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myc genes are thought to function in the processes of cellular proliferation and differentiation. To gain insight 

into the role of the N-myc gene during embryogenesis, we examined its expression in embryos during 

postimplantation development using RNA in situ hybridization. Tissue- and cell-specific patterns of 

expression unique to N-myc as compared with the related c-myc gene were observed. N-myc transcripts 

become progressively restricted to specific cell types, primarily to epithelial tissues including those of the 

developing nervous system and those in developing organs characterized by epithelio-mesenchymal 

interaction. In contrast, c-myc transcripts were confined to the mesenchymal compartments. These data 

suggest that c-myc and N-myc proteins may interact with different substrates in performing their function 

during embryogenesis and suggest further that there are linked regulatory mechanisms for normal expression 

in the embryo. We have mutated the N-myc locus via homologous recombination in embryonic stem (ES1 cells 

and introduced the mutated allele into the mouse germ line. Live-born heterozygotes are under-represented 

but appear normal. Homozygous mutant embryos die prenatally at -11.5 days of gestation. Histologic 

examination of homozygous mutant embryos indicates that several developing organs are affected. These 

include the central and peripheral nervous systems, mesonephros, lung, and gut. Thus, N-myc function is 

required during embryogenesis, and the pathology observed is consistent with the normal pattern of N-myc 
expression. Examination of c-myc expression in mutant embryos indicates the existence of coordinate 

regulation of myc genes during mouse embryogenesis. 
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Genes that are expressed during development and whose 
biochemical properties are consistent with regulation of 
cellular proliferation and/or differentiation are ideal can- 
didates for controlling organogenesis. One class of such 
genes is the proto-oncogenes. Owing to structural or reg- 
ulatory alteration, oncogenes can perturb the normal reg- 
ulation of cellular growth and differentiation. Thus, the 
concept that proto-oncogenes would participate in regu- 
lation of these processes has been proposed and studied 
for many years (for review, see Bock and Marsh 1990). In 
this study we have attempted to assess the function of 
the N-myc proto-oncogene during mouse embryonic de- 
velopment. 

The myc family of nuclear proto-oncogenes consists of 
three well-characterized members: c-myc (Vennstrom et 
al. 1982), N-myc (Kohl et al. 1983; Schwab et al. 1983) 
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and L-myc (Nau et al. 1985). c-rnyc expression has been 
associated with cellular proliferation, whereas the role of 
the other myc genes is less clear (Cole 1986). High levels 
of N-myc RNA, primarily owing to gene amplification, 
have been observed in tumors of neuroendocrine and em- 
bryonic origin such as Wilm's tumor,  retinoblastoma, 
neuroblastoma, and small cell lung carcinoma (Kohl et 
al. 1983, 1984; Lee et al. 1984; Schwab et al. 1984~ Nau 
et al. 1986). Furthermore, amplification of N-myc in neu- 
roblastoma correlates with an advanced stage of disease 
and poor prognosis (Brodeur et al. 1984; Thiele et al. 
1988). These data have been interpreted to imply a role 
for N-myc in the genesis or progression of these malig- 

nancies. 
N-myc encodes a nuclear phosphoprotein (Slamon et 

al. 1986; Ramsey et al. 1987) bearing structural homol- 
ogy to c-myc and exhibits site-specific DNA-binding ac- 
tivity (DePinho et al. 1986; Kohl et al. 1986; Slamon et 
al. 1986; Stanton et al. 1986; Ramsey et al. 1987; 
Kerkhoff et al. 1991; Prendergast and Ziff 1991}. The 
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N-myc protein has a short half-life (Cohn et al. 1990) and 
contains a number of conserved structural motifs, in- 
cluding basic/helix-loop--helix (Murr4 et al. 1989) and 
leucine zipper (Landschulz et al. 1988)-related elements. 
These protein features are consistent with the N-myc 
protein being a transcriptional regulator whose activity 
is modulated by direct protein-protein interactions. Sup- 
port for this notion comes from the observation that 
both c- and N-myc interact with the human Max (Black- 
wood and Eisenman 1991) or mouse Myn {Prendergast et 
al. 1991) protein, and these complexes display increased 
affinity for specific DNA-binding sites. It is possible that 
N-myc may interact with additional proteins that are 
expressed in a tissue-or cell type-specific manner. 

Some clues as to the site of action of the N-myc gene 
product may be garnered by analysis of its expression 
pattern. Whereas c-myc is expressed in a broad array of 
cells both in the mammalian embryo and adult (Muller 
et al. 1982; Pfeifer-Ohlsson et al. 1985; Zimmerman and 
Alt 1990), N-myc is expressed primarily in the develop- 
ing embryo (Jakobovitz et al. 1985; Grady et al. 1987; 
Mugrauer et al. 1988; Downs et al. 1989; Stanton and 
Parada 1992). 

We have compared N-myc and c-myc expression to 
determine the spatial and temporal distribution of tran- 
scripts for these genes. The data have suggested that 
N-myc might function in the development of specific 
cell lineages of the mammalian embryo. To test this pos- 
sibility, we employed site-directed mutagenesis via ho- 
mologous recombination in embryonic stem (ES) cells 
{Capecchi 1989; Rossant and Joyner 1989; Robertson 
1991) to mutate one allele of the endogenous N-myc 
gene (Stanton et al. 1990). This mutation has been passed 
through the mouse germ line, and offspring have been 
generated that are heterozygous for a null N-myc allele. 
These data demonstrate a requirement for the N-myc 

proto-oncogene during routine organogenesis that corre- 
lates with its embryonic expression pattern and further 
provide the first in vivo demonstration of a regulatory 
interaction among Myc gene family members. 

Results 

Expression analysis 

The overall pattern of N-myc and c-myc RNA expression 
in mouse development was assessed by Northern analy- 
sis and by RNA in situ hybridization on embryos ranging 
from 6.5 to 16.5 days of gestation and is summarized in 
Figure 1. We observed differential expression patterns for 
c- and N-myc from the earliest postimplantation periods 
analyzed. During the period of development when the 
definitive germ layers unfold, N-myc, but not c-myc, is 
highly expressed in the gastrulating cells that will give 
rise to the embryo proper. Once somitogenesis and neu- 
rulation have commenced, the N-myc gene becomes in- 
creasingly restricted in its distribution of expression. Al- 
though c-myc transcripts are present in many tissues at 
low levels, they are notably reduced or absent in neu- 

roepithelium {developing brain and spinal cord); a tissue 
undergoing considerable proliferation that retains high 
levels of N-myc mRNA {Figs. 1 and 2} N-myc transcript 
levels are highest in the central nervous system (CNS), 
cranial and spinal ganglia in the peripheral nervous sys- 
tem (PNS), mandibular and maxillary processes, and 
heart (Fig. 2C, F). In the developing brain, there is a no- 
table absence of N-myc expression in the roof plate neu- 
roepithelium overlying the mesencephalon {Fig. 2}. 

N-myc transcripts are also found in several epithelial 
cell types during embryogenesis including developing 
gut, kidney, and lung (Fig. 1). The forming gut comprises 
two easily distinguishable cell types of endodermal ori- 
gin: epithelial cells lining the inner lumen of the intes- 
tine and the surrounding mesenchyme. N-myc tran- 
scripts are found in the inner cells corresponding to the 
lumen (Fig. 2D, F), whereas c-myc transcripts are present 
in the surrounding mesenchyme {Fig. 2D, E). N-myc 

transcripts are also present in the luminal {epithelial) 
cells of the branching lung epithelium that later form 
bronchioles, whereas c-myc transcripts are confined to 
the surrounding connective (mesenchymal) cells. 

Analysis of a null allele To further explore the role 
of N-myc during mammalian embryogenesis, we mu- 
tated one endogenous allele of this gene in ES cells and 
generated mice heterozygous for the mutation (Stanton 
et al. 1990). This mutant N-myc allele (designated 
N-mycBRP), is carried in a hybrid genetic background re- 

sulting from the random assortment of the ES cell geno- 
type (129/Sv) and the genotype of the females to which 
the initial chimeras were bred (C57BL/6JNCr). No ap- 
preciable variation of the phenotype described in this 
work has been observed in the course of four generations 
of brother/sister matings from which 549 embryos have 
been examined. We therefore conclude that the N- 
myc BRv allele has full penetrance and is subject to min- 

imal differences in expressivity within this genetic back- 
ground. Furthermore, we can exclude unlinked second- 
ary mutations in the ES cell-derived component of the 
genome on the basis of the phenotypic stability observed 
in mutant embryos over four generations. 

Animals were routinely analyzed by Southem analysis 
of DNA isolated from tail biopsies taken at the time of 
weaning (see Materials and methods). To date, we have 
never observed live-born homozygous mutant weanlings 
resulting from the intercross of heterozygous animals 
(Fig. 3A). Examination of 549 weaning age animals re- 
sulting from the intercross of heterozygous parents have 
yielded 243 wild-type ( + / +) and 306 heterozygous {+ / 
m) progeny, indicating a reduction in survival of het- 
erozygote animals. The surviving heterozygotes do not 
exhibit overt phenotypes {including deviations in size, 
weight, fertility, life span, and general health). Mende- 
lian inheritance would predict 486 + / m  progeny, a ratio 
of 1 : 2  for these two remaining classes of animals {see 
statistical analysis in Materials and methods). 

Embryonic analysis The absence of live-born ani- 
mals homozygous for the mutant N-myc BRv allele indi- 
cated lethality during gestation. To determine the time 
of death, embryos derived from the intercross of hetero- 
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Figure 1. Summary of N-myc and c-myc 

expression during mouse embryogenesis. 
Tissues expressing detectable levels of 
N-myc or c-myc are indicated in the left- 

hand column. Thickness of the bars and 
lines indicates relative signal intensity as 
taken from multiple sections of embryos 
ranging from 6.5 days postcoitum (p.c.) to 
birth. For visceral arches, we include ros- 
tral neural crest, because these two tissues 
follow a similar pattern of expression and 
neural crest components contribute to the 
developing craniofacial structures. Gastru- 
lation is defined 6.5-8.0 days, neurulation 
is 8.5-10.5 days, organogenesis is 11.5- 
13.5 days, and late fetal is 14.5 days to 
birth. Abbreviations used are to indicate 
subsets of tissues that exhibit expression: 
(d) Dermatome; (s) sclerotome; {ie) inner 
epithelium; (cer) cerebellum. Stippled bars 
indicate tissues that are positive for both 
myc transcripts but for which close in- 
spection reveals N-myc expression in epi- 
thelium and c-myc in mesenchyme. The 
pattern of expression of extraembryonic 
ectoderm was not followed after day 9 p.c. 

zygous parents were analyzed throughout gestation. 
Technical considerations precluded genotyping of em- 

bryos before embryonic day 8.5; however, no apparent 

morphologic abnormalities were seen in whole-mount or 

histologic sections of embryonic or extraembryonic tis- 

sues in postimplantation embryos from + / m  inter- 

crosses at or before this stage. The results of this geno- 

typic analysis are represented by the bar chart shown in 

Figure 4A, and an example of the Southern analysis of 

yolk sac-derived embryonic DNA is shown in Figure 4B. 

The data in Figure 4A comprise analyses of 549 embryos 

ranging from 9.5 to 18.5 days of gestation and derived 

from 77 litters that are grouped according to genotype as 

a percentage of all embryos within each gestational clasK 

The relative proportions of the expected progeny result- 

ing from the heterozygous intercross is -1  : 2 : 1 at 9.5 

and 10.5 days but thereafter deviates from the expected 

ratios beginning at day 11.5, (P < 0.05), indicating a loss 

of m/m embryos {Fig. 4A I. 
Embryos from the intercross of + / m  mice were exam- 

ined morphologically from day 9.0 to day 18.5, as whole 

embryos under the dissecting microscope, by scanning 

electron microscopy, and as hematoxylin-eosin (H-E)- 

stained sections. A total of 26 m/m mutant embryos 

were inspected by examination of H-E-stained sections 

(nine 9.S-day embryos, five 10.5-day embryos, nine 11.5- 

day embryos, two 12.5-day embryos, and one 15.5-day 

embryo). Day 9.5 homozygous mutant embryos approx- 
imated the size of normal littermates, although depar- 

ture from normal morphology is first recognizable at this 

point (see belowl. Microscopic examination of m / m  em- 

bryos {Fig. 5) revealed thinner embryos in the transverse 

dimension and morphological differences in several 

structures, including the roof plate of the myelenceph- 

alon, the prosencephalon, and the mandibular arches, as 

compared with normal littermates. The transverse nar- 

rowing of the m/m embryo, as well as the mandibular 

arch hypoplasia (a neural crest-populated structure ex- 

pressing high N - m y c  levels; Fig. 2C), was also evident 

following microscopic examination of H-E-stained sec- 

tions (Figs. 6 and 7). Histologic analysis of the day 9.5 

m/m embryos revealed other abnormalities, which in- 

clude a waviness of the neuroepithelium and irregularity 

of the ectodermal surface. As homozygous mutant em- 
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Figure 2. N-myc and c-myc expression in 9.5- and 13-day embryos. (A) Light-field photomicrograph of day 9.5 embryos, showing 
various CNS structures. (B) Same section as in A hybridized with a c-rnyc probe and viewed by dark-field optics. (C) Dark-field 
photomicrograph of an adjacent section to B hybridized with an N-rnyc probe. Asterisks (*) denote DRG. (D) Light-field photomicro- 
graph of a 13-day embryo hybridized with N-myc. Telencephalon (t), mesencephalon (ms), liver (li), heart (h), and gut (g) are indicated. 
(E) Adjacent section to D hybridized with c-myc and viewed with dark-field optics. (F) Dark-field view of the same section as in D. The 
gut (g) shows labeling in the epithelial cells lining the lumen. 

bryos age past day 9.5, they exhibit progressively greater 
degrees of morphologic distortion. 

Day 10.5 m / m  embryos are similar in size to normal 
littermates (Fig. 5), although evidence of growth retarda- 
tion is already in evidence. Older embryos exhibit 

greater levels of growth retardation of up to 40% relative 

to normal littermates by day 11.5 (Fig. 8). Although some 
degree of heterogeneity in phenotype was seen in 11.5- 

day m / m  embryos, their overall characteristics were re- 
markably consistent. These embryos are extremely frag- 
ile and bleed easily, although a beating heart is evident at 
the initiation of biopsy. 

Homozygous mutant  embryos can persist in utero past 

11.5 days of gestation; however, necrosis was evident in 
all cases examined indicating a progression toward re- 
sorption. The day 12.5 m / m  embryos that were exam- 
ined are pale (presumably due to anemia), smaller than 
the 11.5-day embryos, and no longer show signs of life. 
The reduced size is most likely due to collapse during 
the process of necrosis, although on the basis of this 
static analysis we cannot exclude that the two 12.5-day 
embryos examined are samples that arrested at an earlier 

time and were maintained in utero. Combining our ob- 
servations, we fix day 11.5 of gestation as the time of 

m / m  embryogenic arrest. 
Histologic analysis of individual organs (see below) re- 

vealed that significant and consistent abnormalities 

were evident at day 10.5; and by day 11.5, m / m  embryos 
were easily distinguished from normal littermates. Ma- 

jor differences were observed primarily in the developing 
nervous system, genitourinary system, mandibular arch, 
gut, and lung. In each of these tissues, we observed ap- 
propriate appearance and formation of the primordial or- 
ganogenic anlagen; however, subsequent proliferation 

failed to occur resulting in hypoplasia when compared 
with normal littermates. We also observed reduced 

thickness in the myocardium of m / m  embryos, which 
was most evident at day 11.5 (data not shown). 

Nervous sys tem During normal embryonic develop- 
ment, N - m y c  is expressed throughout the forming neu- 
roepithelium with highest levels in the forebrain, hind- 
brain, neural tube, and sensory neural crest-derived 
structures (see Fig. 1 ). The nervous system was markedly 
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Figure 3. Southern analysis of progeny from N-mycBRV/+ het- 
erozygotes. (A) Representative analysis of DNA from weaning 
age animals, (3 weeks of age), resulting from the intercross of 
animals heterozygous for the mutant N-myc allele. DNA was 
isolated from tail biopsies as described in Materials and meth- 
ods and digested with EcoRI. The presence of the wild-type 
allele is indicated by a 7.7-kbp band, and that of the mutant 
band by an 8.6-kbp band. The genotype of each animal is indi- 
cated above each lane. (+) Wild-type allele; (m) the N-myc  BRP 

allele. (B) Schematic representation of the wild-type (top) and 
mutant {bottom) allele of N-myc {N-mycBRV). The two differ 
only by insertion of the neo-coding sequences (Stanton et. al. 
1990). The expected band size resulting from hybridization with 
an N-myc-specific probe is indicated. 

affected by muta t ion  of the N-myc locus (Figs. 7 and 9) 

We did not observe a quantifiable reduction in the num- 

ber of mitot ic  figures; however, day 11.5 mutan t  em- 

bryos exhibited a general hypoplasia of the telencephalic 

structures: sites of high N-myc expression. The neuroep- 

i the l ium was thinner  in the mutan t  and did not at tain 

the same level of architectural complexity normal ly  ev- 

ident in the ventricular folds of normal  embryos. Net/rite 

outgrowths from PNS ganglia were severely under-rep- 

resented, particularly in the tr igeminal  (V th cranial) and 

the dorsal root ganglia (DRG; Fig. 9). In general, the cra- 

nial  ganglia of homozygous mutan t  embryos were re- 

duced in size, and the mitot ic  rate was <25% of normal  

controls. A similar, yet less dramatic, reduction in size 

was seen in the DRG where the emanat ing nerve tracts 

were severely curtailed. Thus, structural deficiencies 

were found in neuronal tissues that normal ly  exhibit  

high levels of N-myc expression. 

Genitourinary system The development of the gen- 

i tourinary system is also affected by muta t ion  of the 

N-myc locus (Fig. 10). The entire mesonephros is disor- 

ganized, and defects may  be seen in three areas: the me- 

sonephric tubules, the adjacent dorsal aorta, and the gen- 

ital ridge. The init ial  formation of the mesonephric  duct 

and tubules at day 9.5 appears to be sl ightly delayed in 

some, but not all, homozygous mutan ts  (data n o t  

shown). However, the subsequent growth and organiza- 

tion appears deficient in the m / m  embryos. Figure 10 

compares the genital ridges and mesonephros of m u t a n t  

and normal embryos at day 11.5, and two changes are 

evident. First, although some tubules appear normal  in 

mutan t  embryos, others have either failed to form or 

have undergone premature degeneration in the homozy- 

gous mutan t  {Fig. 10C), which  is not evident in the nor- 

mal  embryos (Fig. 10D). In extreme cases, while  ini t ial  

epithelial condensation occurs, mesonephric  tubule for- 

mat ion is not observed (data not shown). Apoptosis is a 

normal  feature in the transient  existence of mesonephric  

Figure 4. {A) Genotype (+ /+ ,  +/m, m/m), present in embryos of varying gestational ages from 9.5 to 15.5 days. Cumulative 
genotype data from analysis of 549 embryos derived from 77 litters were sorted by gestational age. The percentage of embryos of each 
genotype is plotted. (Open boxes) Wild-type animals; {hatched boxes) heterozygous animals; {solid boxes) homozygous mutant ani- 
mals. Overtly necrotic embryos are indicated by dark hatching. Slashed X-axis indicates that this analysis did not include embryos of 
16.5 or 17.5 days of gestation. (B} Representative Southern analysis. Yolk sac DNA was obtained as described in Materials and methods 
and analyzed as in Fig. 3. The genotype of each embryo as interpreted from the analysis is shown above each lane, where m indicates 
the presence of the N-myc BRv allele and + indicates the presence of the wild-type N-myc locus. DNA from a homozygous mutant 
(m/m) embryo contains only the 8.6-kbp EcoRI fragment. 
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tends into an epithelial tube-like structure that divides 
and branches. N-myc is normally expressed throughout 
the lung epithelium, with highest levels in the terminal 

regions of the branching tubules (Fig. 1 ). 
In both m / m  and normal embryos, the morphology of 

these structures is identical at day 9.5 and numerical 
assessment of mitoses was the same {Fig. 11 }. However, 

by day 10.5, normal embryos (Fig. l lF) have extended 

these structures farther caudally than observed in m / m  
embryos [Fig. liE} and have initiated the process of 

branching that results in the arborized network of bron- 
chi and bronchioles. Mutant {m/m) embryos {Fig. 11E) 
fail to exhibit branching morphogenesis and remain sim- 

ple tube-like structures. Though decreased in number 

relative to genotypically normal littermates, mitoses are 
present in the epithelia of the unbranched anlagen. No 
morphologic abnormalities were noted in the mesenchy- 
mal component of the mutant  lung, suggesting that the 
abnormal development is inherent to the epithelial com- 

ponent. 

Gut We have failed to detect any evidence of stom- 
ach or large intestine formation in m / m  embryos. Al- 

though foregut and cloacal epithelia are present early, as 

Figure 5. Microscopic examination of unfixed embryos com- 
paring wild-type (+/+)  and homozygous mutant (m/m) em- 
bryos. Embryos were dissected free from extraembryonic mem- 
branes at 10.5, 11.5, and 12.5 days of gestation and photographed 
at 30x. Representative homozygous wild-type ( + / + ) and mu- 
tant (m/m) embryos are shown for each stage of development. 
Vascular disruption seen in the day 11.5 (m/m) embryo is typ- 
ical. 

structures; therefore, it is possible that apoptotic events 

are initiated prematurely in the mesonephros of mutant  
embryos. 

The mesenchyme surrounding the mesonephric tu- 
bules appears hypoplastic in m / m  embryos. This may be 
the result of a failure of appropriate inductive epithelial/ 
mesenchymal interactions to occur or may be a struc- 
tural consequence of compression by the neighboring 

dorsal aorta, which is dilated in m / m  embryos (Fig. 10). 
Further evidence of abnormality in the mesonephros 

of day 11.5 m / m  embryos is hypoplasia of the genital 
ridge (Fig. 10A, B). This ridge is indistinguishable in mu- 
tant and normal embryos until day 10.5 whereupon the 
mutant  ridges fail to progress. In addition, the adjacent 

coelomic epithelium has a "hobnail" appearance and is 

more irregular than in the normal embryos, indicating a 
loosening of intercellular attachments, which is likely a 
reflection of a generalized degenerative phenomenon. 

Lung Normal lung development initiates at day 9.0 
of embryogenesis as a ventral out-pouching of endoderm- 
derived cells of the foregut. This out-pouching then ex- 

Figure 6. Comparison of mandibular arch development in 
l l.5-day embryos. Midsagittal sections through ll.5-day ho- 
mozygous mutant (m/m, AI and wild-type (+ /+ ,  BI embryos 
were examined. The region of the mandibular arch was photo- 
graphed through a 30• objective. Location of the notochord (ncl 
is shown for reference. {ne) Neneuroepithelium. 
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Figure 7. Sagittal sections through 10.5-, 11.5-, and 12.5-day 
wild-type ( + / + ) and homozygous mutant (m/m) embryos. Em- 
bryos were dissected free of extraembryonic membranes and 
processed as described in Materials and methods. Sections of 4 
o,m were prepared from paraffin-embedded material, stained 
with H-E and photographed. Representative sections are shown. 

evidenced by lung induction, the stomach and large in- 

testine, midgut derivatives that normally express high 

levels of N-myc (Fig. 2F) are either absent or so disorga- 

nized in mutant  (m/m) embryos that we fail to recognize 

evidence of these structures in histological sections. 

Analysis of c-myc expression in m / m  embryos One 
of the more striking results from our comparative in situ 
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Figure 8. Crown-rump size comparison of homozygous mu- 
tant (m/m) and other classes of embryos (+ / + and +/m). Mea- 
surements were taken on fixed embryos and plotted against 
gestational age. ((3, wild-type) The average litter size of a given 
age. Where multiple litters of the same gestational age were of 
different average size, the maximum and minimum sizes are 
plotted and connected by a vertical line. Individual (m/m} em- 
bryos were measured and assigned to a gestational age class 
based on measurement of normal littermates. These embryos 
were then plotted on the same graph (@, mutant). 

Figure 9. Comparison of trigeminal (TG) and dorsal root 
(DRG) ganglion development between wild-type (+ / +) and ho- 
mozygous mutant (m/m) embryos. Medial sections through the 
trigeminal {V th cranial; top, TG) and mid-thoracic dorsal root 
(bottom, DRG) ganglia are shown for wild-type ( + / +) and mu- 
tant (m/m) 10.5-day embryos. 

studies with N-myc and c-myc probes was the paucity of 

coexpression in embryonic tissues, raising the possibil- 

ity that some form of feedback cross-regulation might 

exist between the two genes. We investigated c-myc ex- 

pression in the CNS of null embryos, where N-myc is 

normally present at high levels and c-myc levels are be- 

low detection (Fig. 1). A sagittal section of a 10.5-day 

m / m  embryo hybridized with a c-myc probe is shown in 

Figure 12B, contrasted with an equivalent section from a 
normal ( + / + )  embryo, which is shown in Figure 12D. 

c-myc expression has not been observed previously in 

the the developing neuroepithelium (Fig. 2}. However, in 

this case, the neuroepithelium of the mutant  embryo 

(Fig. 12A, B) expresses appreciable levels of c-myc tran- 

script. Figure 12, C and D, shows the section from a 

normal littermate that was present on the same tissue 

slide as that in Figure 12A, thus confirming the absence 

of c-myc transcripts in neuroepithelium and controlling 

against possible artifacts in the hybridization process. 

These results demonstrate that the N-myc and c-myc 

genes are coordinately regulated in the neuroepithelium 

of normal developing embryos. In this tissue, the pres- 

ence of high N-myc levels results in the repression of the 

c-myc locus. Inactivation of the N-myc locus allows ex- 

pression of the c-myc gene (Fig. 12A). 

D i s c u s s i o n  

In this report we describe our current progress in under- 

standing the function of the N-myc proto-oncogene dur- 

ing embryogenesis. We initially chose this gene for study 

on the basis of three criteria: (1) N-myc is closely related 

to c-myc, a widely expressed gene implicated in cell pro- 
liferation; (2) N-myc expression is primarily confined to 

the embryo (Jakobovitz et al. 1985; Zimmerman et al. 
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1986); and (3) N-myc is associated with a limited set of 
embryonic and neuroendocrine tumors (Kohl et al. 1984; 
Lee et al. 1985; Nau et al. 1988; Nisen et al. 1988). We 
reasoned that by analogy with c-myc, N-myc might have 
related functions in regulating cell growth, but perhaps 
in a more specialized subset of cells during embryonic 
development. 

Mutually exclusive embryonic expression 

A surprising outcome of this study is the finding that 
c-myc and N-myc transcripts are often maintained in 
distinct embryonic compartments throughout develop- 
ment. Both genes exhibit a reduction in RNA levels dur- 
ing mid-gestation, although changes in N-myc levels are 
more substantial. At the organismal level, N-myc RNA 
predominates in the CNS and PNS, where c-myc tran- 
scripts are rarely present, c-myc RNA tends to be more 
heterogeneously distributed, although high levels are 
maintained in liver throughout development, an organ 
where N-myc transcripts are undetected. At the cellular 
level, the two genes rarely appear to be coexpressed; 
rather, when both gene transcripts are present in the 
same tissue (i.e., lung, kidney, gut), c-myc transcripts are 
found in the mesenchymal component while N-myc 

transcripts are located in the luminar, epithelial cells. 
These observations, coupled with the prevailing notion 
that myc genes play key roles in cellular proliferation, 
suggest that N-myc and c-myc are essential for the pro- 
liferation of separate elements of the embryo. These data 
further raised the possibility that coordinate or inter- 
genic regulation of N-myc and c-myc expression might 
exist during vertebrate embryogenesis. It is intriguing 
that although expressed throughout the neuroepithe- 
lium, N-myc transcripts are always absent in the devel- 

oping midbrain. It is possible that the third myc family 
member, L-myc, may be expressed in this region. 

Embryonic lethality 

Generation of a null N-myc allele has provided a means 
to begin exploring some of the issues raised by our ex- 
pression studies in greater detail. Given the complex and 
regulated expression pattern found for N-myc during de- 
velopment, we anticipated that this gene would be re- 
quired for embryonic survival. However, a surprising 
number of studies using targeted mutagenesis via ho- 
mologous recombination have reported subtle, undetect- 
able, or unexpected phenotypes in the resultant homozy- 
gous mice. Examples of this include the ~2-microglobu- 
lin gene, PrP, src, fyn, and fos, among others (Zijlstra et 
al. 1990; Schwarzberg et al. 1991; Soriano et al. 1991; 
Tybfilewicz et al. 1991; Bfieler et al. 1992; E. Wagner, 
pets. comm.). Thus, a gratifying result has been the ob- 
servation that in the null homozygote N-mycB~P/N - 
myc BRP, deficiencies were present in most embryonic 

structures where this gene is normally expressed. A no- 
table departure from this trend occurs during gastrula- 
tion, which appears to proceed normally in null embryos 
in the absence of N-myc, even though this gene and not 
c-myc is normally expressed in the rapidly proliferating 
embryonic ectoderm. These data indicate that N-myc is 
not required for normal gastrulation or that its function 
at this stage is fortuitously compensated by other genes. 

N-myc is required for normal organogenesis 

Homozygous null embryos apparently develop normally 
until after the onset of organogenesis. We can first detect 
abnormalities in homozygous mutants by 9.5 days when 

Figure 10. Comparison of kidney devel- 
opment in l l.5-day wild-type and ho- 
mozygous mutant embryos. {A,C) Sections 
through homozygous mutant (mut, m/m) 
embryos. (B,D) Sections through wild-type 
{wt) embryos. (gr) Genital ridge; (mt) me- 
sonephric tubule; (ce) coelomic epithe- 
lium, (st} stomach. A and B were taken 
through a 10x objective; C and D were 
taken through a 19 x objective. 
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Figure 11. Comparison of lung development between wild- 
type and homozygous mutant embryos. (A,C,E) Sections 
through homozygous mutant {m/m) embryos. (B,D,F) Sections 
through wild-type (+ /+ )  embryos. (A,B) Day 9.5 embryos; 
(C,D) day 10.5 embryos; {E,F) day 11.5 embryos. The location of 
the developing lung is indicated (lu). All views were taken 
through a 5 x objective. 

these embryos begin to display a constellation of patho- 
logic features that strongly suggests an important role for 
N-myc in the proliferation of differentiated or partially 
differentiated structures. The predominant hallmark is 
hypoplasia, which affects a number of organ systems, 
particularly those of epithelial origin. Within endoderm- 
derived structures, most notable are the hypoplastic gut 

and lung. In mutant embryos, we have been unable to 
identify structures of the midgut and lower gut that are 
normally present in 10.5- to 11.5-day embryos. This de- 
velopmental retardation, together with our observation 
that N-myc is normally transcribed in the epithelium of 
the nascent gut, provides compelling evidence for an es- 
sential role in the growth and/or organization of gut ep- 
ithelium. In addition, the epithelium of mutant lung 
fails to undergo appropriate branching as compared with 
lung of wild-type littermates, which shows multiple 
branchings at embryonic day 11.5. Recently, Moens and 
co-workers 11992) have described a hypomorphic allele of 
N-myc (N-mycgaJ, which results in neonatal death in a 
homozygous state. Analysis of the N-myc 9a homozy- 

gotes revealed improper branching of the embryonic 
lung coupled with selectively reduced expression of 
N-myc in this tissue. These data are entirely consistent 
with our in situ studies and with the phenotype that we 
observe in lung of N-myc BRP homozygotes. By extension, 

the work of Moens and co-workers provides support for 
our interpretation of the cause of abnormalities observed 
in other embryonic tissues where N-myc expression is 
ablated by the N-myc B~P null allele. 

The genital ridge, together with the mesonephros, was 
also affected by the N-myc BRP mutation. We and others 

(Mugrauer et al. 1988) have noted N-myc expression in 
the epithelia of induced embryonic kidney structures. 
Although mesonephric tubules were evident in mutant 
embryos, they were decreased in number and size and 
showed an increased amount of pyknosis, presumably 
representing apoptosis. The thickness of the genital ridge 
was markedly diminished and existed as a thin wisp of 
tissue lying between the coelomic epithelium and the 
dorsal aorta, which appeared consistently dilated in the 
mutant embryos. Both the stromal and germ cell com- 
ponents of the genital ridge were hypoplastic in the mu- 
tant, being reduced to approximately one-tenth the size 
of those in normal littermates. Similar deficiencies were 
observed in the CNS and PNS, sites of normal N-myc 

expression. Lack of organization and cell number reduc- 
tion were most evident in several neural crest-derived 
structures, including trigeminal ganglia and DRG, and 
pharyngeal pouches. All of these characteristics lead to 
the conclusion that N-myc functions to allow prolifera- 
tion of epithelial components of the organogenic embryo. 

We have observed that the stage in development at 
which arrest occurs in mutant embryos varies within 
about a 24-hr window between embryonic days 10.5 and 
11.5. However, none of the deficiencies described thus 
far provide a satisfactory explanation for the cause of 
embryonic death. Although possibly structurally delete- 
rious, the absence of normal lung, gut, PNS, and so forth, 
should not affect embryonic viability but, rather, sur- 
vival after birth. Perhaps the best clue for cause of mor- 
bidity lies in the observation that the homozygous mu- 
tant embryos bleed easily upon manipulation (Fig. 5), 
exhibit distended aortas, and are severely anemic when 
examined at embryonic day 12. These observations sug- 
gest a failure in the developing cardiovascular system, 
leading to spontaneous bleeding that would result in em- 
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Figure 12. Expression of c-myc in neu- 
roepithelium of homozygous mutant 
N-myc embryos. (A,C) Dark-field and 
(*B,D} bright-field view of sagittal sections 
through the head of 10.5- day m/m (A,B} 
and + / +  {C,D) mouse embryos. The sec- 
tion was hybridized with a c-myc-specific 
RNA probe as described in Materials and 
methods. The embryos used in this exper- 
iment were from the same litter and were 
embedded in a single paraffin block. Note 
that B is a photograph of the identical m/m 
embryo from the adjacent section {5 ~,m) to 
that of A, C, and D because the tissue in A 
was partially damaged. 

bryonic death. We have detected subtle signs of heart 

abnormali t ies  in the myocardium, a site of N-myc ex- 

pression, which  appears thin in the mutants .  

Heterozygotes exhibit reduced fitness 

Adult heterozygous animals  do not exhibit  any observ- 

able phenotype, although there is a numerical  reduction 

in the proportion of animals  that carry only one wild- 

type gene. The disappearance of these embryos occurs 

late in gestation or soon after birth, as the expected num- 

bers of + / m  embryos are present through embryonic day 

18.5 yet are significantly reduced by postnatal day 21. 

We (Stanton et al. 1990) and others {Sawai et al. 1991) 

have shown that the level of expression is reduced by 

twofold in ES cells carrying a single functional  N-myc 

gene. Although it is difficult to obtain a meaningful  as- 

sessment of the degree of N-myc m R N A  production in 

each individual  organ of heterozygote embryos, it is 

l ikely that some heterozygotes fail to progress during a 

period when a threshold level of N-myc product is re- 

quired in a critical organ that is sensitive to minor  fluc- 

tuations. The lung is a good candidate based on the ob- 

servations by Moens et al. {1992) in mice homozygous 

for the hypomorphic  N-myc 9a allele. The basis for the 

reduced number  of + / m  mice and the precise t iming of 

death is currently under investigation. 

Intergenic regulation 

One impetus  for generating N-myc mutan t  mice was to 

assess the possibil i ty of cross-regulation among Myc 

family  genes. This  was based on our expression studies 

and on previous work wi th  transgenic models suggesting 
the existence of direct negative cross-regulation between 

N-myc and c-myc (Dildrop et al. 1988; Rosenbaum et al. 

1989). These workers observed that overexpression of 

N-myc in transgenic mice resulted in the down-regula- 

tion of the endogenous c-myc and N-myc genes. In situ 

analysis of c-myc expression in homozygous mutan t  em- 

bryos reveals that c-myc is expressed in neuroepithe- 

lium, a site where it is not normal ly  present. These data 

provide firm evidence for the existence of cross-regula- 

tion of these genes in at least some cell types. Continu- 

ing analysis of c-myc and L-myc expression in these em- 

bryos and generation of pr imary cell cultures should pro- 

vide useful reagents for studies of regulation and 

proliferation. Future studies based on the use of this 

model system should provide a unique resource for ex- 

amining development of the epithelial  components  that 

are critical to the organogenic phase of m a m m a l i a n  de- 

velopment. 

Materials and methods 

In situ hybridization 

Protocols were as described previously {Martin-Zanca et al." 
1990; Tessarollo et al. 1992) using 3sS-labeled cRNA probes. 
After hybridization and washes, the slides were dehydrated and 
dipped in Kodak NTB-2 emulsion, stored for 5-10 days at 4~ 
and developed in Kodak D-19. Probes were derived from regions 
of the mouse N-myc gene that did not hybridize to other mem- 
bers of the myc gene family at low stringency. A partial N-myc 
cDNA was isolated from an embryonic library prepared with 
day 10.5 mouse embryonic RNA (LeMouellic et al. 1988) using 
a genomic probe (gift from Fred Alt, Howard Hughes Medical 
Institute, Boston, MA). An antisense RNA probe was tran- 
scribed from the T7 promoter after linearizing with HincII. The 
resulting 800-bp riboprobe is unique for N-myc. A sense-strand 
riboprobe was hybridized to adjacent or nearby sections from 
those presented in this study, and no labeling above background 
was ever detected (data not shown). The c-myc probe was a 
400-bp BamHI-BglII fragment derived from the c-myc-specific 
first exon. This plasmid was kindly provided by Michael Cole 
and is described by Baumbach and co-workers (1988). All RNA 
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probes labeled with 3SS were prepared by standard procedures 
(Kreig and Melton 1987). 

DNA analysis 

The details of the mutagenesis of the N-myc locus in ES cells 

has been described (Stanton et al. 1990). The mutated N-myc 

locus differs from the wild-type allele by the addition of -850 

bp of neo sequences (Fig. 3), resulting in the size increase of an 
EcoRI N-myc hybridizing band from 7.7 to 8.6 kbp (Stanton et 

al. 1990). Genotypes of all animals and embryos were deter- 
mined by Southern analysis using the entire N-myc insert from 
pN7.7 (DePinho et al. 1986) as a probe. This genomic fragment 
contains sequences both 5' and 3' of those present in the re- 

combination cassette. Results were confirmed using a neo-spe- 

cific probe that hybridizes only to the mutant allele. 

Genomic DNA was prepared from tail biopsies and yolk sacs 

by conventional proteinase K/phenol extraction (Jenkins et al. 

1982), and DNA was digested with restriction enzymes as rec- 

ommended by the manufacturer (Boehringer Mannheim Bio- 

chemicals). Southern blot procedures were as described in Stan- 
ton et al. (1990). 

Mice and embryos 

Pups were weaned at 3 weeks postpartum, and tail biopsies were 
taken at 4 weeks. Heterozygote m / +  animals were systemati- 
cally intercrossed by brother/sister matings for embryo analy- 

sis. The morning of the detection of a vaginal plug was consid- 

ered day 0.5, upon which gestationat age was assigned. At the 
time of embryo biopsy, morphologic criteria, as indicated by 
Brown (1990), were used in assigning developmental age. Key 
criteria included somite number, limb bud, eye and ear devel- 

opment, and crown-rump length. The genotype of each embryo 

was determined by analysis of yolk sac-derived DNA. The em- 

bryos were then fixed overnight, dehydrated, and embedded in 

paraffin (Hogan et al. 1986). Embryos were sectioned at 4-5 ~m 
thickness, mounted on gelatin-treated slides, and stained with 

H-E. Photography was done using a Wild Heerbrugg stereomi- 
croscope equipped with a Nikon N2000 camera containing Ek- 

tar 125 or TMAX 100 film (Kodak). Histologic sections were 
photographed using a Zeiss Axiophot microscope with integral 
camera and similar film. 

Assignment of gestational age via 

crown-rump measurements 

The gestational age was calculated by interpolation of the av- 

erage crown-rump length of + / +  and + / m  embryos within a 

single litter against a standard curve (broken line) generated 

using data taken from Rugh (1968), as shown in Figure 8. 
Crown-rump measurements were made of each embryo exam- 

ined and plotted against this curve. The average crown-rump 
length of each litter was then plotted against the age curve, and 

a developmental age assignment was made for that litter. This 
age was then used for placing the crown-rump measurement 

obtained from mutant and wild-type embryos. In cases where 

significant variation of embryo length between litters was ob- 

served, the range of lengths used in the averaging assignment is 
shown by a vertical line connecting the wild-type measure- 
ments {Fig. 8). 

Statistical analysis 

To determine the statistical significance of the reduced number 

of heterozygous ( + /m)  progeny resulting from the intercrosses, 

a chi-square (X 2] analysis was performed. The genotypes of 549 
progeny, with a distribution of 243 + / +  and 306 +/m,  were 

obtained. No live-born m / m  progeny were observed. To calcu- 

late the X 2 value for the remaining classes of animals, 243 was 

taken as the expected number of + / +  animals and 486 was 
taken for the + / m  class. A-X 2 value of 66.6 was calculated. 

Using one degree of freedom, this value indicates significant 
deviation from values predicted by Mendelian inheritance at 

P < 0.005. [Alternative calculations, in which the total number 
of progeny obtained (549) was used for computation of expected 

numbers of progeny (183 for + / +  and 366 for +/m), also re- 
sulted in X 2 values that indicate significant deviation at the 
P < 0.005 level.] 
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