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A Foreign Dihydrofolate Reductase Gene in Transgenic Mice Acts
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We have produced 17 lines of transgenic mice by microinjecting a full-length cDNA clone of an altered
dihydrofolate reductase (dhfr) gene. The protein specified by this gene carries a point mutation which triples
its Km for dihydrofolate and reduces substrate turnover 20-fold relative to the wild-type enzyme. Transgenic
mice from different pedigrees, several of which carry a single copy of this gene in different integration sites,
manifest an array of similar developmental abnormalities including growth stunting, reduced fertility,
pigmentation changes, and skeletal defects. These defects appear in animals heterozygous for the foreign gene.
RNA analyses demonstrate significant expression of the cDNA in newborn mice and adult tissues. These
findings show that the additional dhfr gene exerts its mutational effects in a dominant fashion, and therefore the
data indicate that transgenic mice can serve as models for elucidating mechanisms of dominant mutagenesis.

The experimental insertion of retroviral (22) or molecu-
larly cloned DNA into mouse embryos to produce transgenic
mice (17) has rapidly led to informative studies of mamma-
lian gene regulation (13, 16). In addition to their usefulness
for expression studies, these gene transfer procedures can
also produce phenotypically penetrant mutations accessible
to study at the molecular level. When genes with important
roles in development or cell differentiation are inactivated by
the insertion of exogenous DNA, changes in the phenotypic
characteristics of the animal can be used as markers for host
gene disruption, and the injected gene can be used as a probe
for molecular cloning of affected host sequences (21, 23, 37).
Such phenotypic alterations usually appear as recessive
mutations, except when the affected host gene functions in
haploid cells (23, 24, 34, 49, 51). In the latter case, hemizy-
gous mutations involving a single locus are analogous to
homozygous recessive mutations in diploid cells. The mech-
anism by which these insertions lead to phenotypic change is
apparent: all available copies of a host gene are disrupted by
the integration event. These phenomena are comparable to
spontaneous recessive mutations which occur in nature.
Dominant mutations, i.e., those in which changes at only

one of two host loci lead to phenotypic alteration, are less
well understood, and as yet gene transfer experiments have
not produced a model representative of them. It is important
to clarify how heterozygous changes at a single locus can in
some cases profoundly affect the organism, while in most
instances such heterozygotes are phenotypically normal.
One can envision the creation of dominant mutations by
gene transfer in either of two ways: insertional disruption of
a host gene, both copies of which are necessary for mainte-
nance of a normal phenotype, or insertion of altered genes
which, when expressed, function as dominant mutant alleles
of host genes.
We have produced a series of transgenic mice which

appear to provide an experimental model of dominant mu-
tagenesis based on the latter of these two mechanisms. We
produced these animals by microinjecting a full-length ex-
pressible cDNA of an altered dihydrofolate reductase (dhfr)
gene. This gene, originally identified in cultured mouse 3T6

cells, has a point mutation in the 5' region which raises the
Km of the resulting enzyme threefold and reduces dihydro-
folate turnover by a factor of 20 (19). The full-length cDNA
was inserted into an expression vector with a promoter from
simian virus 40 (SV40) and a polyadenylation sequence from
human hepatitis B virus (HBV) (39). The construct had
previously been shown to function efficiently after transfec-
tion into cultured cells (39). Several of the transgenic mice
carried a single copy of the new gene as a heterozygous trait.
These animals manifested a variety of developmental de-
*fects, while control littermates in all lines were normal. RNA
hybridization studies provide evidence that the new gene's
dominant mutational effects result from expression. In this
report the abnormalities found in our transgenic mice are
described, and a mechanism whereby heterozygous changes
in the folate reductase pathway can cause developmental
abnormalities is proposed.

MATERIALS AND METHODS

Production of transgenic mice. The recombinant plasmid
pFR400 (39), the restriction map of which is shown in Fig. 1,
was prepared for microinjection in two ways. In one set of
experiments, a 2,825-base-pair (bp) fragment produced by
digestion with SalI and PstI and carrying all sequences
needed for expression was electroeluted from agarose and
injected. The second group of injections was performed after
linearization of the 4,400-bp plasmid with PstI.
CD-1 mice were obtained from Charles River Breeding

Laboratories, Inc., Wilmington, Mass. B6D2F/1 mice were
purchased from the Jackson Laboratory, Bar Harbor,
Maine. Zygotes were obtained for microinjection by
superovulation of immature female CD-1 animals followed
by mating to B6D2F/1 males. Recovery of fertilized eggs and
microinjection of pronuclei was performed as previously
described (14, 15, 17). The most accessible pronucleus,
usually the male, was microinjected with 200 to 2,000 copies
of the linearized plasmid.
DNA isolation and hybridization analysis. For initial

screening, high-molecular-weight DNA was prepared from
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FIG. 1. Restriction map of pFR400 (39). The thin line denotes
plasmid sequences. Open bars indicate the SV40 promoter (0 to 550)
and the HBV polyadenylation sequence (1225 to 1810). The solid bar
indicates the DHFR cDNA (580 to 1115). The Sall site at position
2085 and the PstI site at 3660 were those digested prior to
microinjection.

spleen biopsies by the method of Blin and Stafford (1), with
modifications as described previously (17). DNA (10 ,ug) was
then digested to completion with XbaI, blotted onto nitro-
cellulose (41), and hybridized to nick-translated pFR400.
Nick translations were performed with kits obtained from
New England Nuclear Corp., Boston, Mass., and conducted
to yield a probe with 108-dpm/[Lg incorporation of
[32P]dCTP. Filter hybridizations were performed by the
method of Wahl et al. (50). All lineages wherein a single copy
of pFR400 was integrated were studied by Southern blot
analysis. When multiple copies of the plasmid were inte-
grated, transmission of the foreign gene was monitored by
dot blot analyses of tail DNA.
For tail blot analyses, the distal third of the tail was

removed from weanling mice. The skin was minced and
subjected to DNA extraction by the method of Davis et al.
(10) as modified by Stewart et al. (42). Of the tail DNA, 1 ,ug
was denatured and applied to nitrocellulose for hybridization
analysis. Hybridizations were performed in the same manner
as Southern blot hybridizations.
For animals presumed to carry single-copy inserts of

pFR400, all Southern analyses included a positive control
made by digesting pFR400 with Sall and PstI and loading a

slot with amounts equivalent to one gene copy per cell.
Southern analyses of mice carrying multiple copies of
exogenous DNA included a lane containing pFR400 digested
with PstI and loaded in amounts equivalent to four copies
per cell. PstI-digested pFR400 was also loaded in amounts
equivalent to 10 copies per cell on dot blots.
RNA isolation and analysis. RNA was isolated from liver

and whole newborn animals by a modification of the method
of Glisin et al. (12). Up to 0.5 g of tissue was placed in 2.5 ml
of extraction buffer containing 4 M guanidinium isothiocya-
nate, 1 M sodium citrate added to a final concentration of 5
mM, 0.1 M 2-mercaptoethanol, and 0.5% N-lauryl sarcosine.
The homogenate was layered on a 1.2-ml cushion of 5.7 M
CsCl in 0.1 M EDTA (pH 7.5) and spun at 35,000 rpm in a

Beckman SW55 Ti rotor for 12 h. Supernatants were dis-
carded, and pellets were redissolved in 0.5 ml of 10 mM Tris
hydrochloride (pH 7.4)-S5 mM EDTA- 1% sodium dodecyl
sulfate. Dissolved pellets were extracted with 3:1 CHCl3-

butanol, and RNA as precipitated by the addition of 3 M
sodium acetate (pH 5.2) and 2 volumes of ethanol.
For dot blot analyses, 30 ,ug ofRNA was denatured in 100

[lI of 50% formamide at 65°C for 10 min. After denaturation,
the RNA was washed in 20 ,u1 of 6x SSC (20x SSC is 3 M
NaCI-0.3 M sodium citrate [pH 7.0]). RNA was then applied
to GeneScreen hybridization membranes (New England
Nuclear) by a dot blotting device. For Northern analyses,
RNA was denatured in glyoxal-dimethyl sulfoxide, electro-
phoresed in 1.5% agarose dissolved in 0.1 M NaPO4 (pH
7.0), stained with ethidium bromide, and blotted onto
GeneScreen hybridization membranes with 20x SSC. RNA
size was estimated with 20S and 18S rRNA bands as
standards.

Solution hybridizations for both dot blots and Northern
blots were performed by-the method of Pintar et al. (35). In
dot blot hybridizations, two probes were used; a 1,520-bp
fragment extending from the XbaI site to the SalI site and
homologous both to pFR400 and to the endogenous dhfr
transcript was electroeluted and nick translated. In other
experiments, the 810-bp SacII-SalI fragment containing
HBV polyadenylation sequences and therefore specific for
the injected gene (Fig. 1) was used as a probe.

RESULTS

Production of 17 lines of transgenic mice, with 4 lines
containing single copies of pFR400. Table 1 summarizes the
microinjection results and shows that 5 animals were pro-
duced in the first series and 12 were produced in the second.
Mice injected with the 2,825-bp SalI-PstI fragment were
designated 401 through 436; those receiving the PstI-
linearized material were numbered P401 through P450.
Transgenic mouse P439 died before it could be analyzed
further. Thus, 17 distinct lineages, 16 of which were avail-
able for study, were produced.
To evaluate the state of the integrated material in

transgenic animals, a simple restriction enzyme analysis was
undertaken. DNA samples were digested with XbaI, an
enzyme which recognizes a single site within the SV40
region of the plasmid (Fig. 1). Integration of a single copy of
the donor sequence would be likely to produce XbaI bands
different in size from the injected unit, as XbaI digestion
would generate fragments composed in part of the plasmid
and in part of mouse genomic DNA. These fragments would
hybridize to a radiolabeled probe with equal or slightly
greater intensity than the host gene. In contrast, XbaI
digestion of head-to-tail concatamers would yield bands of
high intensity with the same mobility as the injected se-
quence. Figures 2 and 3 show results of this analysis from
animals injected with the SalI-PstI fragment (Fig. 2) and the
4,400-bp PstI fragment (Fig. 3) of pFR400. Four of the five
animals identified from the first series-mice 406, 407, 414,

TABLE 1. Results of microinjectiona of two constructs of
pFR400

Fragment (size) No. of embryos No. of mice
injected Injected Implanted Born Positive (%)

Sal I-Pst 587 382 36 5 (13.8)
(2,825 bp)

PstI 573 413 50 12 (24.0)
(4,400 bp)

a The most accessible pronucleus of fertilized eggs was microinjected with
200 to 2,000 copies of a plasmid derivative.
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FIG. 2. Southern blot hybridizations of XbaI-digested, pFR400-probed spleen DNAs from mice 401 through 418 and 428 through 436.
These animals were microinjected with the 2,825-bp derivative of pFR400 digested with Sall and PstI. The control (lanes c) consisted of
pFR400 digested with Sall and PstI and loaded in amounts equivalent to one copy per cell (10 pg). The exact sizes of the control fragments
are shown in panel A. Positions of restriction fragments derived from pFR400, identified in mice 406, 407, 410, 414, and 436, are indicated
by arrows. Fragment sizes were estimated by using known values for the positive control and for lambda DNA digested with HindIll and
visualized after ethidium bromide staining. Double arrows in samples from mouse 407 and mouse 414 indicate the presence of doublet bands.
A prominent fragment of the endogenous gene, indicated by the large arrow, is present in all transgenic mouse samples and is identical in
intensity and position to those of negative mice. This band is not visible in sample 433, owing to incomplete digestion of the DNA.

and 436-retained a single copy of pFR400 per cell. Mouse
410 carried a short concatamer determined by dilution
studies to contain 5 to 10 plasmid copies. Figure 2 also shows
several negative animals from the initial screening proce-
dure. Only fragments of the endogenous gene can be seen in
these cases. All 12 animals retaining the 4,400-bp PstI
fragment harbored head-to-tail concatamers (Fig. 3). Reten-
tion of concatamers was demonstrated by the presence of
intense 4,400-bp bands in all lanes. Fragments of lower
intensity indicative of the unique structure of each insert, are
also visible in several samples.
The unique sizes of the XbaI fragments in all single-copy

integrants show that the relative positions of genomic XbaI
sites to the integrated plasmid are different in each instance
and thus that the integration site is unique in each pedigree.
Also visible in all positive and negative samples is a fragment
of the endogenous dhfr gene. The intensity and position of
this band is the same in samples from both transgenic mice
and normal animals. These data thus indicate integration of
a single copy of the donor plasmid into a distinct site in the
genome in four of five cases.

It should be emphasized that the mouse dhfr gene is quite
large and contains many introns which would not hybridize
to our cDNA probe (9). The endogenous gene could thus
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FIG. 3. Southern blot hybridization of XbaI-digested spleen DNA from several transgenic mice injected with the 4,400-bp PstI fragment
of pFR400. Blots were probed with pFR400. The number of the lineage is shown, with the degree of DNA dilution prior to digestion shown
after the hyphen in each sample. Line P447, estimated after initial screening to carry 5 to 10 copies per cell, is not included. Line P449 DNA
was undiluted prior to digestions. A positive control composed of pFR400 digested with XbaI and loaded in amounts equivalent to four copies
per cell is shown as PC-4X. The 50- and 100-fold dilutions of P404 DNA and the 20-fold dilution of P441 DNA were degraded. The 4.4-kilobase
linearized control plasmid is indicated by the arrow.
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TABLE 2. Progeny testing of pFR400 transgenic mice

Avg litter size No. (%) of positive mice
Mouse no. Sex (no. of litters scored)a Generation 1 Generation 2

406 M 7.0 (2) 4/13 (31) 5/8 (63)
407 F 4.3 (4) 3/9 (33) 19/35 (54)
410 F 4.5 (6) 7/13 (54) 13/27 (48)
414 M 3.3 (5) 6/20 (30) 20/49 (41)
436 F 6.5 (2) 9/13 (69) NTb (NT)
P404 F 0.6 (5) 1/3 (33) __d (_)
P410 F 8.4 (5) 22/39 (56) NT (NT)
P421 M 0 (5) 14/47 (30) NT (NT)
P423 M 11.0 (1) 23/46 (50) 4/11 (36)
P427 M NT 12/32 (38) NT (NT)
P428 M NT 22/37 (59) NT (NT)
P429 F 8.0 (3) 13/24 (54) 7/7 (100)
P432 M 7.5 (2) 10/59 (12) 4/7 (57)e
P441 M 13.0 (1) 21/74 (28) NT (NT)
P447 F 8.0 (2) 7/16 (44) NT (NT)
P449 F 11.0 (6) 10/24 (42) NT (NT)
a The number of animals scored for litter size is occasionally less than the

number screened by Southern hybridization for pFR400 DNA because some
of the animals born have not been screened as yet. Females were not
considered to have a reduced litter size unless an average of less than six
offspring was recorded.
bNT, Not tested.C Four documented matings with no births.
d-, No successful matings subsequent to the first generation.
e Two heterozygotes were crossed.

sustain integration of pFR400 at many positions without
causing a change in the Southern hybridization pattern
observed in our experiments. Moreover, in animals carrying
multiple copies of pFR400, characteristic junction fragments
establishing a unique integration site in each pedigree could
not always be visualized (Fig. 3). However, in view of the
size of the mouse genome and the extensive evidence
indicating random integration of foreign DNA in transgenic
mice (8, 17, 26, 31), we consider it unlikely that either host
dhfr allele is affected in any of the animals. In any case, as
genetic studies confirm single, independently segregating
integration sites for pFR400, no more than one host dhfr
allele could possibly be interrupted in any pedigree.
The conclusion that the first four animals carried single

copies of the foreign gene could be spurious if modified
concatamers were integrated in a mosaic distribution in
founder mice. Several laboratories have shown that foreign-
gene integration may take place in only some cells of the
embryo, an occurrence which leads to a mosaic adult animal
(8, 31, 34, 43). We have ruled out this possibility by breeding
the animals (Table 2). In all four cases, the transmission
frequency of pFR400 was not significantly lower than 50%,
as would be expected from a mosaic parent. Moreover the
hybridization intensity in offspring was not greater than in
the parents, which would be predicted if the parents were
mosaics.

Foreign dhfr gene acts as a dominant mutation. The pres-
ence of this alien dhfr gene as a heterozygous trait in the
transgenic mice is associated with a variety of developmen-
tal anomalies. The abnormal traits are heritable and invari-
ably linked to pFR400. Examinations of the transgenic mice
have revealed stunted growth (11 lines), reduced fertility (5
lines), skeletal (10 lines) and eye (3 lines) deformities, and
pigmentation defects (2 lines) (Table 3). None of the negative
littermates was abnormal. Examination of more than 1,000
mice of similar genetic background, housed in the same
room and derived from transgenic mice microinjected with

other DNA sequences, has likewise revealed none of the
anomalies characteristic of these transgenic animals. Several
of the normal transgenic lineages in the laboratory carry the
regions of both SV40 and HBV DNA contained in pFR400,
suggesting that these sequences are not responsible for the
effects of pFR400 integration.
An obvious anomaly encountered in several lines was

stunting of growth. Several founder mice, particularly 410
and P404, were noted to be smaller than their littermates
when initially screened for pFR400 sequences. In the case of
mouse P404, the reduced size was especially remarkable.
When weaned, this animal weighed less than 8 g, while its
negative littermates weighed more than 25 g. Mouse P404
never attained a weight of greater than 17.8 g, i.e., less than
half that of its normal sibs. This female completed one
successful pregnancy and delivered three young. One pup
was very small at birth, while the others appeared normal.
The offspring were monitored with growth curves (Fig. 4).
Two mice grew normally, while the third remained very
small. All three offspring were screened at 30 days of age by
dot blot hybridization of DNA obtained from tail biopsies.
This test confirmed that the small mouse was a carrier of
pFR400 sequences, while the normal-sized pups were not.
Growth of the transgenic pup was markedly retarded. This
animal was maintained for 22 weeks and achieved a maxi-
mum weight of 3.7 g, approximately 1/10 that of a normal
age-matched mouse. Various degrees of growth stunting at
birth were seen in several additional lines (Table 3). In dwarf
transgenic mice, the rate of maturation was not changed. As
a result, adult mice no larger than 5-day-old pups were
frequently seen (Fig. SA).
Another obvious abnormality was spinal deformity, man-

ifested as kinking of the tail. This effect was most pro-
nounced in line P441 (Fig. SB). However, several other lines
showed unmistakable tail anomalies. A single kink at the end
of the tail was seen in line 414, while animals from the P410
lineage had two kinks, one in the middle region and one at
the end. Lumbar deformities in P410 and several other

TABLE 3. Summary of abnormalities in transgenic mice
carrying pFR400a

Mouse Gene Abnormal Stunted Eye Reduced Pigmenta-
no. copies tails growth abnoral fertilityb tion
n. per cell tis govh ities defects

406 1 + + - - -
407 1 + + - + +
410 5-10 - + + + -
414 1 + + - + +
436 1 + - - - -
P404 >400 + + - + -
P410 >400 + + + - -
P421 200-400 + + - + -
P423 200 + + - - -
P427 200 - - - - -
P428 200-400 - - - - -
P429 200-400 + - - - -
P432 200-400 - + + * -
P441 200 + + - - -
P447 5-10 - + - - -
P449 100 - - - - -

a No obvious association exists between any two of the defects, and no
correlation exists between the number of gene copies per cell and the variety
or severity of problems seen. +, Mouse showed defect; -, mouse did not
show defect.

b +, Reduced litter size; +*, late onset of fertility.
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pedigrees suggest that skeletal defects involve proximal
regions of the spine as well.
Pigment cell defects were seen in the 407 and 414 lineages.

Here, patches of white hair are prominent (Fig. 5C). In line
407 mice, a white patch was evident at birth, while line 414
mice developed white fur postnatally. In the 407 lineage, the
patch was stable throughout adult life, while white areas
progressively enlarged in line 414 mice.

In lineages 410, P410, and 432, animals were born with
their eyes open (Fig. SD). This anomaly, most severe in the
410 lineage, often led to corneal opacity and blindness in
adults.
Other transgenic animals had reduced fertility, discovered

by screening 628 progeny from first- and second-generation
crosses in several lines (Table 2). The abnormality took two
forms: delayed onset of fertility and reduced litter size of
females. In lines 407, 410, 414, P404, and P431, subfertility
was clearly evidenced by reduced litter size of female
transgenic mice (Table 2). We investigated the possibility
that transgenic embryos might fail to survive until birth. If
this were the case, we would expect them to constitute fewer
than 50% of progeny. The data show that pFR400 was
transmitted to about 50% of animals in all but two lines
(Table 2). In lines P441 and P432, germ line mosaicism was
present in the founder mice. However, transmission of
pFR400 in second-generation crosses was approximately
50%. It is possible that in line 414 mice some death of
transgenic conceptuses was taking place. Testing of 69
progeny over several generations in this line demonstrated
an overall transmission frequency of 38% (Table 2).
Mouse P404 passed the new gene to one of three pups in

its single litter. In this instance we have the strongest
evidence of abnormal fetal loss. When it failed to produce
further litters after five documented matings, one after
superovulation, the animal was killed at 40 weeks of age.
Examination of the uterus revealed one morphologically
normal full-term fetus, which proved negative for pFR400
after Southern blotting, and two resorption sites. Nucleic
acid extraction of the resorption tissues was not sufficient to
separate embryonic from contaminating maternal DNA. The
parent's ovaries were removed and studied histologically.
The number of germ cells per unit area was similar to that of
normal mice. The appearance of the dead fetus and the
resorption sites at the time of sacrifice suggests that some
normal animals could not be delivered because of the small
size of the birth canal in the parent and that others, presum-
ably the transgenic embryos, died shortly after implantation.
Females of the P421 lineage were infertile. After five

documented matings of three females with two normal
males, no mice were born (Table 2). After a fifth mating, one
female was examined surgically for implantation sites. Two
normal conceptuses and no resorption sites were observed.
To determine if normal oocytes were present, a female was
superovulated and sacrificed the day of mating. Of 24
oocytes recovered, 13 were fertilized. To evaluate the de-
velopmental potential of fertilized eggs from this line, an-
other female and a negative control from the same pedigree
were superovulated, mated, and sacrificed 49 h after admin-
istration of human chorionic gonadotropin (Table 4). At that
time, conceptuses would be expected to have reached the
8-cell (morula) stage of development. The oviducts were
flushed, and the in vitro development of the embryos within
them were evaluated in comparison with those of a littermate
which did not carry pFR400 (Table 4). Only 3 of 19 embryos
recovered were at the morula stage and normal in appear-
ance. After an additional 24 h in culture, when 15 of 18
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FIG. 4. A growth curve obtained from three pups born to
transgenic mouse P404. Weight in grams was plotted against age for
the first 24 days of postnatal development. The animals were
subsequently screened for pFR400 sequences by dot blot hybridiza-
tion of tail DNA. Tail blots of these mice showed that the small
animal was a transgenic mouse and the other two were normal (see
text).

controls had reached the blastocyst stage, only two embryos
from the transgenic mouse were blastocysts. However, after
another 24 h of culture, 17 of the embryos were blastocysts.
These findings indicate that the rate of cleavage is slowed in
P421 embryos and that the paucity of successful implanta-
tion events may be due to discordant timing of uterine
maturation and embryonic development.
Abnormal phenotypes are of similar character within lines

but have variable penetrance. Within each pedigree that
manifested abnormalities, the nature of the abnormality was
remarkably consistent. Thus, all line 414 transgenic mice
with tail kinks showed a similar pattern of kinking, i.e., a
small kink at the end of the tail. The consistency of appear-
ance of the developmental defects was most easily seen in
the spotted mice of the 407 line. Shortly after birth, when
these animals began to develop pigment, a white area
appeared on the dorsal midline of the lumbar spine. The
reproducibility of the location in which the white spot
appeared is demonstrated in Fig. SC, which depicts seven
transgenic mice from this line. The same region of the
lumbar spine is affected in each case. Different-sized spots
reflect variable penetrance of the developmental defect. The
phenomenon of variable penetrance was observed for all
anomalies identified and may be related to the mixed genetic
background of the animals.

Developmental abnormalities are associated with pFR400
expression. The presence of developmental defects in
transgenic mice heterozygous for pFR400 and the similar
character of the abnormalities in lines carrying the donor
gene in different genomic locations suggested that pFR400
expression was responsible for our observations. We there-
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FIG. 5. Abnormal transgenic mice which carry pFR400 sequences. (A) A transgenic mouse from the 410 line, foreground, with a normal
littermate of the same sex. Stunted growth in the transgenic animals is pronounced. (B) Transgenic mouse P441, showing a markedly kinked
tail. (C) Seven transgenic mice from three generations of the 407 line, showing variable loss of fur pigmentation in the dorsal lumbar region.
(D) A newborn animal from the P432 pedigree. The eye is open.

fore analyzed several transgenic mice for transcription of the
dhfr gene. Prior to conducting these experiments, we recog-
nized the problem that developmental anomalies seen in
newborns, if based on pFR400 expression, undoubtedly
result from gene function earlier in development. The ab-
sence of expression in newborns or adults therefore does not
negate the possibility of significant expression early in
ontogeny.
With these issues in mind, we initiated expression studies

with a dot blot assay designed to test for increased dhfr gene
expression. The entire pFR400 plasmid was used as a probe
against RNAs from several newborn transgenic mice, nor-
mal controls, and adult liver. Because the ability of foreign
genes to express in transgenic mice depends in part on the
integration site of the gene (2, 6, 25, 26, 31), we reasoned that
this test, although conducted at arbitrarily chosen stages of
development, would at least determine if the foreign gene
was integrated into a site permissive for expression. The
results of these experiments (Fig. 6a) clearly demonstrate
increased dhfr gene transcription in both newborns and adult
livers in transgenic animals from lines in which developmen-
tal anomalies were observed. We then exposed the same
samples to hybridization with a purified HBV polyadenyla-
tion sequence probe produced by nick translation of the
810-bp SacII-SalI fragment of pFR400 (Fig. 1). Figure 6b

shows specific hybridization of this fragment to RNA from
transgenic mice, with minimal hybridization to control sam-
ples. Although the signal was not strong, follow-up Northern
blot hybridizations from additional samples showed a single
prominent RNA species of about 1.2 kilobases which hybrid-
ized to the purified HBV prove (Fig. 7). This is the size
expected from appropriate transcription of pFR400 followed
by polyadenylation at the HBV site (Fig. 1). We thus
conclude that a vast majority, probably all pFR400 tran-
scripts, are polyadenylated at the HBV site. These experi-
ments demonstrate transcriptional activity of the foreign
gene and thus correlate pFR400 transcription with the de-
velopmental defects seen. The data show no correlation

TABLE 4. Cleavage rate in vitro of embryos from the P421 line

Time post- No. of transgenic mice No. of control mice showing:
HCG- (h) showing:

4 cells Morula Blastocyst 4 cells Morula Blastocyst

49 16 3 0 4 14 0
73 17 2 1 2 15
97 2 17 1 1 16

a HCG, Human chorionic gonadotropin.

VOL. 6, 1986



2164 GORDON

between the number of copies of pFR400 present in the
animals and the level of expression (compare Fig. 6 with
Table 3).

DISCUSSION
The data collected demonstrate that a foreign gene inte-

grated into a single genomic site and expressed in transgenic
mice can have mutagenic effects. The abnormalities found
are similar in separate lines, which presumably have the
foreign gene integrated at different sites. These findings
indicate that even though it is present as one of three dhfr
alleles in the mice, the new sequence induces developmental
lesions. Thus, the additional dhfr gene appears to act as a
dominant mutation.

Other transgenic mice have been previously observed to
be abnormal. However, in these other cases, the abnormal-
ities do not represent dominant mutagenesis, that is, pheno-
typic change despite the existence within the animals of
normal alleles of the inserted sequences. SV40 T-antigen
expression in transgenic mice causes a variety of abnormal-
ities (2, 29, 32, 40), but this product is entirely foreign to the
animal and has no normal counterpart. Animals secreting
foreign immunoglobulins experience allelic exclusion of their
host loci and thus are functionally hemizygous for the
foreign gene (36). Animals unable to transmit foreign genes
through the male germ line have transmission distortion
mosaicism, apparently as a result of insertional mutagenesis
within a host gene which functions postmeiotically. There-
fore, the affected cells are once again functionally hemizy-
gous (34). A number of genes cloned from heterologous.
species, including the herpesvirus thymidine kinase gene,
the chicken transferrin gene, the rat elastase I gene, and the
human globin and hprt genes, have been inserted and effi-
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FIG. 6. Dot blot hybridization of RNA obtained from newborn
mice (rows A) and adult livers (rows B) from several transgenic
mouse pedigrees. Samples Al and Bi are negative controls. Exper-
imental samples were loaded with the following lines: A2, 407; A3,
414; A4, P410; A5, P421; A6, P428; B2, 436; B3, P404; B4, 406; B5,
P429; and B6, P432. Panel a shows samples hybridized to nick-
translated pFR400. In panel b, the same samples were hybridized to
the purified 810-bp SacII-SalI fragment of pFR400 which carries
only HBV poly(A) sequences. Samples A2, A3, B2, and B4 show
that all single-copy carriers expressed pFR400. Sample B3 shows
markedly elevated pFR400 transcription in this severely stunted
transgenic mouse. Sample A4 shows detectable but relatively low
transcription in a severely abnormal newborn pup. Comparison of
B2, a sample obtained from a single-copy animal, and B5, obtained
from a mouse harboring a large concatamer, shows the absence of
correlation between gene copy number and level of expression.

12 3 4 5 6 7

28so
18s .*

FIG. 7. Northern blot hybridization of RNA extracted from
whole newbomn mice and hybridized against the 810-bp Sacll-Sall
fragment of pFR400, a probe specific for foreign dhfr gene expres-
sion. RNA (30 iLg) was loaded in each track. Lanes were loaded with
the following lines: 1, P441; 2, P447; 3, 414; 4, P421; 5, P423; 6,
P427; and 7, negative control. A 1.2-kilobase band corresponding to
a full-length transcript of pFR400 polyadenylated at the HBV site is
clearly visible in lanes 2 through 5. The positions of 285 and 185
rRNA, visualized after ethidium bromide staining, are indicated by
arrows.

ciently expressed in transgenic mice (3, 28, 31, 45, 46, 48).
Because of their structural differences from the correspond-
ing mouse proteins, any of these genes might serve as mutant

alleles' in mice. However, in none of these cases were the
transgenic animals phenotypically abnormal. Several differ-
ences between these other experiments and those reported
here might explain why the mutant dhfr gene acts as a
dominant mutant allele. In the aforementioned cases, em-
bryonic expression may not have taken place. Moreover,
many of the other foreign proteins are catalytically similar to
their mouse counterparts.
The results are most consistent with the interpretation that

expression of the foreign gene is responsible for the defects
seen. Because the integration sites are almost certainly
different in each line, it is highly unlikely that insertional
mutagenesis can explain the findings. It is not impossible
that a family of genes, different members of which are
interrupted by pFR400 insertion in each pedigree, regulates
the developmental processes disturbed in our mutant ani-
mals. However, such an explanation would strongly indicate
nonrandom integration of pFR400 in our animals, a hypothe-
sis which conflicts with a large body of data indicating
random integration of microinjected sequences in transgenic
mice (8, 17, 26, 31). Thus the data, as well as the finding of
pFR400 expression in abnormal transgenic mouse pedigrees,
are best explained as based on pFR400 gene function.
The presence of SV40 and HBV DNA in the animals is

unlikely to be the basis of the developmental lesions. A
number of transgenic mice carrying SV4o sequences which
more than encompass those introduced into our animals
have now been produced. In the absence of expression of the
SV40 large T antigen, which was not present on the con-
struct used here, those animals were phenotypically normal
(32). Moreover, the SV40 region present on the pFR400
clone was not transcribed. Although the HBV poly(A)
sequence is transcribed (Fig. 6b and 7), the presence of a
translational stop signal in the dhfr cDNA (Fig. 1) should
preclude translation of RNA from the HBV portion of the
plasmid. Furthermore, in other experiments we have pro-
duced six lines of transgenic mice containing multiple copies

MOL. CELL. BIOL.



FOREIGN dhfr GENE IN TRANSGENIC MICE 2165

of the entire HBV genome and the SV40 origin, and these
animals are phenotypically normal. Thus, the best explana-
tion for the present findings is that production of the mutant
DHFR during ontogeny leads to the abnormalities observed
at birth.
The following two factors appear to determine the tissue

distribution of expression of foreign genes in transgenic
mice: promoter-enhancer sequences and the chromosomal
integration site (3, 4, 6, 8, 18, 20, 25-29, 31-34, 40, 42, 44-46,
48). These previous observations are also consistent with the
conclusion that pFR400 expression is responsible for the
abnormalities in our mice. Variable severity of similar de-
velopmental anomalies in independent lines of animals could
represent SV40 promoter-directed dhfr gene function in the
same embryonic tissues, with the level of expression modi-
fied by the integration site.

It is of interest that pFR400 is expressed efficiently in adult
liver as well as in newborn mice. This fact is not inconsistent
with previous studies which show moderate but clearly
detectable SV40-directed gene expression in livers of
transgenic mice (2, 32, 40). These other clones may not be
directly comparable to pFR400, however. PFR400 carries
HBV poly(A) sequences which may enhance expression in
liver. In addition, the tissue distribution of pFR400 expres-
sion may be modified by the dhfr gene itself, as cDNAs of
other types have been shown to influence the tissue distri-
bution of expression (45).
Although the mechanism by which the abnormal DHFR

might be mutagenic to mouse embryos is not known, an
understanding of the abnormal kinetics of the mutant en-
zyme suggests an explanation. The K,,, of the mutant enzyme
for dihydrofolic acid is 3-fold greater than that of the
wild-type protein, while the dihydrofolate turnover rate is
20-fold reduced relative to that of the normal enzyme (19).
Thus, the presence of a large quantity of abnormal enzyme in
the cell could effectively render dihydrofolic acid unavail-
able for biosynthesis of thymidylate, which in turn is re-
quired for DNA synthesis. In this sense, the abnormal
enzyme could act as a folate reductase inhibitor.

If the above hypothesis is correct, then interference with
DNA synthesis in normal mice by any means, including
inhibition of DHFR, would lead to birth defects which
resemble those of our transgenic animals. In this regard, it is
noteworthy that administration of thymidylate synthetase
inhibitors to fetal rats induces axial skeletal deformities,
growth stunting, reduced fertility, and kinked tails (30, 47).
Many of these anomalies are identical to those seen in our
transgenic mice. Also, administration of the DNA-alkylating
agent Busulfan to fetal mice leads to tail kinks and reduced
fertility (J. W. Gordon, Ph.D. thesis, Yale University, New
Haven, Conn., 1978), both of which are again seen in the
transgenic animals. Finally, mutations in Drosophila
melanogaster at the rudimentary locus, which is a complex
of three genes in the pyrimidine biosynthetic pathway, cause
developmental anomalies characterized by abnormal wing
development and female infertility (5, 11, 38). Although
these data suggest that expression of the mutant dhfr gene
caused these developmental defects, formal proof of this
hypothesis has not been provided. Insertion of a cDNA
cloned into an identical expression vector would be required
to rule out the possibility that the addition of a normal dhfr
gene would have similar effects.
For the pFR400 gene product to induce mutations by the

same mechanism as these other agents, two requirements
would have to be met. First, the pFR400 protein would have
to be present in sufficient amounts to compete with the

product of the two normal dhfr alleles for the substrate, and
second, folate homeostatic mechanisms within the embryo
would have to be insufficient to compensate for the alter-
ations induced by the presence of the foreign gene product.
In the tissues evaluated, the gene is clearly very active (Fig.
6 and 7). The identification of transcripts on Northern blots
with a DNA probe suggest very high expression of pFR400.
In previous studies of herpesvirus thymidine kinase expres-
sion in transgenic mice, very low quantities of RNA were
associated with high protein production (34). RNA levels in
the studies performed thus far are accordingly consistent
with the possibility that large amounts of the abnormal
enzyme may be present in fetal mice. At present, the
mechanisms by which the embryo regulates and stabilizes
the folate pathway are unknown. However, it is possible to
assess the likelihood that pFR400 expression in transgenic
embryos is sufficient to disrupt the pathway. Embryos from
P421 transgenic females cleave slowly in vitro (Table 4), an
observation consistent with thymidine synthesis inhibition.
If folate reductase inhibition is actually the cause of slow
cleavage in this line, it should be corrected by the adminis-
tration of folinic acid (leucovorin) to the cleaving embryos.
These experiments, in conjunction with DNA-RNA in situ
hybridization studies of P421 embryos, are currently in
progress.
These abnormal mice appear to illustrate the fact that

when a biochemical pathway becomes critically important at
a specific stage of development, as does the folate reductase
pathway during the period of rapid embryonic cell prolifer-
ation, it may be particularly sensitive to mutations of its
enzymatic loci. In such cases, even heterozygous mutations
could produce phenotypic changes. Further gene transfer
experiments should produce additional dominant-acting
changes either by expression of donor genes or by inser-
tional disruption of host loci. Naturally occurring dominant
mutations have already been associated with foreign DNA
insertion: the presence of ecotropic retroviral DNA is cor-
related with the semidominant lethal yellow mutation in mice
(7). Studies of additional transgenic mice, as well as the
molecular cloning of dominant-acting genes in humans and
experimental animals, should further improve our under-
standing of dominant mutations.

ACKNOWLEDGMENTS

This work was supported in part by Public Health Service grant
HD20484 from the National Institutes of Health.

Special thanks to G. J. Garrisi and W. Rubenstein for scientific
discussion and photographic assistance, to M. Petro for technical
assistance, and to C. C. Simonsen for providing the pFR400 plas-
mid.

LITERATURE CITED
1. Blin, N., and D. W. Stafford. 1976. A general method for

isolation of high molecular weight DNA from eukaryotes.
Nucleic Acids Res. 3:2302-2308.

2. Brinster, R. L., H. Y. Chen, A. Messing, T. van Dyke, A. J.
Levine, and R. D. Palmiter. 1984. Transgenic mice harboring
SV40 T-antigen genes develop characteristic brain tumors. Cell
37:367-379.

3. Brinster, R. L., H. V. Chen, M. Trumbauer, A. W. Senear, R.
Warren, and R. D. Palmiter. 1981. Somatic expression of herpes
thymidine kinase following injection of a fusion gene into eggs.
Cell 27:223-231.

4. Brinster, R. L., K. A. Ritchie, R. E. Hammer, R. L. O'Brien, B.
Arp, and U. Storb. 1983. Expression of a microinjected immu-
noglobulin gene in the spleen of transgenic mice. Nature (Lon-
don) 306:332-336.

VOL. 6, 1986



2166 GORDON

5. Carlson, P. S. 1970. A genetic analysis of the rudimentary locus
of Drosophila melanogaster. Genet. Res. 17:53-81.

6. Chada, K., J. Magram, K. Raphael, G. Radice, E. Lacy, and F.
Costantini. 1985. Specific expression of a foreign ,-globin gene
in erythroid cells of transgenic mice. Nature (Loiidon) 314:
377-380.

7. Copeland, N. G., N. A. Jenkins, and B. K. Lee. 1983. Associa-
tion of the lethal yellow (AY) coat color mutation with an
ecotropic murine leukemia virus genome. Proc. Natl. Acad. Sci.
USA 80:247-249.

8. Costantini, F., and E. Lacy. 1981. Introduction of a rabbit
3-globin gene into the mouse germ line. Nature (London)

294:92-94.
9. Crouse, G. G., C. C. Simonsen, R. N. McEwan, and R. T.

Schimke. 1982. Structure of amplified normal and variant
dihydrofolate reductase genes in mouse sarcoma 180 cells. J.
Biol. Chem. 257:7887-7897.

10. Davis, R. W., M. Thomas, J. Cameron, T. P. St. John, S.
Scherer, and R. A. Padgett. 1980. Rapid DNA isolations for
enzymatic and hybridization analysis. Methods Enzymol.
65:404 411.

11. Falk, D. R. 1977. Genetic mosaics of the rudimentary locus of
Drosophila melanogaster: a genetical investigation into the
physiology of pyrimidine synthesis. Dev. Biol. 58:134-147.

12. Glisin, V., R. Crkvenkjakov, and C. Byus. 1974. Ribonucleic
acid isolated by cesium chloride centrifugation. Biochemistry
13:2633-2637.

13. Gordon, J. W. 1983. Transgenic mice: a new and powerful
experimental tool in mammalian developmental genetics. Dev.
Genet. 4:1-20.

14. Gordon, J. W., and F. H. Ruddle. 1981. Integration and stable
germ line transmission of genes injected into mouse pronuclei.
Science 214:1244-1246.

15. Gordon, J. W., and F. H. Ruddle. 1983. Gene transfer into
mouse embryos: production of transgenic mice by pronuclear
injection. Methods Enzymol. 101:411-433.

16. Gordon, J. W., and F. H. Ruddle. 1985. DNA-mediated genetic
transformation of mouse embryos and bone marrow-a review.
Gene 33:121-136.

17. Gordon, J. W., G. A. Scangos, D. J. Plotkin, J. A. Barbosa, and
F. H. Ruddle. 1980. Genetic transformation of mouse embryos
by microinjection of purified DNA. Proc. Natl. Acad. Sci. USA
77:7380-7384.

18. Grosschedl, R., D. Weaver, D. Baltimore, and F. Costantini.
1984. Introduction of a L. immunoglobulin gene into the mouse
germ line: specific expression in lymphoid tissue and synthesis
of functional antibody. Cell 38:647-658.

19. Haber, D. A., S. M. Beverley, M. L. Kiely, and R. T. Schimke.
1981. Properties of an altered dihydrofolate reductase encoded
by amplified genes in cultured mouse fibroblasts. J. Biol. Chem.
256:9501-9510.

20. Hanahan, D. 1985. Heritable formation of pancreatic P-cell
tumours in transgenic mice expressing recombinant insulin/sim-
ian virus 40 oncogenes. Nature (London) 315:115-120.

21. Harbers, K., M. Kuehn, H. Delius, and R. Jaenisch. 1984.
Insertion of retrovirus into the first intron of the otl(1) collagen
gene leads to embryonic lethal mutation in mice. Proc. Natl.
Acad. Sci. USA 81:1504-1508.

22. Jaenisch, R. 1976. Germ line integration and mendelian trans-
mission of the exogenous Moloney leukemia virus. Proc. Natl.
Acad. Sci. USA 73:1260-1264.

23. Jaenisch, R., K. Harbers, A. Schnieke, J. Lohler, I. Chumakov,
D. Jahner, E. Grotkopp, and E. Hoffman. 1983. Germline
integration of Moloney murine leukemia virus at the Mov 13
locus leads to recessive lethal mutation and early embryonic
death. Cell 32:209-216.

24. Jenkins, N. A., N. G. Copeland, B. A. Taylor, and B. K. Lee.
1981. Dilute (d) coat colour mutation of DBA/2J mice is associ-
ated with the site of integration of an ecotropic MuLV genome.
Nature (London) 293:370-374.

25. Krumlauf, R., R. E. Hammer, S. M. Tilghman, and R. L.
Brinster. 1985. Developmental regulation of cx-fetoprotein genes
in transgenic mice. Mol. Cell. Biol. 5:1639-1648.

26. Lacy, E., S. Roberts, E. P. Evans, M. D. Burtenshaw, and F. D.
Costantini. 1983. A foreign ,3-globin gene in transgenic mice:
integration at abnormal chromosomal positions and expression
in appropriate tissues. Cell 34:343-358.

27. Le Meur, M., P. Gerlinger, C. Benoist, and D. Mathias. 1985.
Correcting an immune-response deficiency by creating Ea gene
transgenic mice. Nature (London) 316:38-42.

28. McKnight, G. S., R. E. Hammer, E. A. Kuenzel, and R. L.
Brinster. 1983. Expression of the chicken transferrin gene in
transgenic mice. Cell 34:335-341.

29. Messing, A., H. Y. Chen, R. D. Palmiter, and R. L. Brinster.
1985. Peripheral neuropathies, hepatocellular carcinomas and
islet cell adenomas in transgenic mice. Nature (London)
316:461-463.

30. Murphy, M. L., and D. A. Karnofsky. 1956. Effect of azaserine
and growth-inhibiting agents on fetal development of the rat.
Cancer 9:955-962.

31. Palmiter, R. D., H. Y. Chen, and R. L. Brinster. 1982. Differ-
ential regulation of metallothionein-thymidine kinase fusion
genes in transgenic mice and their offspring. Cell 29:701-710.

32. Palmiter, R. D., H. Y. Chen, A. Messing, and R. L. Brinster.
1985. SV40 enhancer and large-T antigen are instrumental in
development of choroid plexus tumours in mice. Nature (Lon-
don) 316:457-460.

33. Palmiter, R. D., G. Norstedt, R. E. Gelinas, R. E. Hammer, and
R. L. Brinster. 1983. Metallothionein-human GH fusion genes
stimulate growth of mice. Science 222:809-814.

34. Palmiter, R. D., T. M. Wilkie, H. Y. Chen, and R. L. Brinster.
1984. Transmission distortion mosaicism in an unusual
transgenic mouse pedigree. Cell 36:869-877.

35. Pintar, J. E., B. S. Schachter, A. B. Herman, S. Durgerian, and
D. T. Krieger. 1984. Characterization and localization of
propiomelanocortin messenger RNA in the adult rat testis.
Science 225:632-634.

36. Ritchie, K. A., R. L. Brinster, and U. Storb. 1984. Allelic
exclusion and control of endogenous immunoglobulin gene
rearrangement in transgenic mice. Nature (London) 312:
517-520.

37. Schnieke, A., K. Harbers, and R. Jaenisch. 1983. Embryonic
lethal mutation in mice induced by retrovirus insertion in the
oa(1) collagen gene. Nature (London) 304:315-320.

38. Segraves, W. A., C. Louis, S. Tsubota, P. Schedl, J. M. Rawls,
and B. P. Jarry. 1984. The rudimentary locus of Drosophila
melanogaster. J. Mol. Biol. 175:1-17.

39. Simonsen, C. C., and A. D. Levinson. 1983. Isolation and ex-
pression of an altered dihydrofolate reductase cDNA. Proc.
Natl. Acad. Sci. USA 80:2495-2499.

40. Small, J. A., D. G. Blair, S. D. Showalter, and G. A. Scangos.
1985. Analysis of a transgenic mouse containing simian virus 40
and v-myc sequences. Mol. Cell. Biol. 5:642-648.

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

42. Stewart, T. A., P. K. Pattengale, and P. Leder. 1984. Spontane-
ous mammary adenocarcinomas in transgenic mice that carry
and express MTV/myc fusion genes. Cell 38:627-637.

43. Stewart, T. A., E. F. Wagner, and B. Mintz. 1982. Human
P-globin gene sequences injected into mouse eggs, retained in
adults, and transmitted to progeny. Science 217:1046-1048.

44. Storb, U., R. L. O'Brien, M. D. McMullen, K. A. Gollahon, and
R. L. Brinster. 1984. High expression of cloned immunoglobulin
gene in transgenic mice is restricted to B lymphocytes. Nature
(London) 310:238-240.

45. Stout, J. T., H. Y. Chen, J. Brennard, C. T. Caskey, and R. L.
Brinster. 1985. Expression of human HPRT in the central
nervous system of trransgenic mice. Nature (London) 317:
250-252.

46. Swift, G. H., R. E. Hammer, R. J. MacDonald, and R. L.
Brinster. 1984. Tissue-specific expression of the rat pancreatic
elastase I gene in transgenic mice. Cell 38:639-646.

47. Thiersch, J. B. 1954. Effect of certain 2,4-diaminopyrimidine
antagonists of folio acid on pregnancy and rat fetus. Proc. Soc.
Exp. Biol. Med. 87:571-577.

MOL. CELL. BIOL.



FOREIGN dhfr GENE IN TRANSGENIC MICE

48. Townes, T. M., J. B. Lingrel, H. Y. Chen, R. L. Brinster, and
R. D. Palmiter. 1985. Erythroid-specific expression of human
P-globin genes in transgenic mice. EMBO J. 4:1715-1723.

49. Wagner, E. F., L. Covarrubias, T. A. Stewart, and B. Mintz.
1984. Prenatal lethalities in mice homozygous for human growth
hormone sequences integrated in the germ line. Cell 35:647-655.

50. Wahl, G. M., M. Stern, and G. R. Stark. 1979. Efficient transfer

of large DNA fragments from agarose gels to diazobenzyloxy-
methyl paper and rapid hybridization using dextran sulfate.
Proc. Natl. Acad. Sci. USA 76:3683-3687.

51. Woychik, R. P., T. A. Stewart, L. G. Davis, P. d'Eustachio, and
P. Leder. 1985. An inherited limb deformity created by inser-
tional mutagenesis in a transgenic mouse. Nature (London)
318:36-40.

VOL. 6, 1986 2167


