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before 10.5 days of gestation

in homozygotes and reduced
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To directly assess c-myc function in cellular proliferation, differentiation, and embryogenesis, we have used
homologous recombination in embryonic stem cells to generate both heterozygous and homozygous c-myc

mutant ES cell lines. The mutation is a null allele at the protein level, Mouse chimeras from seven
heterozygous cell lines transmitted the mutant allele to their offspring. The analysis of embryos from two
clones has shown that the mutation is lethal in homozygotes between 9.5 and 10.5 days of gestation. The
embryos are generally smaller and retarded in development compared with their littermates. Pathologic
abnormalities include the heart, pericardium, neural tube, and delay or failure in turning of the embryo.
Heterozygous females have reduced fertility owing to embryonic resorption before 9.5 days of gestation in
14% of implanted embryos. c-Myc protein is necessary for embryonic survival beyond 10.5 days of gestation;
however, it appears to be dispensable for cell division both in ES cell lines and in the the embryo before that

time.
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c-myc was first identified as the transforming element in
the avian retrovirus MC29, which induces myelocy-
tomatosis and tumors of the hemopoietic lineages in
chickens (for review, see Enrietto 1987). Investigation of
the mechanism by which c-myc exerts its oncogenic ac-
tion and, indeed, the normal cellular function of the
proto-oncogene, has been approached from many per-
spectives. No clear answer has emerged as yet (for re-
views, see Cole 1986; Liischer and Eisenman 1990; Spen-
cer and Groudine 1991; Prendergast and Ziff 1992).
Deregulated c-myc expression contributes to, but is
not necessarily sufficient for, oncogenic transformation.
c-myc mRNA levels in plasmacytomas are similar to the
levels seen in mitogen-stimulated primary B cells {(Keath
et al. 1977). c-myc overexpression in rat embryo fibro-
blasts does not result in tumorigenicity, but cotransfec-
tion of c-myc with the EJ-ras gene does (Land et al. 1983;
Lee et al. 1985). In transgenic mice, overexpression of
c-myc under the control of the immunoglobulin en-
hancer results in a high incidence of pre-B- and B-cell
malignancies (Adams et al. 1985; Langdon et al. 1986 ).
The tumors are clonal, although the majority of B cells
have a disregulated myc gene. Moloney murine leuke-
mia virus (Mo-MLV} infection of Ep—~myc transgenic
mice results in a dramatic acceleration of pre-B-cell lym-
phomagenesis and has identified, by proviral tagging,

other genes that cooperate with c-myc to induce B-cell
tumorigenesis (Haupt et al. 1991; van Lohuizen et al.
1991,

The relationship between c-myc expression and cell
growth has been demonstrated in tissue culture cells
stimulated to divide by growth factors. ¢-myc is one of
the immediate early genes associated with stimulation
of BALB/c-3T3 fibroblasts by platelet-derived growth
factor (PDGF) in culture. c-myc mRNA levels are ele-
vated 40-fold, 1-3 hr after the addition of PDGF, and
there is a direct correlation between the mitogenicity of
various PDGF concentrations and the amount of c-myc
mRNA (Kelly et al. 1983). Other growth factors that have
been shown to induce c-myc expression include inter-
leukin-7 (IL-7) in pre-B cells (Morrow et al. 1992), IL-4 in
B cells (Klemsz et al. 1989}, epidermal growth factor
(EGF) in Madin-Darby canine kidney cells {Hauguel-De-
Mouzon et al. 1992), and CSF-1 in NIH-3T3 cells ex-
pressing a CSF-1 receptor {Roussel et al. 1991).

In the mouse embryo, c-myc is widely expressed, and
expression correlates generally with rapid cellular prolif-
eration. At 6.5 days of gestation, c-myc is expressed at
high levels throughout the embryonic tissue and in the
maternal deciduum. By 7.5 days, myc levels are highest
in the extraembryonic tissue of the ectoplacental cone,
the extraembryonic ectoderm, and the allantois. All
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other tissues of the 7.5-day embryo express lower and
roughly equivalent levels of c-myc, including the highly
proliferative zone of the primitive ectoderm. By 8.5 days,
extraembryonic expression has decreased and low uni-
form levels of expression remain throughout the embryo
{Downs et al. 1989).

The relationship between cell division and terminal
differentiation in development is generally considered to
be reciprocal. Cell lines [including HL60, F9 embryonal
carcinoma cells, and myeloid erythroleukemia (MEL)
cells], which can be induced to differentiate in culture,
cease to divide, and this is accompanied by a decrease in
c-myc mRNA and protein levels (Bentley and Groudine
1986; Spotts and Hann 1990; Whitman et al. 1990). Ex-
ogenous high levels of ¢-myc expression in MEL cells
leads to continued cell proliferation and prevents differ-
entiation into mature erythroid cells {Dmitrovsky et al.
1986; Coppola et al. 1989). The hypothesis that increased
c-myc expression favors cell division at the expense of
differentiation is also suggested by a Emu-myc trans-
genic strain, where the pre-B cell population is expanded
with a simultaneous reduction in mature B cells {Lang-
don et al. 1986). The corollary that decreased c-myc ex-
pression results in decreased cell growth and thus allows
differentiation is supported by experiments using an-
tisense mRNA in HL60 cells and F9 embryonal carci-
noma cells (Griep and Westphal 1988; Holt et al. 1988;
Prochownik et al. 1988; Wickstrom et al. 1988).

c-myc is one of a family of celiular genes with similar
protein structure, including N-myc and L-myc (for re-
view, see Depinho et al. 1991). All are associated with
malignancy when deregulated, heterodimerize with Max
{(Blackwood and Eisenman 1991), and cotransform rat
embryo fibroblasts with EJ-ras (Depinho et al. 1987).
They differ in their expression patterns both in the de-
veloping embryo (Downs et al. 1989; Stanton et al. 1992)
and in cell culture systems (Sejersen et al. 1986, 1987).
Several putative cellular targets of the c-myc transcrip-
tion factor have been reported including plasminogen ac-
tivator inhibitor 1 (Prendergast et al. 1990}, hsp70 (Taira
et al. 1992}, and a-prothymosin {Eilers et al. 1991), al-
though the relevance of these genes to the biological ef-
fect of myc expression is as yet unclear.

To directly assess the role of c-myc function in cellular
proliferation, differentiation, and embryogenesis, we
have used homologous recombination in embryonic
stem (ES| cells to generate both heterozygous and ho-
mozygous c-myc mutant ES cell lines. The ES cell lines
proliferate in culture and were used to demonstrate that
the mutation is a null allele at the protein level. Mouse
chimeras from heterozygous cell lines transmitted the
mutant allele to their offspring, and the mutation is le-
thal in homozygotes between 9.5 and 10.5 days postcon-
ception (dpc). Female heterozygotes have reduced fertil-
ity owing to embryonic resorption before 9.5 dpc.

Results
Gene targeting of c-myc in ES cells

c-myc was mutated in AB1 ES cells using a replacement
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vector strategy with positive—negative selection (Man-
sour et al. 1988). The targeting construct (Fig. 1) contains
10.6 kb of the mouse c-myc gene, including coding exons
2 and 3. The positive selectable marker is a neo expres-
sion cassette, with an RNA polymerase II promotor and
an efficient polyadenylation sequence, inserted into the
second exon, 150 bp downstream of the AUG translation
initiation codon for the c-Myc 2 protein (Hann et al.
1988). This particular neo gene has been shown to be
efficiently expressed in ES cells {Soriano et al. 1991). A
herpes simplex virus (HSV) thymidine kinase gene (tk) is
placed at the 5’ end of the region of homology such that
a homologous recombination event would result in in-
corporation of the targeting vector and loss of the tk
gene. Selection in G418 for integration of the targeting
vector, and in FIAU (a toxic thymidine analog incorpo-
rated in HSV-tk-containing cells) for the lack of a tk,
enriches for targeted events.

The targeting vector was linearized, electroporated
into ES cells, and grown either under G418 selection or
G418 and FIAU selection for 10 days. The frequency of
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Figure 1. Targeting vectors, PCR strategy, and recombination
at the c-myc locus. (A} Restriction map of the c-myc locus be-
fore and after targeting. The thin lines represent c-myc genomic
sequences, with the exons shown as open boxes, neo as a check-
erboard box, and TK as a hatched box. The plasmid sequences
are shown as a thick line. The diagnostic EcoRI and Xhol frag-
ments for homologous recombination are shown below the
wild-type and targeted loci. The probes used for Southern anal-
ysis are shown as solid boxes—probe A in exon 2 and probe B in
exon 3. (B) The scheme for identification of targeted loci by
PCR. c-myc genomic sequences are shown with neo {checker-
board| inserted in exon 2. The primers are shown as single-
ended arrows, and the diagnostic fragment as a double-ended
arrow.



G418 resistance was 2.6 X 10~*, whereas the G418 and
FIAU resistance was 0.76 x 10~ %, Individual colonies
were picked and screened by polymerase chain reaction
(PCR) in pools of six. The PCR strategy is shown in Fig-
ure 1B. Of 40 pools tested, 22 were positive, giving a
minimum targeting frequency of 1 in 11 G418- and
FIAU-resistant clones. For the six most strongly positive
pools, clones were tested individually by PCR, and 13
clones of 36 tested were positive. Twelve PCR-positive
clones were chosen for extensive Southern analysis, and
nine of those clones proved to be correctly targeted. The
strategy for the Southern analysis is shown in Figure 1A,
and the results for the two clones that were introduced
into the germ line are shown in Figure 2. It should be
noted that both ends of the recombination event were
checked for fidelity.

The c-myc mutation is a null allele

We anticipated that the neo insertion in the second exon
of c-myc would generate a null allele. The insertion in-
terrupts the coding sequence 195 bp downstream of the
CUG translation initiation codon for the ¢-Myc 1 protein
and 150 bp from the AUG start codon for the c-Myc 2
protein. However, an in-frame AUG with an efficient
Kozak consensus sequence for translation initiation is
located 63 codons downstream of the insertion (Bernard
et al. 1983; Kozak 1986). Should this region be tran-
scribed, it is theoretically possible that translation might
initiate at this downstream codon, thus producing a
short form of ¢c-Myc. We elected to create a homozygous
c-myc mutant cell line to determine whether the muta-
tion is a null allele, as c-myc is normally expressed in
dividing ES cells.

Our strategy was to target each allele separately in
culture as has already been demonstrated for pim-1 (Te
Riele et al. 1990). The targeting strategy requires a pos-
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Figure 2. Southern analysis of targeted clones. Five cell lines
are shown, including wild-type ES cells {AB1), the two myc
clones targeted with the neo-containing vector, clones 6 and 10;
and two cell lines in which both alleles have been targeted
DKO2 and DKO3 (see text). (Left) An EcoRI restriction digest
hybridized with probe B; (right) an Xhol digest hybridized with
probe A {Fig. 1).

¢-myc mutant mice

itive selection marker to be incorporated into the c-myc
locus. If both alleles are to be targeted by two rounds of
electroporation, then two different positive selectable
markers are required. We chose to use the bacterial gpt
gene in hypoxanthine phosphoribosyl transferase (hprt)-
negative ES cells as the second selection scheme. In pre-
vious work hprt-negative mice (Kuehn et al. 1987) were
produced by random retroviral insertion. ES cell lines
generated from these mice were hprt negative [sensitive
to 6-thio-guanine (6-TG)] and G418 sensitive. One of the
male cell lines {AB2.1) was found to generate chimeras
efficiently (Soriano et al. 1991) and was used in subse-
quent experiments.

The targeting strategy to mutate both alleles is iden-
tical to that outlined in Figure 1. A second targeting vec-
tor with a gpt expression cassette in place of the neo
cassette was constructed. Electroporation of this gpt—
myc vector and selection in hypoxanthine immunop-
terin and thymidine {HAT) gave fivefold lower total col-
ony numbers than the neo—myc targeting construct but
with a similar enrichment in FIAU. The gpt-myc target-
ing vector was linearized and electroporated into AB2.1
ES cells, selected in HAT and FIAU, and 79 colonies
screened by Southern analysis. Of those 79 colonies, 8
were correctly targeted giving a frequency of ~1 in 10,
similar to the neo—myc targeting frequency of 1 in 11.
One of the HAT-resistant cell lines {AD52-1} was used
for a second round of targeting. The AD52-1 cell line was
electroporated with the neo—-myc targeting vector (Fig.
1); selected in G418, HAT, and FIAU, and 22 clones, of
420 screened by Southern analysis, showed targeting of
the second allele. The Southern analysis of two of the
clones is shown in Figure 2, confirming that both alleles
are targeted. The homozygous c-myc mutant ES cells
(DKO2 and DKQ3) are capable of extensive proliferation
and have been grown for 20 passages with no alterations
in their growth characteristics. These cells were ex-
panded to provide material for c-Myc protein analysis.

ES cell are normally grown on feeder layers of mito-
mycin-inactivated STO fibroblasts. As shown in Figure
3B, these feeders synthesize significant amounts of the
c-Myec proteins, so all cell lines were passaged six times
on gelatin to remove the contaminating feeders. Grow-
ing cells at ~50% confluence were biosynthetically la-
beled with [*°S]methionine for 20 min, and the c-Myc
proteins were immunoprecipitated with an affinity-pu-
rified polyclonal rabbit antiserum generated against a
synthetic peptide of the 12 carboxy-terminal amino acids
of mouse c-myc (Spotts and Hann 1990). As shown in
Figure 3A, several c-Myc proteins are synthesized in
AB2.1 cells, which migrate at 65 kD {c-Myc 2), 67 kD,
and 68 kD {c-Myc 1) on SDS-PAGE. Immunoprecipita-
tion of these three proteins is specifically inhibited by
the addition of the immunizing peptide. As shown in
Figure 3B, high levels of c-Myc protein were present in
AB2.1 (grown without feeders) but absent in the cells in
which both alleles have been targeted (DKO2 and
DKO3). Thus, by radioimmunoprecipitation, the muta-
tion created by these targeting vectors appears to be a
null allele in ES cells.
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Figure 3. Radioimmunoprecipitation of c-myc homozygous
cell lines. Cells were biosynthetically radiolabeled and lysed,
and total TCA-precipitable counts were measured. c-myc was
immunoprecipitated with an affinity-purified polyclonal rabbit
anti-peptide antiserum to a peptide of the carboxy-terminal 12
amino acids of the mouse Myc protein. The proteins were sep-
arated by SDS-PAGE, and an autoradiograph was taken. For the
ES cell lines, 35 X 10° TCA-precipitable cpm was used, and for
the feeders, 15 x 10° cpm was used. Molecular markers are in-
dicated. {A) Demonstration that c-myc is present in wild-type
ES cell lines (AB2.1) as 65-, 67-, and 68-kD bands and that these
bands are specific for the immunizing peptide. (B} c-Myc protein
is absent in the homozygous c-myc mutant cell lines (DKO2
and DKO3) and present in AB2.1 and feeders.

Generation of mice with the c-myc mutant allele

The ES cell lines targeted with the neo vector in one
allele were used to introduce the mutation into the germ
line. Of the 9 targeted clones identified, 7 were injected

Table 1. Summary of c-myc chimera breeding data

into C57B1/]6 blastocysts and 41 chimeric animals were
born, of which 36 were males. The majority of the males
showed >95% contribution from ES cells on the basis of
agouti coat color, and 27 males were test mated to
C57B1/6] females to check for germ-line transmission
{agouti pups indicate ES cell contribution to germ cell
formation of which 50% should carry the mutant c-myc
allele). As shown in Table 1, 18 of the males sired agouti
pups, 3 were fertile but sired only black pups, and 6 were
infertile. Of the six infertile animals, two were found to
have ovo-testes at autopsy. Germ-line transmission was
obtained for each of the targeted clones (Table 1). All
subsequent breeding and analysis was carried out in du-
plicate on two clones that resulted from separate target-
ing events, clone 6 and clone 10. Agouti offspring of chi-
meric males were tested by Southern analysis of tail
DNA for the presence of the mutant c-myc allele, and as
expected, 50% of the offspring carried the mutant allele.

Homozygous c-myc mutant mice die on or before 10.5
days of gestation

To assess the viability of conceptuses homozygous for
the mutant allele, mating pairs of heterozygous animals
were set up and the offspring were analyzed. Of 303 off-
spring tested from both clones, 119 pups were wild type,
184 were heterozygous, and none were homozygous for
the c-myc mutation. For a homozygous lethal pheno-
type, the anticipated wild type-to-heterozygous ratio is
1: 2, whereas our observed ratio was 1 : 1.6. Test mat-
ings showed that the mutant allele could be transmitted
equally well through the male or female germ line.

Breeding analysis of chimeras

Chimeras born Offspring
Targeted Blastocysts - - -
clone injected F M infertile germ line chimera black agouti non-germ line
3 18 0 4 0 3 AN7 0 3 1
ANS 0 13
ANI10 0 13
4 20 0 2 1 1 ANG6 0 7 0
5 17 2 5 1 AN1 9 2 1
6 25 2 10 1 5 AN12 0 23 1
AN13 0 11
ANI1G6 0 9
AN21 0 15
AN22 0 18
8 — — — 0 1 AN28 0 6 0
9 25 0 1 0 1 AN27 0 8 0
10 24 1 8 2 6 AN12 8 1 0
AN18 0 12
AN19 0 10
AN20 13 12
AN24 4 5
AN26 0 20
Total 109 5 36 6 18 3
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These results indicated that the homozygous ¢c-myc
mutation was lethal before testing at 2 weeks of age.
This was true both on a 129/Sv x C57Bl/6] background
as well as on an inbred 129/Sv background. To deter-
mine at what stage of development the homozygous an-
imals were dying, pregnant females from matings of het-
erozygous mice were sacrificed between 9.5 and 14.5 dpc
and the embryos were genotyped by Southern analysis of
vyolk sac DNA. Of 200 embryos surveyed, genotypes
could not be determined for 36, 6 of which were mor-
phologically normal and 30 abnormal. The data from the
remaining( 164 genotyped embryos are shown in Table 2.
The chi-squared values to test the null hypothesis of a
1:2: 1 Mendelian ratio are accepted at 9.5 and 10.5 days
of development (P> 0.05) but rejected at ages >10.5
days. Although homozygous embryos with a beating
heart could be identified at 10.5 days of gestation, all
were morphologically abnormal and delayed in develop-
ment in comparison with their littermates. The two ho-
mozygous embryos identified after 10.5 days of gestation
were severely necrotic. Thus, most, if not all, homozy-
gotes survive to 9.5 days of gestation but do not survive
beyond 10.5 days of gestation.

Two independently targeted c-myc mutant clones
give a similar embryonic lethal phenotype in both
crossbred and inbred animals

Clones 6 and 10 were both examined to ensure that the
phenotype observed was not the result of some unex-
pected mutation that could have occurred during the tar-
geting event and not been detected by Southern analysis.
The data shown in Table 2 are a summary of the 9.5- and
10.5-dpc embryos examined from the two different
clones. The distribution of wild type, heterozygotes, and
homozygotes is similar for both. In both cases, embryos
fail to develop beyond the morphological equivalent of
10 days but appear to survive up until that stage. Thus,
the phenotype can be attributed to the insertion of the
neo gene in c-myc. Although the numbers for the inbred
129/Sv animals are small, there is no evidence that the
embryonic phenotype is different on an inbred back-
ground.

Table 2. Genotype of embryos from c-myc heterozygous matings

¢c-myc mutant mice

c-myc homozygous mutant embryos have a generalized
delay in development in comparison
with their littermates

Table 2 shows that 94% of homozygotes are morpholog-
ically abnormal (scored blind|, whereas 12% and 11% of
the wild-type and heterozygous embryos, respectively,
are abnormal. All homozygotes are abnormal by 10.5
days of gestation and 88% at 9.5 days of gestation. A
pairwise comparison was done between homozygous
embryos and a representative normal littermate. All em-
bryos were classified according to the system of Brown
for embryos between 8.5 and 11 days of development on
15 morphologic criteria (Brown 1990). They include yolk
sac circulation, allantois, flexion, heart, caudal neural
tube, hindbrain, midbrain, forebrain, otic system, optic
system, olfactory system, branchial bars, forelimb, hind-
limb, and somite number. For each embryo, the total
score is expressed as a percentage of the maximum, with
100% being ~11 days of development (Fig. 4). Each ho-
mozygote is compared with a representative normal lit-
termate. For the purpose of orientation, the normal lit-
termates of homozygous embryos 1, 3, 6, 14, 17, 23, and
33 had 4, 10, 16, 18, 21, 28, and 32 somites, respectively.
The earliest time at which delay was observed was when
the normal littermates were at the 15-somite stage (em-
bryo 4). The latest time at which homozygotes were in-
distinguishable morphologically from their littermates
was at the 18-somite stage {embryo 11). It should be
noted that even within litters, the degree to which de-
velopmental retardation occurred was variable {embryos
7—-11 inclusive). Nevertheless, there is a relatively small
developmental window in which homozygotes begin to
lag behind their littermates. The homozygote that pro-
gressed farthest in development (embryo 28) reached the
24-somite stage and developed a hindlimb bud; however,
this embryo was also delayed compared with its normal
littermates and was only half the size (Fig. 6c, below).
This narrow developmental window in which c-myc
mutant embryos fail suggests that there is some vital
c-myc function that is critical for survival beyond this
stage. To determine whether any particular organ system
was responsible, the average score for either the homozy-
gotes or their normal littermates was calculated for each

Normal Abnormal Total

Phenotype/genotype +/+ +/- —/~ +/+ +/= ~/= +/+* +/-2 —/-2
All embryos genotyped 37 81 2 5 10 29 42 (26} 91 (55) 31(19)
9.5 days of gestation 12 21 2 0 3 14 12 {24) 24 (46) 16 (30)
10.5 days of gestation 12 40 0 4 5 13 16 (22 45 (60) 13{18)
>10.5 days of gestation 13 20 0 1 2 2 14 (37) 22 (58) 2 {5)
Crossbred {129 x C57Bl)® 22 44 1 4 6 24 26 (25) 50 (50} 25 (25)
Inbred 129° 2 17 1 0 2 3 2 (8) 19 (76) 4(16)
Clone 6° 8 32 1 1 5 11 9 (15) 37 (64) 12 (21}
Clone 10° 16 29 1 3 3 16 19 (28] 32 (47} 17 (25)
2Numbers in parentheses are percentages of total embryos in that class.
5Only embryos of 9.5 or 10.5 days of gestation are included.

GENES & DEVELOPMENT 675



Davis et al.

100% z e s
90% T | M Homozygotes

80% | [l Mormal Linermatss |
T0% o )
BO%
50% +

40%

Developmental Score (%)

30%

Embryos

Figure 4. Comparison of c-myc homozygous embryos with
their normal littermates on the basis of average developmental
age. Each homozygous embryo was scored on some or all of 15
developmental criteria according to the system of Brown (1990).
A normal littermate was also scored according to the same sys-
tem. The total score for each embryo is expressed as a percent-
age of the total possible score for an embryo at 11 days of de-
velopment. The homozygous embryos are numbered from 1 to
34 and are graphed next to a representative normal littermate. In
some cases, more than one homozygote was present in a litter,
and each has been compared with the same normal littermate.

category in the graph in Figure 5. The lines are roughly
parallel, indicating that no organ system is specifically
underdeveloped in the homozygotes. The exception is
the category of yolk sac circulation, which appears de-
creased in homozygotes. This may reflect the particular
stage at which the embryos are ceasing to grow. Alter-
natively, it may indicate a primary extraembryonic
cause for embryonic lethality.

Pathological abnormalities in c-myc homozygous
mutant embryos

The previous analysis dealt with a generalized delay in
development. The embryos also showed pathological ab-
normalities. These consisted of either abnormalities that
are never seen in normal embryos or a developmental
event that was delayed compared with the developmen-
tal stage of the embryo. Five different morphologic phe-
notypes were consistently observed and the penetrance
is documented in Table 3. Examples of embryos with
each of the described phenotypes are shown in Figure 6.
The homozygous embryos were consistently one-third
to three-fourths the size of their littermates. The pheno-
type labeled delay refers to embryos that were delayed in
development in comparison with their littermates in
multiple organ systems consistent with a generalized re-
tardation {Fig. 6¢). This element of the phenotype often
overlaps with size, as considerable growth is occurring at
this stage of embryogenesis. In general, the retarded em-
bryos were also small; however, in some embryos the
developmental stage was the same but the size was re-
duced {Fig. 6a). The heart abnormality consisted of en-
largement and the pericardium abnormality was a di-
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lated, fluid-filled pericardium {Fig. 6d,e). The phenotype
labeled turning was evidenced by embryos that have de-
veloped beyond the point at which turning should be
complete and yet the posterior half of the embryo had
not completely turned (Fig. 6d). The neural defect shows
either a failure or retardation of neural tube closure
{Fig. 6b).

Each of these abnormalities is much more common in
homozygous embryos than in wild-type or heterozygous
littermates. The size and delay occur in 86% and 89% of
the homozygous embryos, respectively. This high inci-
dence is the result of the lethality of the mutation and
cannot be considered as specific to c-myc in comparison
with other embryonic lethals. The other abnormalities
may reflect the specific lack of c-myc function. The
heart phenotype was present in 34% of the homozygote
embryos but only 1% of the nonhomozygotes. The peri-
cardium abnormality was only twice as frequent in the
homozygotes as in the nonhomozygote population (11%
and 5%, respectively). The turning and neural pheno-
types were present in 33% and 27% of the homozygote
embryos, respectively, in comparison with 1% of the
nonhomozygotes.

We also examined the embryos at the histological
level. Aithough various abnormalities were seen in ho-
mozygotes, none was sufficiently consistent to be useful
in determining the exact cellular deficit created by lack
of the c-Myc protein. In general, homozygotes showed
normal organ architecture and cellular morphology;
however, cell number cannot be assessed accurately by
this type of analysis. Figure 6 shows sagittal sections of
homozygous embryo 18 (h) and its normal littermate (f).
Because this embryo is delayed compared with its litter-
mate, a normal embryo at a similar stage of development
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Figure 5. Comparison of c-myc homozygous embryos with
their normal littermates on specific developmental criteria.
Normal and homozygous embryos were scored for yolk sac cir-
culation, allantois, flexion, heart, caudal neural tube, hindbrain,
midbrain, forebrain, otic system, optic system, olfactory sys-
tem, branchial bars, forelimb, hindlimb, and somite number
{(Brown 1990). Each category is scored between O and 3 or 4,
depending on the category. For each category, the score of either
the homozygotes or their normal littermates was averaged and
plotted.
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Table 3. Penetrance of the c-myc mutant phenotype on the basis of genotype

Heart Pericardium Turning Neural Size Delay
Wild type and heterozygotes
Present 1 7 2 1 9 12
Total number of embryos 142 142 140 140 142 142
Frequency (%) 1 5 1 1 6 8
Homozygotes
Present 12 4 9 8 30 31
Total number of embryos 35 35 27 30 35 35
Frequency {%) 34 11 33 27 86 89

The nature of each element of the phenoype is described in the text. Each of the genotyped embryos was scored for the presence or
absence of the morphological anormality. In some cases, e.g., turning and neural tube closure, the total number of embryos scored is
lower. This is the result of embryos that had a general delay in development. Turning and neural tube closure could not be assessed
because the developmental stage of the embryo in general had not progressed beyond the stages at which these events would be

expected to be completed.

(normal littermate of embryo 6) is also shown for com-
parison {g). A high percentage of the heterozygous and
wild-type embryos are also abnormal (12% and 11%, re-
spectively). Because these abnormal embryos occur with
similar frequencies in wild-type and heterozygous popu-
lations, their appearance is unlikely to be associated
with the genotype of the embryo. It could, however, be
part of the heterozygous maternal phenotype discussed
below.

c-myc heterozygous females have reduced fertility

The number of embryos in heterozygous females that
could not be genotyped was high at 36 of 200. Of those
36, 70% were not genotyped because no embryonic tis-
sue was available owing to embryonic resorption. The
question arises whether these resorptions are part of the
¢c-myc homozygous embryonic phenotype or the result of
some other factor. Homozygotes can be reliably detected
up to 10.5 days of gestation. If the embryos of this age
only are pooled, then it is possible to test statistically
whether the resorptions are likely to be homozygotes. If
we assume that the genotype of the resorbing embryos
has a similar distribution to those for which a genotype
was available, the resorptions can be excluded and the
chi-squared test applied. The alternate hypothesis that
the resorbing embryos are all homozygotes can also be
tested by including all resorptions as homozygotes. The
chi-squared value when the resorptions are excluded is
1.15, which indicates that the hypothesis is accepted.
Conversely, if the resorptions are assumed to contain
only homozygous embryos, the chi-squared value of 6.47
results in rejection of this hypothesis at the 5% level.
Thus, it would appear that these resorptions are inde-
pendent of the genotype of the embryo. Because these are
crossbred animals, the resorption rate of animals with
the same genetic background is difficult to measure. In-
stead, we examined the breeding data from the inbred
129/Sv mice heterozygous for the c-myc mutation. The
results are shown in Table 4. The average litter size of
4.2 + 2.1 when only the male is heterozygous is signifi-

cantly different at the 5% level from a litter size of
3.61 = 1.6 when both parents are heterozygous (cor-
rected for homozygous losses). On a smaller sample,
when only the female is heterozygous, the average litter
size was 3.2 + 2.1, similar to that found in heterozygous
mating pairs. Thus, reduced litter size occurs when the
female is heterozygous for the c-myc mutation. There-
fore, part of the c-myc mutant phenotype is reduced fer-
tility in heterozygous females owing to resorption of em-
bryos before 9.5 dpc.

Discussion

We have mutated c-myc in ES cells by using gene target-
ing. The mutation is a null allele as demonstrated by the
failure to detect c-Myc protein by radioimmunoprecipi-
tation in homozygous mutant ES cell lines. A survey of
200 embryos showed that homozygous c-myc mutant
embryos survive up to 9.5 days but not past 10.5 days of
gestation. Homozygotes can first be identified as abnor-
mal when their littermates are at the 15-somite stage,
whereas all homozygotes were delayed in development
by the 18-somite stage. The most advanced homozygote
progressed to the 24-somite stage and developed a hind-
limb bud. Pathological abnormalities observed in ho-
mozygotes included reduced size, enlarged hearts, di-
lated fluid-filled pericardia, and a delay or failure in clo-
sure of the neural tube and tuming of the embryo. In
addition, heterozygous females have reduced fertility
owing to embryonic resorption of 14% of the implanted
embryos by 9.5 days of gestation. The resorptions are
independent of the genotype of the embryo.

Why do the embryos fail?

At this stage of embryogenesis, the most important or-
gans for survival are involved in the nutrition of the em-
bryo. This includes the fetal and maternal placenta and
an adequate embryonic circulation. The c-myc mutant
embryos are small and retarded in development com-
pared with their littermates, which would be consistent
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Figure 6. Phenotype of c-myc homozygous embryos. (A) Embryo 5 (right} and a normal littermate showing reduced size but similar
developmental stage. (B) Embryo 14 (right) and normal littermate showing a failure of the neural tube to close in the hind-, mid-, and
forebrain despite the embryo being completely turned and beyond the stage at which neural tube closure should be complete. (C)
Embryo 28 (right) and normal littermate showing a generalized delay in development and small size. This embryo was the most
advanced homozygote. (D] Embryo 33 showing a dilated fluid filled pericardium and a failure of the hind end of the embryo to turn.
{E) Embryo 27 showing an enlarged heart. (F} Sagittal section of normal littermate of embryo 18. {G) Sagittal section of the normal

littermate of embryo 6, which is at the same developmental age as the homozygous embryo 18. (H] Sagittal section of homozygous
embryo 18.
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Table 4. Breeding performance of inbred 129Sv
c-myc heterozygotes

Total number  Number of  Average
Male  Female  of pups litters litter size
+/—- +/+ 190 42 45=*21
+/- +/- 103 38 3.6 16"
+/+ +/— 29 9 3.2=x21

aCorrected for loss of homozygous embryos.

with malnutrition. Yolk sac vascularity and vitelline
vessel formation is reduced on average compared with
normal littermates. In most homozygotes, yolk sac vas-
cularity is normal for the developmental stage of the
embryo but reduced by the criterion of gestational age.
The homozygous embryos also show cardiac abnormal-
ities with enlarged hearts and dilated fluid-filled pericar-
dia. Wild-type embryos also show this abnormality, al-
though much less commonly, so it remains to be deter-
mined whether this element of the phenotype is specific
for embryonic heart failure and whether that heart fail-
ure is a direct or indirect result of the null c-myc allele.
Two experiments will help to resolve these alternate
possibilities. The homozygous cell lines can be used to
generate chimeras that have wild-type extraembryonic
tissue, because ES cell lines contribute poorly to this
lineage but contribute significantly to the embryo proper
(Beddington and Robertson 1989). If these chimeras show
a similar phenotype to c-myc homozygotes, an extraem-
bryonic cause for the lethality can be eliminated. To de-
termine whether the lack of c-myc expression is primary
to the cardiac defect, rescue can be attempted by express-
ing c-myec specifically in the myocardium of c-myc mu-
tant homozygotes. A transgenic animal expressing
c-myc only in the heart has been reported and could be
bred to the c-myc mutant mice to determine whether
rescue can be achieved (Swain et al. 1987).

Reduced fertility in female heterozygotes

Heterozygous c-myc mutant female mice have reduced
fertility and a high rate of embryonic resorption by 9.5
dpc. c-myc is expressed at high levels in the peripheral
maternal decidual tissue at 6.5 and 7.5 days of develop-
ment, which coincides with mitotic cells within the im-
plantation site (Downs et al. 1989). Embryonic resorp-
tion may represent a failure of adequate proliferation in
the maternal decidua owing to reduced c-myc expres-
sion. This effect appears to be unrelated to the genotype
of the embryos. Of the embryos that survive, 11.5% of
the nonhomozygous embryos fail later in development.
This, too, may be a maternal effect, as heterozygotes and
wild types are equally represented, although we have not
documented the frequency of embryonic failure in our
wild-type population.

Function of c-myc as revealed by homozygous mutant
embryos and cell lines

A great deal of information has been gathered about

c-myc mutant mice

c-myc function in tumorigenesis, in transgenic mice,
and in tissue culture. In all of these systems, c-myc ap-
pears to have a role in cellular proliferation. Deregula-
tion can lead to immortality and tumorigenesis, and re-
duced expression using antisense methodologies can
lead to differentiation and cessation of division. This is
the first report of the behavior of c-myc-deficient cells,
which clearly are capable of extensive cell division. The
homozygous mutant cell line proliferates in culture, and
the homozygous embryos develop to a stage at which
considerable cell division has occurred. Thus, although
c-myc expression is associated with dividing cells, it
does not appear to be required for proliferation in ES cells
or in the embryo before 8.5 dpc.

One explanation is that other members of the Myc
protein family could be rescuing these cells. c-Myc is one
of a family of proteins with similar structure {DePinho et
al. 1991) and DNA-binding specificity (Alex et al. 1992;
Papoulas et al. 1992), which often leads to speculation
that the functions of family members might overlap. All
heterodimerize with Max protein (Blackwood and Eisen-
man 1991) and cotransform rat embryo fibroblasts {De-
Pinho et al. 1987). In addition, retroviral infection of Ep—
N-ras transgenic mice accelerates lyphomagenesis by ac-
tivating either c-myc or N-myc [68% and 13% or the
clonal tumors, respectively (Haupt et al. 1992)]. Thus the
capacity for extensive cell proliferation in the absence of
c-myc may indicate that N-myc can substitute function-
ally for c-myc up to 10 days of development. The hypoth-
esis can be tested by using homologous recombination in
ES cells to replace c-myc-coding sequence with N-myc
but maintain the c-myc regulatory regions and chromo-
somal location. Survival of the embryos beyond 10 days
of development would indicate that N-myc-coding se-
quences can perform c-myc functions when expressed
appropriately.

An alternate hypothesis is consistent with the data but
does not invoke N-myc rescue. c-myc expression is as-
sociated with, but not necessary for, cell division. It is,
however, necessary for embryonic survival beyond 10
days of development. In addition, c-myc is rapidly in-
duced by growth factors and is at a low level in quiescent
cells. This suggests a role in signal transduction, and it is
reasonable to assume that the signal transduced is one
that leads to, but is not exclusively responsible for, cell
division. Thus, we propose a model in which c-myc func-
tion accelerates the rate at which events involved in cell
division occur. Cells in culture would be expected to
survive. c-myc-deficient cells would also be able to pro-
liferate sufficiently to populate the embryo but be unre-
sponsive to growth factors signaling a proliferative burst
necessary for normal development. This would be ex-
pected to generate pathological abnormalities first in the
heart and in the extraembryonic tissue, but the neural
tube abnormalities and the failure to turn may be the
result of a similar phenomenon. The homozygous c-myc
mutant ES cell lines will be useful for generating chime-
ras to test this hypothesis.

The use of gene targeting in ES cells has revealed that
although c-myc is not essential for cellular proliferation
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or differentiation, it is necessary for normal embryonic
development. With these tools in hand, it should be pos-
sible to identify specifically where and when c-myc ex-
pression is critical to embryonic survival.

Materials and methods
Constructs for homologous recombination

The targeting construct contains 10.6 kb of the mouse genomic
c-myc sequence extending from the Nhel site in intron 1 to an
Xbal site 3' of the coding region. The coding sequence is inter-
rupted by a neo cassette inserted in the EcoRYV site in exon 2 in
the same transcriptional orientation as c-myc. An HSV-TK type
1 gene is located 5’ to the c-myc sequences. The 3-kb BamHI
fragment containing the HSV-TK gene (pucTK1) was cloned
into the BamHI site in pUC19 (Pharmacia) to give pADI19. The
900-bp Nhel-Xbal c-myc fragment from intron 1 was cloned
into the Xbal site of pAD19 in the opposite orientation as the
TK to give pAD21. A neo cassette, Pol2neobpA (courtesy of Phil
Soriano, Baylor College of Medicine), was excised with Xhol and
Sall, filled with Klenow, and ligated into the EcoRV site in exon
2 of the 9.7-kb Xbal c-myc fragment to give pAD27. The c-myc
Xbal fragment containing the neo cassette was excised and in-
serted in the Xbal site of pAD21 to give the targeting vector
pAD30 (Fig. 1). The targeting vector for the second allele was
constructed in a similar manner, except a gpt cassette with the
same promoter and polyadenylation sequence as the neo cas-
sette was inserted into the EcoRV site. Both vectors were lin-
earized with Sall before electroporation.

Tissue culture, gene targeting, and blastocyst injection

The ES cell line AB1 was derived from a black agouti 129Sv
embryo using techniques described previously [Robertson
1987). The AB2.1 cell line is similar but is HPRT ™ as it was
derived from TG4 mice {(Kuehn et al. 1987). ES cell lines were
cultured as described (McMahon and Bradley 1990) on a mono-
layer of mitotically inactivated STO fibroblasts, which were
transfected with a neo and a leukemia inhibitory factor (LIF)
expression construct {SNL 76/7). Cells were trypsinized, resus-
pended at a concentration of 107 cells per 0.9 ml of PBS, and
electroporated with 25 pg of linearized DNA at 230 V, 500 pF,
using a Bio-Rad Gene Pulser. Cells were plated at 107 cells per
10-cm feeder plate. Selection with HAT (100 pm sodium hypo-
xanthine, 0.4 pM aminopterin, and 16 pmthymidine added 48 hr
after electroporation; GIBCO) and FIAU (0.2 pm 1-[2-deoxy,
2-fluoro-B-p-arabinofuranosil-|-5-iodouracil added after 24 hr) or
G418 (180 pg/ml of active ingredient after 24 hr) and FIAU was
maintained for 10 days. Resistant colonies were picked into
individual wells of 96-well feeder plates, and an aliquot was
retained for PCR analysis. C57Bl/6] blastocysts were isolated at
day 3.5 and injected with ~15 ES cells as described previously
(Bradley 1987).

PCR screening of recombinant clones and Southern
blot analysis

A small aliquot of cells from each clone was retained at picking
and combined in pools of six for PCR analysis. Cells were lysed
in 20 pl of PCR lysis buffer {1x PCR buffer, 0.45% NP-40,
0.45% Tween 20, 50 pg/ml of proteinase K), incubated at 60°C
for 1 hr, and then at 90°C for 10 min to inactivate the proteinase
K. One-quarter of the sample was amplified in a final volume of
50 ul in 1x PCR buffer {10 mm Tris-HCI at pH 8.3, 50 mm KCl,
4.5 mm MgCl,), 1 mm each dNTP, 1 um each primer, and 50
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U/ml of Taq polymerase. Amplifications were carried out for 35
cycles of 30 sec at 93°C, 30 sec at 55°C, and 2 min at 72°C in a
Perkin-Elmer Cetus DNA Thermal Cycler. Oligonucleotide
1622 {5'-GGTGCATTTCTGACAGCCTGGGACC-3') is de-
rived from genomic c-myc immediately upstream of the Nhel
site in intron A (nucleotides 1436-1460) and oligonucleotide
1623 (5'-TTTACGGAGCCCTGGCGCTCGATGT-3') from the
RNA polymerase II promoter in the neo construct. Oligonucle-
otides 1622 and 1623 were used to generate a 1.26-kb fragment
unique to targeted clones (Fig. 1). Individual clones from six
positive pools were screened by PCR, and the positive clones
were expanded. Isolation of genomic DNA from cells and tails
for Southern analysis was done by standard methods {Southern
1975). Probes used for the Southern analysis include a 650-bp
EcoRV-BglII fragment from exon 2 (Fig. 1, probe A and a 1.9-kb
Xhol-Kpnl fragment from exon 3 (Fig. 1, probe B).

Radioimmunoprecipitation of ¢-Myc protein

Radioimmunoprecipitation was carried out as described previ-
ously (Spotts and Hann 1990). Briefly, cells were passaged six
times without feeders on gelatin-coated plates. Cells in log-
phase growth were radiolabeled with 350 uC of [**S|methionine
(ICN Trans®S-label) in 1 ml of methionine-free medium
(GIBCO Laboratories) for 20 min at 37°C in 5% CO,. The
amount of [**S|methionine incorporated into cellular proteins
was measured by TCA precipitation for each cell line. For the ES
cell lines, 35 x 10° cpm per sample was used for immunopre-
cipitation, and for the feeders that express higher levels of
c-myc, 15 X 10° cpm was used. c-myc was immunoprecipitated
with an affinity-purified rabbit anti-mouse c-myc peptide anti-
body (carboxy-terminal 12-mer). For the blocking experiment,
10 pg of peptide was preincubated with 5 pg of antibody for 2 hr
on ice and then added to the preclarified lysate as was done for
the radioimmunoprecipitation procedure.

Analysis of embryos

Embryos were harvested from timed mating between crosshred
(C57B1/6] and 129Sv) or inbred 129Sv mice heterozygous for the
c-myc mutation between 9.5 and 13.5 dpc. Embryos were dis-
sected free of the deciduum and the yolk sac, the amnion was
removed, and the embryos were photographed and classified on
15 criteria of morphologic development as described by Brown
(1990). The yolk sac was used for DNA analysis. Yolk sacs were
suspended in 50 ul of cell lysis buffer (10 mm Tris at pH 7.5, 10
mm EDTA, 10 mm NaCl, 0.5% Sarkosyl) with 1 mg/ml of pro-
teinase K and incubated on a rotator overnight at 60°C. Samples
were either processed immediately or stored at —20°C. The
DNA was precipitated with 100 pl of cold ethanol containing
1.5 pl of 5 M NaCl, spun in a microcentrifuge for 10 min, and
washed twice with 70% ethanol. The DNA was dried and re-
suspended in 25 pl of TE buffer. Yields were variable, but pre-
vious testing indicated that 1 pg was sufficient for Southern
analysis. All homozygous embryos were fixed in 4% paraform-
aldehyde, dehydrated through graded alcohols and xylene, and
embedded in paraffin. Embryos were serially sectioned and
stained with hematoxylin and eosin.
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