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Members of the myc family of cellular oncogenes have been implicated as transcriptional regulators in
pathways that govern cellular proliferation and death. In addition, N-myc and c-myc are essential for
completion of murine embryonic development. However, the basis for the evolutionary conservation of myc
gene family has remained unclear. To elucidate this issue, we have generated mice in which the endogenous
c-myc coding sequences have been replaced with N-myc coding sequences. Strikingly, mice homozygous for
this replacement mutation can survive into adulthood and reproduce. Moreover, when expressed from the
c-myc locus, N-myc is similarly regulated and functionally complementary to c-myc in the context of various
cellular growth and differentiation processes. Therefore, the myc gene family must have evolved, to a large
extent, to facilitate differential patterns of expression.
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The myc family of cellular oncogenes is comprised of
c-myc, N-myc, and L-myc, three related genes that func-
tion in regulation of cellular proliferation, differentia-
tion, and apoptosis (Henriksson and Luscher 1996; Fac-
chini and Penn 1998). A central aspect of Myc oncopro-
tein function is the capacity to act as a sequence-specific
transcription factor governing the regulation of target
genes integral to these processes (Dang 1999). Myc fam-
ily members share gene and protein structural features
(Henriksson and Luscher 1996). On the biological level,
all three myc family genes can cooperate with a mutant
H-RAS gene to transform early passage rat embryo fibro-
blasts and can generate tumors when overexpressed in
transgenic mice (Dang et al. 1999). The use of basic re-
gion swap and dominant-negative mutant forms of Myc
has shown that Myc family members function through
common pathways to transform cells (Mukherjee et al.
1992; Amati et al. 1993; O’Hagan et al. 2000).

Although myc family genes have common structural
and transforming features, it is difficult to assess physi-
ological functions based on the limited comparisons

that have been done. Several lines of evidence suggest
that Myc family members have separable physiological
functions. Myc family members are conserved as dis-
tinct genes over large phylogenetic distances (Gallant et
al. 1996; King et al. 1986, 1993; Schreiber-Agus et al.
1993a,b, 1997). For example, mouse N-myc is more simi-
lar to Xenopus N-myc (65% sequence identity), than it is
with mouse c-myc (35% sequence identity) (DePinho et
al. 1986; Schreiber-Agus et al. 1993). In addition, myc
family members have distinct, albeit overlapping, ex-
pression patterns with respect to cell types and develop-
mental stages (Zimmerman et al. 1986; Downs et al.
1989). All three myc family transcripts are detectable in
preimplantation embryos and show more spatially re-
stricted expression patterns with advancing develop-
ment (Mugrauer and Ekblom 1991; Stanton et al. 1992;
Hatton et al. 1996). At midgestation, c-myc transcripts
are broadly distributed; whereas N-myc and L-myc tran-
scripts are abundant in particular organs such as brain
and kidney (Schmid et al. 1989). Notably, high level
c-myc expression occurs in compartments with high pro-
liferative activity; whereas N-myc and L-myc expression
is prominent in postmitotic cells undergoing differentia-
tion (Hirvonen et al. 1990). These expression patterns
suggested c-Myc may be particularly important for cel-
lular proliferation, though N-Myc and L-Myc functions
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may be more relevant for differentiation (Mugrauer et al.
1988; Mugrauer and Ekblom 1991; Morgenbesser and
DePinho 1994), a notion supported by transgenic gain-
of-function studies (Morgenbesser et al. 1995).

Homozygous null c-Myc and N-Myc mice die at about
embryonic days 10 and 12, respectively. The phenotypic
consequences c-Myc deficiency included a marked re-
duction in embryo size and a generalized delay in the
early development of many organs, including the heart
and neural tube (Davis and Bradley 1993; Davis et al.
1993). N-Myc-deficient embryos also exhibited delayed
development and stunted growth, as well as diminished
cellularity in organs that normally express abundant N-
myc transcripts, most notably the cranial and spinal gan-
glia, mesonephros, lung, and gut (Charron et al. 1992;
Stanton et al. 1992; Sawai et al. 1993). Significantly, the
defects associated with N-Myc deficiency occurred de-
spite compensatory c-Myc increases (Stanton et al.
1992), suggesting a unique and essential role for N-Myc.
In contrast, L-Myc-deficient mice lacked a discernable
phenotype, indicating that this gene is largely dispens-
able, perhaps because of redundant expression and activi-
ties of c-myc and N-myc (Hatton et al. 1996). Redundant
functional properties among Myc family members dur-
ing early embryonic development was proposed to ex-
plain survival of individual Myc family gene knockout
mice through early embryonic stages (Charron et al.
1992; Stanton et al. 1992; Davis et al. 1993; Sawai et al.
1993). This notion is also consistent with the require-
ment for Max, the obligate partner of all three Myc pro-
teins, for postimplantation growth and development
(Shen-Li et al. 2000).

To address directly the question of functional comple-
mentation among Myc family members, we have used
gene targeting to generate mice in which the endogenous
c-myc coding sequences have been replaced with N-myc
coding sequence. Remarkably, our analyses of these
c-Myc-deficient mice indicate that N-myc is capable re-
placing most of the essential c-myc functions required
for embryonic development and for proliferation of dif-
ferentiated cells.

Results

N-myc expression from the c-myc locus rescues
embryonic lethality associated with c-myc deficiency

The genomic structures of c-myc and N-myc are simi-
larly organized and are comprised of three exons. Most of
the first exon and the 38 portion of the third exon contain
untranslated regions that carry transcriptional or post-
transcriptional regulatory sequences (Facchini and Penn
1998). Thus, the targeting construct was designed to re-
place the entire second exon, the coding portion of the
third exon, and the intervening intron of c-myc with the
analogous sequences from N-myc (Fig. 1A). It should be
noted that the 38 untranslated region, a region of se-
quence divergence between mouse N-myc and c-myc
genes that has been implicated as a regulator of RNA
stability, was retained in the chimeric knock-in gene

(Yeilding et al. 1996). In the targeted c-myc allele gener-
ated by this construct, the second intron contains the
pGKneo gene in the opposite transcriptional orientation
(designated c-mycneo) (Fig. 1A,B). Appropriately targeted
ES cells were injected into blastocysts and chimeric
mice were bred to obtain germ-line transmission of the
c-mycneo allele (Fig. 1C). Heterozygous offspring were
bred and analyzed for inheritance of c-mycneo alleles. No
live-born homozygous c-mycneo/neo mice were found
(Table 1). It is likely that the presence of the intronic
neor gene interferes with expression of the targeted alle-
les, leading to the embryonic lethality associated with
nullizygous c-myc mice as reported previously (Davis et
al. 1993).

Transmitting c-mycneo chimera were bred to EIIa–cre
transgenic mice to delete the neor gene in germ cells, via
expression of Cre-recombinase at early embryonic stages
(Fig. 1B) (Lakso et al. 1996). Offspring that transmitted
the Cre-mediated neor gene deletion (allele designated
c-mycN) (Fig. 1D) were subsequently bred to wild-type
mice and screened for loss of the EIIa–cre transgene to
ensure germ-line transmission of the c-mycN allele (data
not shown). Strikingly, c-mycN/+ intercrosses produced
live homozygous offspring (Fig. 1E, left). DNA and RNA
isolated from these c-mycN/N offspring failed to hybrid-
ize to a probe specific for c-myc coding exons 2 and 3,
confirming that c-mycN/N mice survived in the complete
absence of c-Myc protein expression (Fig. 1E, right, and
Fig. 2).

The c-mycN/N mice appeared normal and healthy.
Both male and female mutants were fertile when bred
with wild-type mice (data not shown). The only differ-
ence in appearance between c-mycN/N and their wild-
type or heterozygous control littermates was that
c-mycN/N newborn and adult mice were slightly smaller
in size and average weight as compared to controls (Fig.
3A). Of note, the number of c-mycN/N mice was signifi-
cantly less than that predicted by Mendelian inheri-
tance, suggesting that the rescue is not complete (Table
1). When mice were analyzed immediately after birth,
however, Mendelian inheritance was observed and indi-
cated that a fraction of homozygotes died within the first
two days of life (Table 1). Histological analyses of em-
bryos and newborn mice showed that development of
most organs—including those that normally express
relatively high levels of c-myc (e.g., intestine, kidney,

Table 1. Inheritance of c-mycneo and c-mycN alleles

Age
Total
no.

Wild
type

Hetero-
zygous

Homo-
zygous

c-mycneo $10 days 74 27 47 0
c-mycN $10 days 274 92 152 30

day 1 135 35 74 26a

14 dpc 39 9b 19 8b

aOne of these 26 newborns was found dead, but had been born
alive as evidenced by the presence of milk in the stomach.
bOne of 9 wild type and 2 of 8 homozygous embryos were in the
process of being reabsorbed.
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liver)—appeared normal (data not shown). However, de-
tailed histological inspection of newborn mice revealed
periodic dystrophy of skeletal muscles in half of the mice
analyzed (Fig. 3B). Observation of cyanosis in two

c-mycN/N neonates raises the possibility that muscular
compromise adversely affects breathing, perhaps ex-
plaining the decreased survival.

The ability of the c-mycN allele to rescue the bulk of

Figure 2. Expression of c-mycN allele. (A,B)
Expression of N-myc and c-myc transcripts in
wild-type and c-mycN/N mice. Replicate
northern blots of total RNA, extracted from
tissues of adult (B) or newborn (A) wild-type
and homozygous knock-in mice, were hybrid-
ized to probes specific for the c-myc or N-myc
coding exons 2 and 3. Blots were subsequently
hybridized to GAPDH to control for RNA
loading. (C) Mitogen-stimulated up-regula-
tion of N-myc and c-myc genes in lympho-
cytes. B or T lymphocytes, enriched from
spleen or lymph nodes of wild-type or
c-mycN/N mice, were incubated in vitro with
or without stimulation with LPS or ConA, re-
spectively. RNA was extracted, electropho-
resed, and replicate northern blots were hy-
bridized as above. (D) Serum-stimulated up-
regulation of N-myc and c-myc genes in
MEFs. Subconfluent MEFS were cultured in
low (0.5%) serum for 48 hr. Media with 10%
serum was added at time 0 and cells were har-
vested for RNA extraction at various times
thereafter and electrophoresed. Replicate
Northern blots were hybridized as above.

Figure 1. Targeted replacement of c-myc coding sequences with N-myc coding sequences. (A) Schematic diagrams of the intron–exon
structures of the genomic N-myc and c-myc loci and the N- into c-myc replacement construct. The majority of the coding sequences
of N-myc (black boxes) and c-myc (hatched boxes) are contained within exons 2 and 3. The 58 and 38 untranslated regions are
represented as shaded boxes for N-myc and open boxes for c-myc. In the targeting construct, called pNCR11, N-myc exons 2 and 3 and
the intervening intron are flanked by 58 and 38 c-myc homology arms. PGKneo, surrounded by loxP sites, was inserted within the
N-myc intron. (B) Schematic diagrams of the targeted c-myc loci before and after Cre-mediated recombination. pNCR11 was trans-
fected into embryonic stem cells and screened for homologous recombination into the c-myc locus. A schematic of the structure of
the targeted locus, called c-mycneo, is shown. Mice derived from the targeted ES cells were bred to transgenic mice carrying the
EIIa–cre transgene and offspring were screened for transmission of the Cre-mediated recombination, resulting in deletion of the neo
gene. A schematic of the structure of the targeted locus, called c-mycN, is shown. (C) Southern blot analysis for germ-line transmission
of the c-mycneo targeted locus. Targeting of ES cells was screened by digestion of DNA with EcoRI and hybridization to probe A (left,
lanes 5,7,12,19). Appropriate targeting was confirmed by digestion with multiple restriction enzymes and probes (data not shown).
Targeted ES cells were injected into blastocysts and chimeric mice were bred either to C57BL/6 or 129Sv/Ev mice. Offspring were
tested for germ-line transmission by digesting tail DNA samples with EcoRI and hybridizing to probe A (right, lanes 2,4; data not
shown). (D) Southern blot analysis for Cre-mediated deletion of the neo gene to produce c-mycN/N mice. c-mycneo-transmitting
chimera were bred to EIIa–cre transgenic mice. Tail-DNA samples were analyzed by digestion with BamHI and Southern blots were
hybridized to probe B. The germ line BamHI fragment hybridizing to probe B is ∼6.0 kb; the c-mycneo allele results in a ∼5.5-kb
fragment, because of inserted BamHI site in the PGKneo sequence. After Cre-mediated deletion of the PGKneo gene, the elimination
of this BamHI site results in a probe B-hybridizing fragment of ∼7.0 kb. (E) Mating of heterozygous c-mycN/+ mice yielded homozygous
mice that survived in the absence of a c-myc gene. Tail DNA from 10-day-old offspring of a c-mycN/+ heterozygous mating was digested
with BamHI and Southern blots were hybridized to probe B (left). The diagnosed genotypes are designated above each lane and included
wild type (c-myc+/+), heterozygous (c-mycN/+), and homozygous (c-mycN/N) (left). The Southern blot was stripped and hybridized to
probe C. DNA from c-mycN/N mice failed to hybridize to this probe, which is composed of both coding exons of c-myc DNA, proving
that these mice are unable to produce c-myc-encoded transcripts (right).
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the c-myc-dependent developmental program would pre-
dict that the c-mycN allele should result in N-myc ex-
pression in tissues and developmental stages in which
c-myc, and not N-myc, expression normally predomi-
nates (Zimmerman et al. 1986). In accord with this pre-
diction, Northern blot analysis of RNA from newborn
and adult c-mycN/N mice revealed N-myc expression in
tissues of c-mycN/N mice (notably, intestine, kidney,
muscle, and lung), where c-myc is normally expressed
but little or no N-myc expression is normally found (Fig.
2A,B). These findings indicate that the c-myc pattern of
developmental and tissue-specific RNA expression from
the N-myc-replaced c-myc locus is largely intact (Fig.
2A,B).

Normal development and classical mitogen responses
of c-mycN/N lymphocytes

The c-myc and N-myc genes are differentially expressed
during lymphocyte development, with c-myc expressed
throughout development, whereas N-myc expression is
restricted to precursor stages (Zimmerman et al. 1986).
Therefore, to assay for potential effects of the c-mycN/N

genotype in detail within a specific cellular lineage, we
analyzed lymphocyte development in the c-mycN/N

mice. Gross size and cellularity of lymphoid organs in
c-mycN/N mice were normal (data not shown). In addi-
tion, the percentages of T and B lymphocyte precursor
populations in the thymus and bone marrow were nor-
mal, as were those of mature lymphocytes in the periph-
eral lymph nodes and spleen (Fig. 4A; data not shown).
These data demonstrate that N-Myc can replace all pre-
sumptive c-Myc functions required for lymphocyte de-
velopment.

Mitogenic responses of normal lymphocytes are
tightly correlated with c-myc expression (Heikkila et al.
1987; Kelly and Siebenlist 1988; Neckers et al. 1992). To
test mitogenic responsiveness, purified T cells were
stimulated in vitro by either ConA treatment or via re-
ceptor cross-linking with anti-CD3 in the presence or
absence of interleukin-2 (IL-2). Purified B cells were
stimulated either by lipopolysacharride (LPS) treatment
or by receptor cross-linking with anti-Ig in the presence
or absence of IL-4. As expected, c-myc, but not N-myc,
transcripts were induced in mitogen-stimulated wild-
type cells within 3 hr, and no c-myc coding region tran-
scripts were detected in c-mycN/N lymphocytes (Fig. 2C).
In contrast, N-myc coding region transcripts were highly
induced in mitogen-stimulated B and T cells from
c-mycN/N as opposed to wild-type mice (Fig. 2C). Corre-
spondingly, c-mycN/N B and T cells proliferated in re-
sponse to either mitogen treatment or receptor cross-
linking, and these responses were augmented by appro-
priate lymphokines (Fig. 4B–E). However, responses of
c-mycN/N T cells to higher doses of mitogen or antigen
receptor stimulation, and responses of c-mycN/N B cells
to all doses, appeared slightly dampened compared to
wild-type (Fig. 4B–E). Overall, however, these data dem-
onstrate that N-myc can largely compensate for c-myc in
lymphocyte development and activation.

Growth potential of embryonic fibroblasts
from c-mycN/N mice

To further test the ability of N-myc to compensate for
c-myc, we examined the mitogenic responses of mutant
(c-mycN/N) and wild-type mouse embryonic fibroblasts
(MEFs) following serum stimulation. MEFs derived from
13.5-day-old embryos were serum-starved for 48 hr and
RNA was extracted from cells prior to serum stimula-
tion and at multiple time points thereafter. In wild-type
MEFs, c-myc transcripts exhibited a characteristic re-
sponse, high-level induction within 1 hr followed by a
plateau at a lower level, which remained higher than
initial background levels for up to 24 hr (Fig. 2D). Al-
though N-myc transcripts were undetectable in normal
embryonic fibroblasts, serum stimulation of c-mycN/N

MEFs induced N-myc transcripts with a profile that closely
mimicked that of c-myc in wild-type MEFs (Fig. 2D).

The integrity of the c-myc gene is required for the
normal proliferative response of fibroblasts (Mateyak et
al. 1997; Bush et al. 1998; Moreno de Alboran et al. un-
publ.). To assess relative proliferative potential, we
monitored growth rates for multiple independently de-
rived MEF lines from c-mycN/N and wild-type litter-

Figure 3. Potential differences between c-mycN/N and wild-
type mice. (A) The average weight of c-mycN/N mice. Mice from
individual litters were weighed at various times after birth. For
each litter, the weights of heterozygous or homozygous mutant
mice were calculated as a percentage of the average weight of
wild-type littermates. The mean (±S.D.) percentage of heterozy-
gous and homozygous mutant mice was calculated. The mean
weight of c-mycN/N mice was significantly different from that
of wild-type or heterozygous mice (P < 0.001). (B) Histological
analysis of c-mycN/N mice. Sections of skeletal muscle from
wild-type (left) or homozygous c-mycN/N (right) day 1 newborns
are shown. The appearance of muscular dystrophy periodic and
observed in 1/2 of the homozygotes.
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mates. There was typical variation in growth rates
among individual wild-type MEF cultures, and several
c-mycN/N cultures grew at least as well as those from
wild-type MEFs (Fig. 5A). To further compare growth and
survival profiles more stringently, we assayed ability of
c-mycN/N and wild-type MEFS to form colonies after
seeding at low density. The c-mycN/N MEFs displayed
significant colony forming ability by this assay (which

again has substantial variation even among wild-type
MEFs); however, the colony-forming potential of
c-mycN/N MEFs did appear, on average, reduced in com-
parison to that of wild type (Fig. 5B,C). Finally, we em-
ployed flow cytometry to determine whether N-Myc
could compensate for c-Myc in maintenance of the cell
size of G0/G1 MEFs. No significant cell size differences
were detected between wild-type and c-mycN/N MEFs

Figure 4. Development and proliferation of c-mycN/N lymphocytes. (A) Flow cytometric analysis of lymphocytes from wild-type and
homozygous c-mycN/N mice. Single cell populations isolated from thymus (top left), spleen (right), and bone marrow (bottom left) from
wild-type or homozygous c-mycN/N mice were stained with a panel of antibodies that identify various subpopulations of T- or
B-lineage lymphocytes, as indicated. Live cells were gated based on forward and side-scatter profile. The percentage of gated cells in
particular quadrants or boxes are shown. Similar percentages of cell subpopulations were observed for homozygous c-mycN/N and
wild-type mice. Absolute numbers of cells in the various fractions were also calculated. No significant differences were found (data
not shown). (B,C,D,E) In vitro proliferation of wild-type and homozygous c-mycN/N lymphocytes. T (B,C) and B lymphocytes (D,E)
were enriched from lymph node and spleen, respectively, of homozygous c-mycN/N or wild-type littermates and cultured either with
medium or various doses of ConA ± IL-2 (B), anti-CD3 ± IL-2 (C), LPS (D), or anti-Ig ± IL-4 (E). The incorporation of 3H-thymidine was
measured and indicated as counts per minute.
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(data not shown). Together, these results demonstrate that
N-Myc can largely replace c-Myc functions in regulating
cell growth and proliferation of cultured fibroblasts.

Discussion

N-myc can support most c-myc functions necessary
for normal murine growth and development

The most dramatic result from our study is that N-myc

is able to rescue the essential role of c-Myc in embryonic
development and survival. Strikingly, c-mycN/N mice,
which completely lack any c-myc coding sequences (or
protein), survive into adulthood and are capable of re-
production. With the single exception of the skeletal
muscle, no gross defects were consistently found in
c-mycN/N mice and detailed examinations showed that
lymphocyte development closely resembled that of nor-
mal mice. It was also notable that N-myc was largely
able to replace c-myc in lymphocyte and fibroblasts with
respect to functions related to growth and proliferation.
Correspondingly, the expression pattern of N-myc tran-
scripts from the c-mycN allele closely mimicked that of
the normal c-myc locus, both with respect to tissue and
spatial regulation during embryonic development, as
well as with respect to induction in lymphocytes and
fibroblasts by a variety of treatments.

Overall, our findings clearly demonstrate that the c-
myc transcriptional control elements and 38 untrans-
lated sequences are sufficient to drive expression of N-
myc coding exons in a fashion similar or identical to that
of c-myc. Moreover, our results indicate that the differ-
ing physiological roles of c-myc and N-myc relate prima-
rily to differences in transcriptional regulation of the
genes, rather than distinct biochemical properties of the
N-Myc and c-Myc proteins. This interpretation provides
an explanation for the survival of c-myc- or N-myc-defi-
cient embryos until midgestation days E9–E11, as this is
the time at which myc family gene expression patterns
become most divergent (Charron et al. 1992; Stanton et
al. 1992; Davis et al. 1993; Sawai et al. 1993). Very recent
gene replacement studies also have demonstrated bidi-
rectional complementation of the hox gene paralogs,
hoxa3 and hoxd3, leading to the suggestion that the dis-
tinct biological functions of these genes results from
quantitative differences in expression (Greer et al. 2000).

Apparent differences between c-mycN/N and normal
mice and cells

The overall survival of postnatal c-mycN/N mice is mod-
estly reduced compared with wild-type mice. Extensive
histologic examination of c-mycN/N embryos and new-
born animals revealed periodic dystrophy of skeletal
muscles in a subset of the newborn c-mycN/N mice. In
addition, we did observe relatively mild, but significant,
differences in the average weight of c-mycN/N animals as
compared with controls. Moreover, we observed that the
c-mycN allele might not fully compensate for the loss of
c-myc expression with respect to certain cellular growth
responses in lymphocytes or fibroblasts. The skeletal
muscle, animal weight, and cell growth response pheno-
types were observed despite the fact that c-mycN tran-
scripts were expressed in a c-Myc-like pattern in all or-
gans tested and in cultured lymphocytes and MEFs in
response to various growth stimuli. The apparent differ-
ences observed between c-mycN/N and normal cells and
mice may reflect subtle differences in function of the
c-Myc and N-Myc proteins, such as quantitative differ-
ences in the activity of their transactivation domains

Figure 5. Growth potential of wild type and homozygous c-
mycN/N mouse embryonic fibroblasts. (A) P3 MEFS were plated
at 5 × 104 cells per well in replicate wells and cultured for the
indicated number of days. Triplicate wells were fixed and
stained with crystal violet. Adsorption at OD540 was measured
for each time point for individual MEF lines and directly corre-
lates with cell numbers (Kamijo et al. 1997). Each symbol rep-
resents the mean of triplicate readings of triplicate wells. The
standard deviation was <1%. (B,C) P3 MEFS were plated at 3500
cells per well in triplicate, cultured for 12 days, and fixed and
stained with crystal violet. A representative plate is shown. The
number of foci per well was determined, the mean (±S.D.) was
calculated for each cell line. The mean number of foci per well
from c-mycN/N MEFs was significantly less than that of wild-
type MEFs (*P < 0.01).
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(Barrett et al. 1992). It will be interesting to combine the
c-mycN allele with a c-mycnull allele to potentially reveal
a more significant phenotype. Alternatively, there may
be subtle differences in the steady-state RNA or protein
levels generated from the manipulated locus. In either
case, the variability in survival of c-mycN/N mice, along
with the range of growth and immortalization responses
of c-mycN/N MEFs, may implicate the existence of ge-
netic factors that affect the ability of N-myc to compen-
sate for c-myc loss.

Functional redundancy of myc family genes

Our studies clearly demonstrate a major degree of func-
tional redundancy between the N-Myc and c-Myc pro-
teins with respect to most processes in which c-Myc has
been implicated. Functional redundancy has also been
observed for other gene families, including those encod-
ing Hox, Engrailed, and myogenic regulatory proteins
(Hanks et al. 1995; Wang et al. 1996; Greer et al. 2000).
The expression patterns of Hox gene paralogs are highly
overlapping; whereas differences in expression among
members of the engrailed and myogenic families are
temporal and largely restricted to one tissue. In contrast,
the c-myc and N-myc genes have broader and more di-
vergent expression patterns during particular times in
development and inactivation of either gene resulted in
adverse developmental consequences that correlated
with their specific expression patterns. The high degree
of functional redundancy among the c-Myc and N-Myc
proteins is particularly notable given their preservation
as distinct genes throughout vertebrate evolution. The
N-myc genes in mouse and Xenopus are more closely
related than are mouse N-myc to mouse c-myc (DePinho
et al. 1986; Schreiber-Agus et al. 1993). However, there
are short stretches of higher homology (Myc homology
boxes) that encode the transactivation, DNA binding,
and protein dimerization domains. Our data prove that
these are critical functional domains of Myc proteins for
the growth and development of diverse cell types and
organ systems. In this regard, our findings strongly sug-
gest that the evolutionary maintenance of N-myc and
c-myc as distinct genes has been driven largely on the
basis of the distinct cis-regulatory elements that impart
their specific expression patterns.

Materials and methods

Generation of c-mycneo/neo and c-mycN/N mice

The PGKneor gene flanked by loxP sites was subcloned from
pLNTKneor (Gorman et al. 1996) and cloned in opposite tran-
scriptional orientation into the BglII site within the N-myc in-
tron of pEVNH3X (Dildrop et al. 1989). pEVNH3X had previ-
ously been constructed to contain the genomic fragment of N-
myc exon 2 flanked by an ATG and the c-myc exon 2 splice
acceptor site, the coding portion of N-myc exon 3, and the in-
tervening N-myc intron on an XbaI fragment (Dildrop et al.
1989). This XbaI fragment was subcloned into the XbaI site of
the pNEB193 vactor, into which the PGKTK gene had been

cloned previously. A 4.5-kb XhoI–BglII genomic c-myc fragment
that contains the 38 untranslated portion of the c-myc third
exon was cloned into the PmeI polycloning site (PCS), fusing it
immediately downstream of the coding portion of the N-myc
gene. The resulting product is a chimeric third exon in which
the coding sequence is N-myc and the noncoding is c-myc. The
58 c-myc flanking region is a 3.7-kb XbaI genomic fragment that
contains the c-myc first exon cloned into the PacI site of the
PCS. In the final spliced mRNA product from this chimeric
gene, the entire coding region is N-myc sequence and the 58 and
38 flanking sequences are derived from c-myc.

The targeting vector was transfected into E14.1 ES cells
(kindly provided by R. Murray) by electroporation, selected in
0.4 mg/ml G418 and 1 mM gancyclovir (kind gift from Syntex
Corp.), as described previously (Charron et al. 1992). Homolo-
gous recombinants (c-mycneo) were identified by Southern blot
analysis of EcoRI-digested DNA, probed with a 1.7-kb XbaI frag-
ment (probe A, Fig. 1A). Homologous recombinants were found
at a frequency of 10%–20%. Targeted ES cells were screened
with multiple restriction enzymes and probes to ensure that the
58 and 38 ends were integrated appropriately. Chimeric male
mice were initially bred to C57BL/6 mice and germ-line trans-
mitters were identified by coat color and confirmed by BamHI
digest of tail DNA. To delete the PGKneor gene, offspring were
bred to EIIa–cre transgenic mice (Lakso et al. 1996). Tail DNA
was screened by digestion with BamHI and hybridization to a 38

flank c-myc probe (1.4-kb XhoI–KpnI fragment, probe B, Fig.
1A). Deletion of the PGKneor gene results in the loss of a BamHI
site, leading to a change in the size of the hybridizing fragment
from 6 kb to 7 kb. Germ-line transmission of the neo-deleted
allele (called c-mycN) was confirmed by breeding to wild-type
mice and screening for the absence of the Cre transgene by PCR,
as described previously (Gorman et al. 1996)

Southern and Northern blotting

Genomic DNA was prepared as described previously (Laird et al.
1991). RNA was prepared from tissues by the Urea/LiCl2

method (Auffray and Rougeon 1980) or from cell pellets using
homogenization in Trizol reagent (GIBCO BRL), as described by
the manufacturer. Southern and Northern blot analyses were
carried out as described elsewhere. DNA samples were electro-
phoresed through a 1% agarose gel. Total RNA (∼5–10 µg) was
electrophoresed through a formaldehyde/1% agarose gel. DNA
or RNA were transferred to Zetaprobe membrane (Bio-Rad) and
hybridized to probes labeled by random hexamer priming (Boeh-
ringer-Mannheim) with [a-32P]dCTP (NEN). The probes used for
Southern blot analyses are shown in Figure 1. Probe A is a 58

flank genomic c-myc 1.7-kb XbaI fragment; probe B is a 1.4-kb
genomic fragment (XhoI–KpnI) that contains the 38 untranslated
of c-myc and hybridizes with the 38 flank; probe C is a 1.5-kb
(PstI) c-myc cDNA fragment that hybridizes to exons 2 and 3.
Northern blots were hybridized to either probe C (c-myc
cDNA), an N-myc exon 2/3 cDNA fragment, or a 1.25-kb (PstI)
GAPDH cDNA fragment.

Histological analyses

Tissues were fixed in Bouin’s solution, paraffin embedded, and
serially sectioned (5 µm/each section). The sections were then
dewaxed in xylene, rehydrated in alcohol of various concentra-
tions, and stained with hematoxylin and eosin following a stan-
dard protocol.

FACS analysis

Single cell suspensions from thymus, spleen, and bone marrow
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were prepared as described (Malynn et al. 1995). Cells in PBS
plus 5% FCS were stained for surface expression of the follow-
ing markers: FITC-conjugated anti-CD8a (53-6.7), PE-conju-
gated anti-CD4 (RM 4-4), either FITC- or CyC-conjugated anti-
B220/CD45R (Ra3-6B2), or FITC-conjugated anti-CD43 (Pharm-
ingen). FACS analysis of the cells was acquired and analyzed
on a FACSCaliber flow cytometer (Becton Dickinson) using
CellQuest software (Becton Dickinson). Data are presented as
dot plots after gating for live cells, using forward versus side
scatter plots.

Lymphocyte proliferation assays

Single-cell suspensions of spleen (for B cells) or lymph node (for
T cells) cells were prepared as described previously (Malynn
et al. 1995). B or T cells were purified using magnetic beads
(DYNAL) and purity (∼85%–95%) was determined by FACS
analysis. Subsequently, cells were cultured in 96-well plates at
a concentration of 5 × 105 cells/ml in RPMI/10% FCS medium
(supplemented with 50 mM b-mercaptoethanol). At the initia-
tion of culture, Concanavalin A (Sigma) or anti-CD3 (Pharmin-
gen) to T cells or lipopolysaccharide (Sigma) or Fab goat anti-
IgM to B cells were added at the indicated concentrations. Cul-
tures were incubated for a total of 60–72 hr with a 3H-thymidine
pulse for the last 8 hr. Cells were harvested and CPM incorpo-
rated was determined. The mean (±S.D.) of triplicate cultures is
shown. One of three representative experiments is shown.

MEF growth assays

MEFs were isolated from individual 13.5-day-old embryos. For
growth curves early passage MEFs were seeded at 5 × 104 cells
per 60-mm dish. At the indicated times triplicate plates of cells
were washed, fixed in 10% buffered formalin, and stained with
crystal violet for 30 min at room temperature. Stained cells
were washed in PBS, and stain was extracted using 10% acetic
acid. Absorbance was read at 590 nm. For low density seeding
assays early passage MEFs were plated at 3500 cells/well in
6-well plates and cultured in DME containing 10% FCS, 100
U/ml penicillin, 100 µg/ml streptomycin, and 2 mM glutamine
for 15 days. Plates were washed, fixed in 10% buffered formalin,
and stained with crystal violet. The mean (±S.D.) number of
colonies per well of triplicate cultures was determined.
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