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ABSTRACT

We studied \-myc RNA by in situ hybridization and SI nuclease
protection analysis in human fetal cerebrum, retina, lung, liver, and
placenta during the second trimester. High levels of N-myc RNA were
found in the early fetal cerebral germinal layer and the primordial cortex,
with lower levels in the intermediate layer. After the twentieth week, V
myc expression declined in the attenuated germinal layer, remained high
in the undifferentiated outer cortex, but declined in the differentiating
inner cortex, which now expressed c-src. The primitive retina had high
levels of \-myc RNA in the inner nuclear and ganglion cell layers between
12 and 21 weeks of fetal age. During this time, c-src RNA increased with
fetal age in the ganglion cell layer. Lower levels of N-myc RNA were
expressed in some cells of lung and placenta. Thus, appreciable Vmjc
RNA elevation is present in immature neural cells, disappears with
differentiation, and may be unrelated to mitosis since high levels occur
in the primordial cortex, which grows by accretion, and not by cell
division.

INTRODUCTION

During embryogenesis, tissues and organs develop in a se
quential pattern which implies that genes coding for particular
proteins are switched on and off in a precise, well regulated
manner. That this might be the case had been suggested by
previous observations that proteins present during fetal devel
opment may differ from those of their adult analogues; e.g., the
expression of fetal or adult hemoglobin during different devel
opmental stages. This field of research has received indirect
impetus by recent studies of oncogenes in various neoplasms.
These oncogenes appear to be derivatives of normal cellular
genes (protooncogene, c-onc), which are essential to the func
tion of the organism (1, 2). In some neoplasms, structural
differences between an expressed oncogene and an analogous
protooncogene have been demonstrated (3). Some protoonco-
genes may have a role during embryogenesis while others may
be active during postnatal life.

Expression of cellular oncogenes has been described in the
placenta (c-myc, c-fos, c-sis, c-fms, c-ras*\ c-ras"") (4-9). By in
situ hybridization, it was shown that c-myc transcript in the
human placenta is found almost entirely in early cytotropho-
blasts with a peak level at 4 weeks postconception, a marked
decrease at 7 weeks, and essentially nondetectable levels at
delivery (7). c-myc was highly expressed in human embryonic
skin, intestine, and connective tissue, and could be detected in
brain, kidney, and lung; however, levels were extremely low or
absent in liver, cartilage, and retina (8). In these embryonic
tissues, peak expression was somewhat later than in placenta,
although fetuses older than 11 weeks were not studied. In total
murine embryonic extracts, RNA transcripts were detected at
consistent levels from 7-18 days of embryonic development
with c-roy"", c-rasK>,and c-sis probes (4, 6, 10). In contrast, c-
abl, c-myc, c-src, and c-erb showed fluctuations related to fetal
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age (4,10). However, this method did not identify which tissues
showed transcript elevation nor could it determine whether a
series of tissues expressed these genes sequentially during this
period. The appearance of pp60src in developing human and

chick neural tissue and chick retina coincided with the onset of
differentiation (11-14).

The N-myc gene was originally detected in human neuroblas
toma cell lines where it is usually highly amplified and expressed
(15-17). N-ffiyc has partial homology with c-myc, both genes
have three exons, the first of which is not translated (18, 19).
The coding regions of these two genes have nucleic acid bases
which should code for proteins with an estimated 32% homol
ogy. The c-myc protein has been isolated (20) and is associated
with the nuclear matrix (21-23). Like c-myc, the N-myc protein
is localized in the nucleus (24, 25). Unlike c-myc, which is more
ubiquitous, expression of N-/Â«ychas been detected in certain
tumors of neural ectodermal derivation, such as neuroblastoma,
retinoblastoma, and astrocytoma (26-31). Most stages III and
IV neuroblastomas have increased N-myc copy number and
elevated levels of N-myc transcripts (27, 30, 32). N-myc RNA
in neuroblastoma is expressed only in the primitive neuroblastic
cells but not in the more differentiated ganglionic cells (26, 32).
Recently, N-myc expression has been described in Wilms' tu

mors and hepatoblastoma, neoplasms not derived from neu-
roectoderm (33). N-myc RNA has also been detected in whole
murine embryonic extracts by blot analysis, in extracts of fetal
and adult murine brain (34, 35), and in fetal human and murine
kidney (33, 35). A related gene (L-myc), possessing partial
homology with N-myc, is amplified and expressed in human
small cell lung carcinoma cell lines (36).

In this study, we determined the expression of N-myc in
developing human fetal brain from 12-24 weeks of gestational
age by in situ hybridization and compared these findings with
those from one sample of human adult frontal cortex. We
studied the expression of the transcript in the fetal germinal,
intermediate, and primordial cortical layers and observed
changes in expression and distribution with the onset of differ
entiation. The germinal layer grows by mitosis while the other
layers grow by accretion. Most of the tissues were also examined
by SI nuclease protection analysis. We also studied expression
of N-myc in fetal retina, lung, liver, and placenta. The expres
sion of c-src with onset of differentiation was examined in fetal
brain and retina.

MATERIALS AND METHODS

Tissues and Cell Lines. Human fetal tissues (cerebrum, eye, lung,
liver, and placenta) were obtained after therapeutic abortions terminat
ing normal pregnancies of 12-24 weeks' gestational age. The cerebral

tissue was readily identifiable and usually fragmented, but precise
localization within the cerebrum was not possible. Cerebrum could be
separated from cerebellar tissue. Human embryonal tissue was dissected
under sterile conditions, frozen in liquid V within 10 min of removal,
and stored at â€”75Â°C.We followed the nomenclature of fetal tissues

described in the Atlas of Human Prenatal Histology (37). Adult brain
tissue was normal frontal cortex removed during surgery to gain access
to an underlying astrocytoma, frozen within 10 min after removal, and
stored at -75Â°C.As a positive control for in situ hybridization studies,
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a surgically removed human neuroblastoma, stage IV, was used. It was
frozen and stored in the same manner as the above specimen. By
Northern and Southern blot analyses, this tumor was shown to have a
25-fold elevation of N-m>>cRNA and approximately 35 N-myc DNA
copies/cell. A control for the biochemical analysis was the SK-N-SH
neuroblastoma cell line, which has been shown to have one copy of N-
myc DNA and no N-myc RNA elevation (15, 26).

Probe Preparation for in Situ Hybridization. N-myc DNA is a cloned
1.0-kilobase pair Â£coRI fragment (Nb-1) derived from the human
neuroblastoma cell line Kelly (15). Human c-src DNA is a 1.7-kilobase
Sau3\ fragment, c-src' (human), derived from a human DNA library
(38). The probes were synthesized by nick translation with [3H]dCTP
and [3H]dTTP (New England Nuclear, Boston, MA) and purified by

column chromatography and ethanol precipitation (39). The specific
activities of the probes were 1-5 x 10" cpm/Vg.

In Situ Hybridization. Tissue was sectioned in a cryostat set at 5 ^m
and fixed in 4Â°Cmethanol for 20 min. The eyes were readily identified

by their pigmentation, and cryostat sections were taken through the
central plane, usually without displacement of the pigment layer. Tissue
sections were pretreated with dilute HC1 and proteinase K and in situ
hybridization was performed as previously described with 5 ng of 3H-
labeled probe/slide (32, 40, 41). RNase-pretreated tissues or negative
control tissue averaged 1.5 grains/cell, although occasional cells had,
in decreasing frequency, 3, 4, or very rarely 5 grains/cell; this was
considered as background. Cells with >6 grains/cell were therefore
considered positive for increased RNA expression. Known N-myc-
positive (neuroblastoma) and negative controls (normal lymph node)
were routinely included. The slides were coded, at least 250 cells were
counted for each slide, and the number of grains per cell recorded. A
minimum of two slides/tissue were examined. The samples from 14-,
21-, and 24-week-old fetuses were studied in three separate experiments
using different lots of N-m.ir probe, and the other fetal brain tissues
were studied twice. Fetal brain and eye were also examined by in situ
hybridization with a human 3H-labeled c-src probe.

SI Nuclease Protection Analysis. Human embryonal tissue was ho
mogenized in 4 M guanidinium thiocyanate (42). RNA was isolated by
CsCli centrifugation followed by ethanol precipitation (43). Homoge
neously labeled N-myc probe was synthesized in vitro in the presence
of [a-32P]CTP (New England Nuclear) using T7 polymerase and, as the
template, the 1.0-kilobase pair BamHl-EcoRl fragment of plasmici
clone pNB-1 inserted into the pGEM-4 vector. Full-length transcript
was isolated on a denaturing polyacrylamide gel, and aliquots were
hybridized to 10 ^g of total RNA in 400 HIMNaCl, 80% formarmele.
1 mM EDTA, and 40 mM piperazine-A', Ar'-bis(2-enthanesulfonic acid),

pH 6.4. Single-stranded probe was digested with RNase A and SI. The
samples were extracted twice with phenol, precipitated with ethanol,
and run on a 6% denaturing polyacrylamide gel (44, 45). Autoradiog-
raphy was performed with Cronex intensifying screens.

RESULTS

Expression of N-wyc in Fetal Brain and Adult Cortex. We
studied fetal cerebral tissue at different ages by in situ hybridi
zation. At 12 weeks of gestational age, the paraventricuhir
germinal layer of the cerebrum was prominent with high-level
expression of N-myc, a much lesser degree of expression was
noted in the intermediate layer (Table 1). The primordial cor
tical gray matter was thin and contained high levels of N-myc
RNA. The subpial molecular layer was very thin, the cellular
density low, and none of these cells expressed N-myc. There
was a rapid thickening of the primordial cortical gray matter
and a decrease in the thickness of the germinal layer with
increasing fetal age. By 24 weeks, the germinal layer was
extremely attenuated, was 2-4 cells thick, and showed a decline
in the expression of N-myc. During the period of 12-24 weeks,
N wir expression remained high in the enlarging primordial
cortex (Fig. 1). After 20 weeks, we noted early differentiation
in the deep cortex as evidenced by the appearance of cells with

increasing amounts of cytoplasm, rounder nuclei, and occa
sional small nucleoli; these cells did not show elevated N-myc
expression. At this time, the outer cortex still consisted of
densely packed undifferentiated cells with little cytoplasm, fre
quently oval nuclei, and high N-myc expression. The interme
diate layer always had a level of expression of N-myc that was
much lower than that of the cortex (Fig. 2). In the adult frontal
cortex, most neurons or glial cells did not have elevated N-myc
RNA, but a rare neuron had elevated transcript (Fig. 3).

S l nuclease protection analysis revealed strong expression of
N-myc in the fetal cerebrum during the entire period examined
from 14-24 weeks of gestational age (Fig. 4); sufficient material
of the cerebrum of the 12-week fetus was not available. The
fetuses were the same as those used for in situ hybridization; in
addition, cerebrums from a 15- and a 16-week-old fetus were
examined by SI nuclease protection analysis. When comparing
the results of fetal brain with that of the neuroblastoma line
SK-N-SH, which does not have N-myc amplification, we found
an approximate 50-fold elevation of N-myc RNA in fetal cere
bral tissue during the period studied. An extract of adult frontal
cortex did not show N-myc RNA.

Expression of N-myc in Fetal Retina. At 12 weeks, an inner
nuclear layer, a primitive ganglion cell layer, and a nerve fiber
layer were discernible. An intact pigment layer was adherent to
the inner nuclear layer. By in situ hybridization, elevated N-
myc RNA was detected in the first (Fig. 5) and second layer;
the third layer was essentially acellular (Table 2). The expres
sion of N-myc persisted at similar level within the first two
layers in the 17- and 21-week-old fetal retina but was not present
in extraocular tissues (muscle, fibroconnective tissue). The pig-
mented layer had densely packed rod-shaped brown granules
and background levels of round, black autographic grains. The
granules were easily distinguishable from the grains by focusing
through the sections. Because of the small size and the thin
membranous nature of the retina, there was insufficient tissue
for extraction and SI nuclease protection analysis.

Expression of N-myc in Fetal Lung, Placenta, and Liver. In
fetal lung at 12 weeks of gestational age, some cells were N-
myc positive (Table 3). Most of these positive cells lined bron
chi; the expressors could not be cytologically separated from
the nonexpressors. The cells of the peribronchial connective
tissue were negative. Very few of the alveolar lining cells were
positive for N-myc. Expression of N-myc was also seen in
placenta at 17 and 21 weeks of fetal age (Table 3). The positive
cells were cytotrophoblasts, but not syncytiotrophoblasts. In
contracts, liver from a 17-week-old fetus had few positive cells
(4%) (Table 3). By SI nuclease protection analysis (Fig. 4), fetal
lung and placenta were found to have moderate elevation of N-
myc RNA (about eight and four times that seen in the SK-H-
SH cell line), but no elevation was noted in fetal liver tissue.
The levels of N-myc transcript in fetal lung and placenta did
not reach the level seen in fetal brain.

Expression of c-src in Human Fetal and Adult Cortex and
Fetal Retina. By in situ hybridization, the percentage of positive
cells increased from low levels in the primordial gray matter at
12 [6.5 Â±2.6(SD)] and 17 weeks (6.7 Â±0.9) to increasing
numbers at 20 (22 Â±5), 21 (28 Â±9.0), and 24 weeks (52 Â±2.8).
The number of positive cells in the intermediate zone remained
constant (6 Â±1.0). In the germinal zone there were few positive
cells at 12 and 20 weeks (4.2 Â±0.9 and 5.9 Â±0.9); there was a
slight increase at 21 weeks (11.5 Â±0.5) and a further increase
at 24 weeks (21 Â±5.5). In the adult cortex, rare positive cells
were found (3.5 Â±0.7). Most of these were neurons, but a few
were glial cells.
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Table 1 Expression of N-myc in human fetal and adult brain
Cortical graymatter"Developmental

age12-wk
embryo

14-wkembryo
17-wkembryo
20-wkembryo
21-wkembryo
24-wkembryoAdult

cortexAv.

no.
grains/cell6.6

Â±0.6C
5.8 Â±0.6
6.1 Â±0.7
6.1 Â±0.3
8.1 Â±0.05
6.5 Â±0.21.7

Â±0.1%

positive
cells*64

Â±8
52 Â±12
66 Â±1
56 Â±9
83 Â±0.5
60Â±411

Â±2Intermediate

layer"Av.

no.grains/cell4.1

Â±0.4
3.5 Â±0.5
3.7 Â±0.5
2.9 Â±1.2
3.2 Â±0.5
3.2 Â±0.2Not

applicable%

positive
cells22

Â±1
11 Â±9
23 Â±2
12Â±9
20 Â±6

9Â±2Not

applicableGerminal

layer"Av.

no.
grains/cell7.1

Â±1.0
5.4 Â±0.4
5.3 Â±0.4
4.0 Â±0.04
6.5 Â±0.4
6.5 Â±0.3%

positive
cells58
Â±637

Â±8
35 Â±3
22 Â±2
23 Â±2
24 Â±1

*For nomenclature,see Ref. 37.
*Positivecells,>6 grains/cell;more than 250 cells/slidewerecounted. In negativecontrols, there wasan averageof <2 grains/cell (see"Materials and Methods").

RNase pretreated cellshad an averageof 1.5grains/cell.As a positivecontrol, a stage IV neuroblastomahad an averageof 7.8 grains/cell, 73% positivecells. In the
same tumor, a 25-foldelevationin N-mycRNA wasobservedby blot analysis.

' Mean Â±SD.

A

Fig. 1. In situ hybridizationof outer primordial fetal cerebralcortex with 3H-labelcdN-mycprobe.A, autoradiographof 21-week-oldfetal cortex showingdensely
packedprimitivecells, most with elevatedN-mjr RNA (see"Materials and Methods").B, sametissue treated with RNaseprior to hybridizationshowingbackground
of autoradiograph. x 720.

I'

.'
â€¢

â€¢

Fig. 2. In situ hybridizationof intermediate zone of fetal cerebrum with 3H-labeledN-mycprobe. ,â€¢(.autoradiograph of intermediate zone of 21-week-oldfetal
cerebrum showinglooselyarranged cells, some with an increase in N-myc RNA; B, same tissue treated with RNase prior to hybridizationshowingbackgroundof
autoradiograph.x 720.

By in situ hybridization, the percentage of positive cells in
the ganglion cell layer of the retina increased from similar levels
at 12 (6.7 Â±1.9) and 17 weeks (9.2 Â±3.9) to higher levels at
21 weeks (19 Â±5), but remained constant (10 Â±3.8) in the
inner nuclear layer. In the adjacent periocular tissues, there
were less than 1% positive cells.

DISCUSSION

The high levels of N-myc expression seen in undifferentiated
neuroblastomas but not in adult human tissues led to our
supposition that the gene may be instrumental in the early
development of the nervous system. The paraventricular neu-
roepithelium forms the germinal (matrix) layer where extensive

proliferation takes place (37, 47). From this paraventricular
layer, cells migrate during fetal development through the inter
mediate layer and form peripherally the primordial cortical
gray matter (cortical plate), which enlarges primarily by accre
tion and not by cell division. The intermediate layer will in
crease subsequently in width to become the white matter (48).
In humans, most neuronal proliferation takes place between
the fourth and 20th week of fetal development, although there
are distinct variations related to anatomic site (37, 48, 49). We
found high concentrations of N-myc in both the germinal and
undifferentiated cortical layers of the cerebrum with much lower
concentrations in the intermediate cell layer. Thus, N-myc is
present in undifferentiated fetal neural tissue. Its presence in
the germinal layer is consistent with the notion that N-myc may
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B

. j

â€¢**
Fig. 3. In situ hybridization of adult frontal cortex with 3H-labeled N-myc probe. A. autoradiograph of adult cortex showing a neuron (arrow) and glial cells without

elevation of N-myc RNA, which was the usual finding. An exceptional neuron had elevated N-myc RNA (inset); B, same tissue treated with RNase prior to
hybridization showing background of autoradiograph. x 720.
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Fig. 4. S1 nuclease protection analysis of N-myc expression in fetal tissue and
adult cerebral cortex (see "Materials and Methods"). SK-N-SH neuroblastoma
cell line, which contains a single copy of the N-myc gene and expresses low levels
of N-myc RNA, was used for comparison. Besides the N-myc band, three addi
tional discrete bands were seen, indicating that RNA degradation did not occur.
The occurrence of multiple bands have been noted in SI nuclease analysis (46).
In addition to the tissues used for in situ hybridization, cerebrums of a 15- and a
16-week-old fetus were examined. The fetal cerebral tissues all show marked and
similar elevation of N-myc RNA. The adult brain does not appear to express N-
myc. Fetal lung and placenta but not fetal liver also show N-myc expression.

function in cell multiplication, as has been suggested for c-ntyc
(50). Its persistence in the primordial nondividing cortex indi
cates that N-myc function in undifferentiated fetal cells is
unrelated to cell division, although it is conceivable that N-myc
persists after division ceases and that growth-limiting factors
have been established.

After the 20th week, the deepest layer of the cortex begins to
differentiate, and the cells develop increasing amounts of cyto
plasm. N-myc expression declines with the onset of differentia
tion in the deep cortex, while the superficial cortex is still
undifferentiated and retains high levels of the transcript. This
observation in fetal tissue parallels that seen in neuroblastomas

Fig. 5. In situ hybridization of fetal retina with 3H-labeled N-myc probe.
Autoradiograph of 21-week retina showing at the top cells external to pigment
layer with background grains. Next is the very dense pigment layer, consisting of
densely packed brown, rod-like granules and few autoradiographic grains at
background level not resolved in the photograph. Next follows the inner nuclear
layer with elevated N-myc RNA. x 720.

Table 2 Expression of N-myc in human fetal retina
Ganglion celllayer0Developmental

age ofembryo12

wk
17 wk
21 wkAv.

no.
grains/cell*5.2

Â±0.3"

6.5 Â±0.4
6.0 Â±0.6%

positive
cells'41

Â±1062
Â±5

54 Â±10Inner

nuclearlayer"Av.

no.grains/cell5.1

Â±0.5
6.6 Â±1.1
6.1 Â±0.7%

positive
cells45

Â±8
61 Â±18
56 Â±9

Â°For nomenclature, see Ref. 37.
4 Periocular muscle had an average grain count of 2.6 Â±0.2/cell.
' For definition of positive cells, results with negative controls, RNase pre-

treated tissue, and positive controls see Table 1, Footnote b.
" Mean Â±SD.
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Table 3 Expression of N-myc in other embryonic tissues

Developmental
age andtissue12

wk, lung
17 wk, placenta
21 wk. placenta
17 wk, liverAv.

no.
grains/cell3.0

Â±1.1*

3.5 Â±0.4
4.0 Â±0.1
2.4 Â±0.1%

positive
cells'14

Â±427
Â±8

23 Â±2
4Â±1â€¢See

Table1.*
Mean Â±SD.

where N-myc is likewise found in the most undifferentiated
neuroblastic cells but not in the more differentiated neoplastic
ganglion cells of ganglioneuroblastomas (26, 32).

In contrast, expression of human c-src increased in the pri
mordial gray matter of human fetal brain and the ganglion cell
layer of the retina with increasing fetal development. Thus, the
patterns of expression of c-src RNA and N-myc RNA in fetal
neural tissue are markedly different. Also, pp60csrc has been
detected in postmitotic rat neurons (51). Hence, c-src transcrip
tion and translation appears with cellular differentiation while
the level of N-myc RNA declines. These findings relate modu
lation of N-myc and c-src expression to fetal development.

At this time, the precise role of N-myc is unclear, and we do
not know whether it may have more than one function. In
human stage I/II neuroblastomas, N-myc is usually not ampli
fied, and the level of N-myc RNA is usually not elevated, while
amplification and elevation is frequently seen in the advanced
stage III/IV neuroblastomas (27, 30, 32). Here, N-myc expres
sion is related to the ability of the tumor to disseminate, not to
induction of the neoplasm (32). Recently, it has been found
that high N-myc expression in neuroblastoma cells causes down
modulation of class I histocompatibility antigens, possibly de
creasing the effectiveness of antitumor immune response, lead
ing to an unfavorable clinical course (52). In an in vitro system,
N-myc caused continuous growth of rat embryo fibroblasts
(immortalization) and led to transformation in conjunction with
c-Ha-ras (53, 54). When retinoic acid was added to human
neuroblastoma cell lines, N-myc RNA levels began to fall
followed by differentiation and cessation of cell division (55,
56). However, neuroblastoma cells retained high levels of N-
myc mRNA while growth arrested by serum withdrawal.

It is not known whether ,\-/mr has the same function in
developing neural tissue and in neuroblastoma. It is possible
that N-myc derived from developing human fetal neuronal
tissue has subtle differences from the analogous gene isolated
from neuroblastoma; as yet, only the latter has been sequenced
(18).

In the retina, we found N-myc RNA again in undifferentiated
neural cells but not in the pigment layer. N-myc RNA has also
been detected by blot analysis in a pool of fetal retina of 6-10
weeks gestation age (57). These findings are of great interest
since the development and differentiation of the eye can be
easily studied in great detail. The detection of N-wiyc-positive
cells in the fetal lung is of interest since this tissue has high
numbers of neuroepithelial bodies consisting of argentaffin
cells. These structures are part of the dispersed neuroendocrine
amine precursor uptake and decarboxylation system and persist
in relatively lower numbers in the lung of the adult (58). A
neurocrest origin was initially suggested for the entire system.
While there is strong evidence for such an origin for part of
this system such as the adrenal medulla, the origin of the
neuroendocrine cells of the lung is unclear. N-myc is present in
the placenta! cytotrophoblasts but not in the syncytiotropho-
blasts by in situ hybridization. The finding of only very rare
fetal hepatic cells that express N-myc by in situ hybridization

and the failure to detect elevation of the gene transcript by a
sensitive biochemical technique indicate that N-myc RNA is
not appreciably elevated in this tissue during this stage of fetal
development. We did not find N-myc in adult cerebral cortex
by SI nuclease analysis, but using in situ hybridization we found
a few N-wyc-positive ganglion cells. This tissue was obtained
during surgery and was frozen in liquid nitrogen within 10 min
of removal, as were the fetal tissues. Presence but not elevation
of N-myc RNA has been reported in adult murine cortical tissue
(34).

This is the first demonstration of N-myc in the development
of the fetal human central nervous system. The level of N-myc
RNA is elevated in undifferentiated neural cells. It is present in
the dividing germinal layer and in the nondividing primordial
cortex and therefore is not necessarily related to cell division
in embryogensis. N-myc RNA marketedly decreases or disap
pears at the onset of early neuronal differentiation, while c-src
RNA increases, suggesting regulatory roles in normal neural
development.

ACKNOWLEDGMENTS

The authors thank David A. Geller for his help in editing and
preparing the manuscript.

REFERENCES

1. Bishop, J. M. Cellular oncogenes and retroviruses. Ann. Rev. Biochem., 52:
301-354, 1983.

2. Varmus, H. E. The molecular genetics of cellular oncogenes. Ann. Rev.
Genet., 18: 553-612, 1984.

3. Land, 11.. Parada, L. F., and Weinberg, R. A. Cellular oncogenes and
mull Â¡stepcarcinogenesis. Science (Wash, DC), 222: 771-778, 1983.

4. Muller, R., Slamon, D. J., Tremblay, J. M., Cline, M. J., and Verma, I. M.
Differential expression of cellular oncogenes during pre- and postnatal de
velopment of the mouse. Nature (Lond.), 299:640-644, 1982.

5. Muller, R., Verma, I. M., and Adamson, E. D. Expression of c-onc genes: c-
fos transcripts accumulate to high levels during development of mouse
placenta, yok sac and Â¡minion.EMBO J., 2: 679-684, 1983.

6. Muller, R., Slamon. D. J., Adamson. E. D., Tremblay, J. M., Muller, D.,
Cline, M. J. and Verma. I. M. Transcription of c-onc genes c-ros"' and c-/ms
during mouse development. Mol. Cell. Biol.. 3: 1062-1069, 1983.

7. Pfeifer-Ohlsson, S., Goustin, A. S., Rydnert, J., Wahlstrom, T., Bjersing, L.,
Stehelin, D., and Ohlsson, R. Spatial and temporal pattern of cellular myc
oncogene in developing human placenta: implications for embryonic cell
proliferation. Cell, 38: 585-596. 1984.

8. Pfeifer-Ohlsson, S., Rydnert, J., Goustin, A. S., Larsson, E., Betsholtz, C,
and Ohlsson, R. Cell-type specific pattern of myc protooncogene expression
in developing human embryos. Proc. Nati. Acad. Sci. USA, 82: 5050-5054,
1985.

9. Goustin, A. S., Betsholtz, C., Pfeifer-Ohlsson, S., Persson, H., Rydnert, J.,
Bywater, M., Holmgren, G., Helden, C-H., Westermark, B., and Ohlsson,
R. Coexpression of the sis and myc proto-oncogene in developing human
placenta suggests autocrine control of trophoblast growth. Cell, 41:301-312,
1985.

10. Slamon, D. J.. and Cline, M. J. Expression of cellular oncogenes during
embryonic and fetal development of the mouse. Proc. Nati. Acad. Sci. USA,
Ã„/.-7141-7145, 1984.

11. Cotton, P. C., and Brugge, J. S. Neural tissues express high levels of the
cellular src gene product ppÃ¶O"**.Mol. Cell. Biol., 3: 1157-1162, 1983.

12. Jacobs, C., and Rubsamen. H. Expression of ppoO*"*"protein kinase in adult

and fetal human tissue: high activities in some sarcomas and mammary
carcinomas. Cancer Res., 43: 1696-1702, 1983.

13. Levy, B. T., Sorge, L. K., Meymandi, A., and Maness, P. F. pp60"" kinase
is in chick and human embryonic tissues. Dev. Biol., 104: 9-17, 1984.

14. Sorge. L. K., Levy, B. T., and Maness, P. F. ppoO*"â„¢is developmentally
regulated in the neural retina. Cell, 36: 249-257, 1984.

15. Schwab, M., Alitalo, K., Klempnauer, K-H., Varmus, H. E., Bishop, J. M.,
Gilbert, F., Brodeur, G.. Goldstein, M., and Trent, J. Amplified DNA with
limited homology to myc cellular oncogene is shared by human neuroblas
toma cell lines and a neuroblastoma tumor. Nature (Lond.), 305: 245-248,
1983.

16. Kohl, N. E., Kanda, N., Schreck, R. R., Bruns, G., LaÂ«,S. A., Gilbert, F.,
and Alt, F. W. Transposition and amplification of oncogene related sequences
in human neuroblastomas. Cell, 35: 359-367, 1983.

17. Schwab, M.. Varmus, H. E., Bishop, J. M., Grzeschik, K-H., Naylor, S. L.,
Sakaguchii, A. Y., Brodeur, G., and Trent, J. Chromosome localization in

2935

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/11/2931/2427542/cr0470112931.pdf by guest on 19 M

ay 2023



N-myc IN FETAL HUMAN BRAIN

normal human cells and neuroblastomas of a gene related to c-myc. Nature
(Lond.), JOÂ«:288-291, 1984.

18. Stanton, I.. W., Schwab, M., and Bishop, J. M. Nucleotide sequence of the
human N-myc gene. Proc. Nati. Acad. Sci. USA, 83:1772-1776,1986.

19. IVI'mho, R. A., Legouy, E., Feldman, L. B., Kohl, N. E., Yancopoulos, G.
D., and Alt, F. W. Structure and expression of the murine N-myc gene. Proc.
Nati. Acad. Sci. USA, Â«5:1827-1821, 1986.

20. Giallongo, A., Appella, E., Ricciardi, R., Rovera, G., and Croce, C. M.
Identification of the c-myc oncogene product in normal and malignant B
cells. Science (Wash. DC), 222:430-432, 1983.

21. Eiseman, R. N., and Hann, S. R. myc-Encoded proteins of chickens and
man. Curr. Top. Microbiol. Immunol., 113: 192-197, 1984.

22. Moelling, K., Benter, T., Bunte, T., Pfaff, E.. Deppert, W., Egly, J. M., and
Miyamoto, N. B. Properties of the mir nene product: nuclear association,
inhibition of transcription and activation in stimulated lymphocytes. Curr.
Top. Microbiol. Immunol., 113: 198-207, 1984.

23. Beimling, P., Benter, T., Sander, T., and Moelling, K. Isolation and charac
terization of the human cellular myc gene product. Biochemistry, 24:6349-
6355, 1985.

24. Slamon, D. J., Boone, T. C, Seeger, R. C., Keith, D. E., Chazin, V., Lee, H.
<'., and Souza, L. M. Identification and characterization of the protein

encoded by the human N-myc oncogene. Science (Wash. DC), 232:768-772,
1986.

25. Ikegaki, N., Burkovsky, J., and Kennett, R. H. Identification and character
ization of the NMYC gene product in human neuroblastoma cells by mono
clonal antibodies with defined specificities. Proc. Nati. Acad. Sci. USA, 83:
5929-5933,1986.

26. Schwab, M., Ellison, J., Busch, M., Rosenau, W., Varmus, H. E., and Bishop,
J. M. Enhanced expression of the human gene N-myc consequent to ampli
fication of DNA may contribute to a malignant progression of neuroblas
toma. Proc. Nati. Acad. Sci. USA, 81:4940-4944, 1984.

27. Brodeur, G. M. Seeger, R. C., Schwab, M., Varmus, H. E., and Bishop, J.
M. Amplificatimi of N-myc in untreated human neuroblastomas correlates
with advanced disease stage. Science (Wash. DC), 224: 1121-1124, 1984.

28. Kohl, N. E., Gee, C. E., and Alt, F. W. Activated expression of the N-myc
gene in human neuroblastomas and related tumors. Science (Wash. DC),
226:1335-1337,1984.

29. Lee, W. H., Murphree, A. L., and Benedict, W. F. Expression and amplifi
cation of the N-myc gene in primary retinoblastoma. Nature (Lond.), 309:
458-460, 1984.

30. Seeger, R. C., Brodeur, G. M., Sather, H., Dalton, A., Siegel, S. E., Wong,
K. Y.. and Hammond, D. Association of multiple copies of the N-myc
oncogene with rapid progression of neuroblastomas. N. Eng). J. Med., 313:
1111-1116, 1985.

31. ( iarson. J. A., Mel nlyre. P. G., and Kemshead, J. T. N-myc amplification in
malignant astrocytoma. Lancet, 2: 718-719, 1985.

32. Grady-Leopardi, E. F., Schwab, M., Albin, A. R., and Rosenau, W. Detection
of N-myc oncogene expression in human neuroblastoma by in situ hybridi
zation and blot analysis: relationship to clinical outcome. Cancer Res., 46:
3196-3199, 1986.

33. Nisen, P. D., Zimmerman, K. A., Cotter, S. V., Gilbert, F., and Alt, F. W.
Enhanced expression of the N-myc gene in Wilms' tumors. Cancer Res., 46:

6217-6222, 1986.
34. Jakobovits, A., Schwab, M., Bishop, J. M., and Martin, G. R. Expression of

N-myc in teratocarcinoma stem cells and mouse embryos. Nature (Lond.),
318: 188-191, 1985.

35. Zimmerman, K. A., Yancopoulos, G. D., ( (illuni. R. G., Smith, R. K., Kohn,
N. E., Denis, K. A., Nau, M. M., Witte, O. N. Toran-Allerand, D., Gee, C.
E., Minna, J. D., and Alt, F. W. Differential expression of myc family genes
during murine development. Nature (Lond.), 319: 780-783, 1986.

36. Nau, M. M., Brooks, B. J., Battey, J., Sausville, E., Gazdar, A. F., Kirsch, I.
R., McBride, O. W., Bertness, V., Hollis, G. F., and Minna, J. D. L-myc, a

new myc-related gene amplified and expressed in human small cell lung
cancer. Nature (Lond.), 318:69-73, 1985.

37. Nishimura, H., ed. Atlas of Human Prenatal Histology, pp. 20-31. Tokyo:
Izaku-Shoin, Ltd., 1983.

38. Parker, R. C., Mardin, G., Lebo, R. V., Varmus, H. E., and Bishop, J. M.
Isolation of duplicated human c-src genes located on chromosomes 1 and 20.
Mol. Cell. Biol., 5:831-838, 1985.

39. Schwab, M., Alitalo, K., Varmus, H. E., Bishop, J. M., and George, D. A
cellular oncogene (c-Ki-ru.v) is amplified, overexpressed, and located within
karyotypic abnormalities in mouse adrenocortical tumor cells. Nature
(Lond.), 303:497-501, 1983.

40. Brahic, M., and Haase, A. T. Detection of viral sequences of low reiteration
frequency by in situ hybridization. Proc. Nati. Acad. Sci. USA, 75: 6125-
6129, 1978.

41. Haase, A., Brahic, M., Stowring, L., and Blum, H. Detection of viral nucleic
acids by in situ hybridization. In: K. Maramorosch and H. Koprowski (eds.).
Methods of Virology, Vol. 7, pp. 189-226. New York: Academic Press, Inc.,
1984.

42. Chirgwin, J. M., Przybyla, A. E., MacDonald, R. J., and Rutter, W. J.
Isolation of biologically active ribonucleic acid from sources enriched in
ribonuclease. Biochemistry, Â¡8:5294-5299, 1979.

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

44. Berk, A. J., and Sharp, P. A. Sizing and mapping of early adenovinis in
RNA's by gel electrophoresis of SI endonuclease-digested hybrids. Cell, 12:
721-732,1977.

45. Favaloro, J., Treisman, R., and Kamen, R. Transcription maps of polyoma
virus-specific RNA: analysis by two-dimensional nuclease SI gel mapping.
Methods Enzymol., 65:718-749, 1980.

46. Williams, J. G., and Mason, P. J. Hybridisation in the analysis of RNA. In:
B. D. Harnes and S. J. Higgins (eds.), Nucleic Acid Hybridisation: A Practical
Approach, pp. 139-160, Washington, DC: IRL Press, 1985.

47. 1.arroche. J. C. Some anatomical aspects of the brain development. Biol.
Neonate, 4:126-153, 1962.

48. Friede, R. L. Developmental Neuropathology, pp. 1-8. Berlin: Springer-
Verlag, 1975.

49. Cowan, W. M. The development of the brain. Sci. Am., 241:113-133,1979.
50. Studzinski, G. P., Brelvi, Z. S., Feldman, S. C., and Watt, R. A. Participation

of c-myc protein in DNA synthesis of human cells. Science (Wash. DC), 234:
467-470, 1986.

51. Brugge, J. S., Cotton, P. C., Queral, A. E., Barrett, J. N., Nonner, D., and
Keane, R. W. Neurones express high levels of a structurally modified,
activated form of pp60"". Nature (Lond.), 316: 554-557, 1985.

52. Bernards, R., Dessain, S. K., and Weinberg, R. A. N-myc amplification
causes down modulation of MHC class I antigen expression in neuroblas
toma. Cell, 47: 667-674,1986.

53. Schwab, M., Varmus, H. E., and Bishop, J. M. Human N-myc gene contrib
utes to neoplastic transformation of mammalian cells in culture. Nature
(Lond.), 316:160-162,1985.

54. Yancopoulos, G. D., Nisen, P. D., Tesfaye, A., Kohl, N. E., Goldfarb, M. P.,
and Alt, F. W. N-myc can cooperate with ras to transform normal cells in
culture. Proc. Nati. Acad. Sci. USA, 82: 5455-5459, 1985.

55. Thiele, C. J., Reynolds, C. P., and Israel, M. A. Decreased expression of N-
myc precedes retinole acid-induced morphological differentiation of human
neuroblastoma. Nature (Lond.), 313:404-406, 1985.

56. Amatruda, T. T., Ill, Sidell, N., Ranyard, J., and Koeffler, H. P. Retinoic
acid treatment of human neuroblastoma cells is associated with decreased N-
myc expression. Biochem. Biophys. Res. Commun., 126: 1189-1195, 1985.

57. Squire, J., Goddurd. A. D., Canton, M., Becker, A., Phillips, R. A., and
Gallic. B. L. Tumor induction by the retinoblastoma mutation is independent
of N-myc expression. Nature (Lond.), 322: 555-557, 1986.

58. Gould, V. E., Linnoila, R. L, Memoli, V. A., and Warren, W. H. Neuroen
docrine components of the bronchopulmonary tract: hyperplasias, dysplasias,
and neoplasms. Lab. Invest., 49:519-537, 1983.

2936

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/11/2931/2427542/cr0470112931.pdf by guest on 19 M

ay 2023




