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Insertional mutagenesis was investigated in a transgenic mouse strain (HUGH/4) derived from a fertilized egg
injected with plasmid DNA containing the human growth hormone gene. Lethality occurred in homozygous
embryos and was traced to the egg cylinder stage on days 4 to 5 of gestation, shortly after implantation. The
mutation is on chromosome 12 and is distinct in location and integration pattern from another mutation also
leading to lethality of homozygotes in the egg cylinder stage. Based on this and other evidence, relatively many
genes may be recruited to activity near the time of implantation and may therefore present a large target of
vulnerability to mutagenesis. The single insert in HUGH/4, consisting of approximately three tandem copies of
plasmid sequences, is flanked by mouse cellular sequences that have undergone rearrangements, including a
probable deletion. The data suggest the hypothesis that DNA rearrangements, which appear to be common-
place in transgenic mice, may arise because the initial insertional complex is unstable; stepwise changes may
then be generated until a more stable conformation is achieved.

The observation that two of a group of six transgenic
mouse strains failed to include homozygotes among the
newborns (31) led us to search for the developmental and
molecular basis of the lethalities. Although each strain was
heterozygous for phGH plasmid DNA containing the human
growth hormone gene and pBR322 sequences (8), the two
insertional mutations were independent. In the first strain to
be studied (HUGH/3), homozygous embryos died shortly
after implantation in the egg cylinder stage on days 4 to 5 of
gestation, because of extensive rearrangements and a prob-
able deletion in the mouse flanking DNA regions (5, 6). In
studying the other strain (HUGH/4), as reported here, we
were surprised to find the homozygotes dying in the same
period and rearrangements again occurring in neighboring
cellular DNA, albeit in a different pattern and on a different
chromosome. Taken together, along with other evidence
from transgenic mice, these cases suggest that rearrange-
ments caused by DNA integration are fairly common. Im-
plications for the mechanics of insertion and for gene ex-
pression in early stages of mammalian development are
proposed.

MATERIALS AND METHODS

Molecular cloning and restriction analysis. The procedures
described in detail in the HUGH/3 study (6) were followed
here. High-molecular-weight DNA was prepared (11, 37)
from HUGH/4 progeny identified as heterozygotes (31) and
from controls of the C3H, C57BL/6, and BALB/c mouse
strains. Partial libraries of DNAs (17) from HUGH/4 were
used to isolate EcoRlI restriction fragments containing mouse
chromosomal sequences flanking the phGH insert. Clones
prepared in AgtWES were screened (8, 31) and subcloned in
pUC9. Restriction analysis was done by standard techniques
(27, 33).

Chromosomal location of inserted DNA. Filters containing
transfers of EcoRI-digested and electrophoresed DNA were

* Corresponding author.

2243

prepared from mouse-Chinese hamster hybrid cell lines
characterized by their content of specific mouse chromo-
somes (7). The filters were probed for hybridization with
cloned fragments of the regions flanking the phGH insert in
HUGH/4 mice.

RESULTS

Stage of lethality of homozygous embryos. A total of 118
embryos from HGH/+ X HGH/+ matings were examined on
days 3 through 12 of gestation (counting the vaginal plug date
as day 0) and compared with controls. In the experimental
matings, the numbers of preimplantation embryos on day 3
were normal (16 embryos in two litters), and all were
blastocysts microscopically indistinguishable from normal
controls. After implantation, the numbers of uterine decidual
sites, indicative of implantation, were normal (average 6.5 to
10 per female, except for 5 in one female), but approximately
one-fourth of the sites—accounting for the expected fre-
quency of mutant homozygotes—were devoid of embryos or
contained dead embryos undergoing resorption. This in-
cluded 25 unequivocal defectives of 94 total sites on days 6
to 12 (Table 1), verified at the youngest stages by serial
sectioning at 8 um in utero and staining with hematoxylin
and eosin. (Of an additional 24 sites, including 16 on day §

TABLE 1. Frequency of lethal HUGH/4 embryos from matings
of HGH/+ x HGH/+

No.
Day of S e %
gestZtion def::ttg e/ Defective

3 0/16 0

6 2/10 20

7 5/13 38

8 3/14 21

9 3/9 33

10 6/10 60
11 2/5 40
12 4/17 24

2 Abnormal or dead embryo or decidual site lacking an embryo.
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FIG. 1. Histological section of a lethal HUGH/4 embryo from a
mating of HGH/+ x HGH/+ on day 6 of gestation. The embryo had
died at least a day earlier, in the egg cylinder stage after implanta-
tion. Hematoxylin and eosin stain, 8-pm section.
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and 8 on day 6, some appeared to contain only traces of
embryos but were not sectioned.) From the histological
appearance of serial sections on day 6 (Fig. 1), development
of the mutants was blocked in the egg cylinder stage, and
death must have occurred shortly after implantation, no later
than day S.

DNA clones flanking the insert. Approximately three tan-
dem copies of phGH sequences are present in HUGH/4 ard
integration has occurred within the human gene, resulting in
two intact copies of phGH and three copies of pBR322 (31).
Genomic DNA from this strain digested with EcoRI hybrid-
izes to the phGH probe in four fragments: 4.3 kilobases (kb)
(pBR322) and 3.4, 2.8, and 2.6 kb (hGH). The largest and
smallest fragments include multiple copies of the plasmid
sequences. The remaining two fragments are expected to
contain the junctional regions with both mouse and human
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FIG. 2. The phGH integration map of HUGH/4, based on South-
ern blot analyses of single and double digests of DNA hybridized
with labeled hGH or pBR322 sequences. There are two intact
tandem copies of the phGH plasmid (shown in parentheses). Two
EcoRI fragments (HUGH/4-1 and HUGH/4-2) flanking the phGH
sequences are indicated. The HUGH/4-2 region was not cloned, so
that the size of the mouse region within the 2.8-kb EcoRI fragment
is unknown. Abbreviations: E, EcoRl; Bg, Bgill; H, HindIlI.
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sequences (Fig. 2 and 3). Of the two flanking-sequence
fragments, the 3.4-kb fragment was cloned.

HUGH/4 genomic DNA was digested with EcoRI, and the
fraction containing the candidate flanking region was ligated
to AgtWES EcoRI arms. The partial library of approximately
5 x 10° clones was screened with a nick-translated phGH
probe, and a positive clone, designated \HUGH/4-1 (Fig. 3).
was isolated. This was subcloned into the EcoRI site of
pUCY, yielding pHUGH/4-1. Hybridization confirmed the
presence of mouse and human sequences adjacent to an
EcoRlI site. Repetitive sequences (unidentified) were found
when nick-translated wild-type genomic DNA was hybrid-
ized to restriction fragments immobilized on nitrocellulose
(data not shown). Under the conditions used, only se-
quences present in over 100 copies per genome could be
detected (28). Their location is shown in Fig. 3. The 2.2-kb
HindllI-EcoRI fragment from pHUGH/4-1 lacks repetitive
sequences and was subcloned into pUC9 to yield pHUGH/4-
1A.

Host sequences rearranged by plasmid DNA insertion.
Southern blots were prepared from EcoRI-restricted
genomic DNA of the C3H and C57BL/6 inbred strains (the
parental strains of the HUGH/4 founder animal) and of the
BALB/c strain. The blots were tested for hybridization with
the pHUGH/4-1A clone. Of the two EcoRIl flanking frag-
ments (3.4 and 2.8 kb), approximately 3 to 5 kb is mouse
DNA and the rest is phGH sequences. If HUGH/4 had been
generated by a simple single-step insertion into wild-type
DNA, as implied by the integration pattern (Fig. 2), then the
pHUGH/4-1A probe should hybridize to a single 3- to 5-kb
EcoRI fragment in C3H or CS7BL/6 DNA. However,
pHUGH/4-1A hybridizes to two EcoRI fragments (8.6 and
1.6 kb) in wild-type DNA (Fig. 4), although the probe has no
internal EcoRlI site. Similarly, this probe hybridizes to three
HindlIll fragments although there is no internal HindllII site
in the probe (Fig. 4). Further discrepancies are apparent for
Pstl, Pvull, and Kpnl; only Bglll gave results consistent
with the restriction map of AHUGH/4-1 (Fig. 3). From
restriction patterns of the control strains, restriction-site
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FIG. 3. Origin of cloned mouse flanking sequences. The South-
ern blot shows the EcoRI pattern of HUGH/4 DNA hybridized with
nick-translated phGH. Of the two EcoRI flanking-sequence frag-
ments represented by 3.4- and 2.8-kb bands, the 2.8-kb fragment
was not cloned (nc¢). The restriction map for the 3.4-kb fragment
(NHUGH/4-1) is shown, with a star in the position of repetitive
sequences; sites for Pstl, Pvull, and Kpnl are absent. pHUGH/4-1A
is a subclone from which repetitive sequences were removed.
Restriction sites within hGH or pBR322 are omitted. Abbreviations:
E, EcoRl; Bg, Bglll; H, Hindlll.

hGH §




VoL. 7, 1987

E HPsPv K Bg

28 1ot -
9.4— W
6.6 — -

44— -

23—
2.0==

markers
(kb)

FIG. 4. Southern blot analyses of wild-type genomic DNA di-
gests hybridized with the pHUGH/4-1A flanking-sequence probe.
Note that for each of the restriction enzymes shown, except for
Bglll, the number of hybridizable fragments is not as expected from
the restriction map of the AHUGH/4-1 clone. Abbreviations: E,
EcoRI; H, Hindlll; Ps, Pstl; Pv, Pvull; K, Kpnl; Bg, Bglll.

polymorphisms are not likely to account for the disparities
(data not shown). (The phGH probe did not hybridize to the
mouse growth hormone gene under the conditions used
here.)

The results therefore indicate that a series of events
involving deletions or rearrangements (or both) of host DNA
sequences, rather than a simple insertion, occurred during
integration of the plasmid DNA. Although examination of
metaphase spreads from HUGH/4 heterozygotes did not
disclose any karyotypic anomalies (data not shown),
translocation of some sequences from other regions cannot
be ruled out.

Wild-type and HUGH/4 flanking sequences. With
pHUGH/4-1A as a probe, four similar clones were indepen-
dently isolated from a wild-type genomic library. Restriction
mapping followed by Southern blotting analysis of one of the
clones, C3, revealed that the DNA region that hybridized to
pHUGH/4-1A was within the 1.6-kb EcoRI fragment shown
in Fig. 5 and present in the Southern blot shown in Fig. 4.
The restriction map of C3 is also consistent with the occur-
rence of some of the hybridizable bands in the total Southern
blot analysis of wild-type DNA with Aval and Xbal digests
(data not shown).

However, Southern blot analysis of wild-type DNA also
reveals extra bands which clearly do not originate from the
C3 region. Furthermore, the repetitive sequences found in
pHUGH/4-1 do not neighbor the 1.6-kb EcoRI fragment of
C3 DNA. These facts support the conclusion that rearrange-
ments have occurred in the cellular sequences flanking the
phGH integration.

Chromosomal location of the insert. EcoRI-digested DNA
was prepared from a number of mouse-Chinese hamster
hybrid cell lines characterized by limited numbers of mouse
chromosomes (7). After DNA electrophoresis and blotting,
the filter was hybridized with clone pHUGH/4-1A DNA. The
pattern of hybridization indicates that the plasmid sequences
were integrated on chromosome 12 (Table 2). This is partic-
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FIG. 5. Restriction map of wild-type target sequences. A wild-
type genomic clone (C3) was isolated by using pHUGH/4-1A as a
probe. The clone was found to have a small region (-----) homolo-
gous to the probe and consistent with the presence of a 1.6-kb EcoRI
fragment in the Southern blot of wild-type DNA (Fig. 4). The region
spanned by the C3 clone accounts for some of the hybridizable
bands in the Sputhern blot analysis of wild-type DNA (see the text).
E, EcoRl; H, Hindlll; A, Aval; X, Xbal; B, BamHI; Bg, Bglll;
%% %, repetitive sequences.

ularly evident from the hybridization to DNA fragments
from the cell line MAE28, which contains only mouse
chromosomes 12 and X, and from the lack of hybridization
to DNA fragments from MAE32, which contains only mouse
chromosomes 16 and X. A DNA probe from the plasmid
pVuJ558 (a gift from Peter Brodeur and Roy Riblet) served
as a positive control because it includes immunoglobulin
heavy-chain variable-region sequences known to be present
on chromosome 12. Under the stringent washing conditions
employed, no hybridization was observed with Chinese
hamster DNA.

DISCUSSION

Frequency of early developmental mutations among
transgenic mice. The present case of insertional mutagenesis
clearly differs from the HUGH/3 case (5, 31) in DNA
changes and in chromosomal location (identified as on
number 12 in HUGH/4, unknown but not on number 12 in
HUGH/3). The double heterozygotes between the two
strains are normal (31). Yet each mutation is a recessive
lethal gene leading to developmental arrest on days 4 to 5 in
the egg cylinder stage soon after implantation. Moreover,
both are characterized by host DNA rearrangements, includ-
ing deletions, in regions bordering the insertions.

Other insertional mutations, including nonlethal ones,
have recently been described in experimental transgenic
mice (10, 18, 22, 23, 26, 35). We estimated that such
mutations constitute a strikingly high frequency (approxi-
mately 15 to 20%) of cases adequately screened (5). It is
noteworthy that another of these causes early postimplanta-
tion lethality (18). One of two probable cases of mutation due
to spontaneous retroviral insertion (4, 13), involving the
lethal yellow (A”) gene, also results in recessive lethality at
about the time of implantation (4).

From the foregoing evidence, we propose that the embryo
shortly after implantation is especially vulnerable to adverse
genetic changes because of transcriptional activation of
many genetic loci as a normal prerequisite for further devel-
opment. Of various genetic regions into which DNA may
become inserted in the zygote stage, those loci destined to be
expressed near the time of implantation would constitute a
relatively large target size. When a much larger sample of
insertional mutations is collected in transgenic mice, it
would thus be expected to include a disproportionately large
number causing early-postimplantation defects. On the same
principle, discrete time clusters of deleterious mutations
may also be discovered at certain later (currently unpredict-
able) stages, representing windows of development charac-
terized by de novo transcription of many loci.

The known mutations among transgenic mice provide
indirect evidence that when donor DNA sequences were
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TABLE 2. Chromosomal localization of the phGH integration site“

Presence of chromosome in:

Hybrid cell lines

Mouse chromosome
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Mouse chromosome
1 + - - - + + + - - - -
2 + - + + + + - - - - -
3 + - - - + + + - - - -
4 + - - - + +b + - - - -
5 + - - - - - - - - - -
6 + - - - + - + - - - -
7 + - + + + + + - - - -
8 + - - + + + + - - - -
9 + - - - + + + - - - -
10 + - - - + + + - - - -
11 + - - - - - - - - - -
12 + - + + + + + + - - -
13 + - + - - + + - - - -
14 + - - + + - + - - - +
15 + - + * + + + - - - +
16 + - + + + + + - + - -
17 + - + + + + + - - + -
18 + - + - - - + - - - -
19 + - + + - + + - - - -
X + - - - + + + + + - -
Probe
pHUGH/4-1A + - + + + + + + - - -
pVuJ558 + - + + + + + + - - -

“ Distribution of mouse chromosomes in the d ted mouse-Chi
b Less than 20% of the cells contain the mouse chromosome(s).

integrated in the zygote they did not preferentially enter
regions actively transcribing at that time. Nevertheless,
integration does not necessarily occur at random sites. We
have suggested that recombinatorial ‘‘hotspots’’ may exist
for insertion of exogenous DNA (6), irrespective of whether
the regions are then transcriptionally active. Such hotspots
may be related to specific chromosomal fragile sites (38) or
may be comparable to regions of naturally occurring rear-
rangements such as those in the major histocompatibility
complex (29) or in immunoglobulin gene regions.

The possibility that many loci may begin to be expressed
near the time of implantation is consistent with the following
points: stable maternal message is present in the mouse egg
but is appreciable only during preimplantation development
(3, 19, 25), paternal alleles of certain enzymes are not
expressed before the late blastocyst stage (2), the paternal
genome is required for the development of the extraem-
bryonic tissues (1), and founder cells for many specific cell
types appear to be determined, or set aside, in the early
postimplantation stages (20).

Frequency of host DNA rearrangements induced by inser-
tion of DNA sequences. It is apparent from many Southern
blots illustrated in the literature on transgenic mice that host
cellular DNA rearrangements caused by plasmid DNA inte-
gration must occur frequently, albeit often without generat-
ing a mutant phenotype. The evidence is the presence of

hamster hybrid cell lines was previously determined karyotypically.

excess numbers of fragments that hybridize to the plasmid
probe. An example in a mutation affecting limb development
involved a deletion of approximately 1 kb of flanking mouse
sequences (35). Changes in host as well as inserted DNAs
have also been described in cultured somatic cells (12, 14,
16, 21, 30).

The present results reinforce the view stated previously
(6) that integration of DNA into the mammalian genome may
occur as a complex series of events. The first product of
DNA integration may often be a highly unstable structure.
Rearrangements, in the insert as well as in the host target
sequences, then follow as a means of attaining a more stable
conformation. In the integration of plasmid (but not retrovi-
ral) DNA into the mouse egg, the plasmid sequences are
usually found in a tandem array. Although it is not known
whether this occurs by homologous recombination before
integration (9) or by integration followed by some form of
gene amplification (24, 32), there must be a series of discrete
steps in the integration process, apart from actual ligation of
donor to host DNA.

As others have pointed out, topological variants of DNA
structure frequently characterize DNA recombination (15,
34, 36). Among factors that might influence DNA conforma-
tion and stability is the occurrence of new tracts of base
sequences resulting from tandemization, from association of
exogenous and endogenous DNASs, or from local amplifica-
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tion. Thus, whereas the mammalian genome appears to be
surprisingly labile in admitting new DNA sequences, the
process is likely often to be mutagenic.
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