjection to distinguish between
these models.
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