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Mutations in the NF1 gene may cause developmental ab-
normalities and the formation of a variety of tumors of
neural crest origin in humans. The NF1 gene codes for a
large protein, neurofibromin (nf), which is structurally
and functionally related to yeast and human ras-GTPase-
activating proteins (ras-GAPs). Recently, two transcripts
coding for type I and type II nf with different ras-GAP ac-
tivity have been identified. Since ras proteins do not appear
to be significantly regulated during mouse development, we
examined if differential expression of neurofibromins may
provide evidence for & role of nfs in regulating ras-me-
diated cell proliferation and differentiation. Nfs were ex-
pressed as early as E8. At Ell a marked increase of NF1
transcripts occurred and was associated with expression of
nfs in all tissues. Type I and type II nfs each showed a dif-
ferent time course of expression and tissue localization,
with type 1l nf present mainly from E8 through E10, al-
though in the heart type II nf was present at E12. In some
tissues such as heart and dorsal root ganglia rapid in-
creases and decreases of nfs were detected related to differ-
entiation of these tissues. These results are consistent with
a role of nfs in regulating ras-mediated cell proliferation
and differentiation during development and support dis-
tinct functional roles for type I and type IInfs. © 1994 Academic
Press, Inc.

INTRODUCTION

Von Recklinghausen neuroftbromatosis (NF1) is one
of the most common Mendelian diseases, affecting 1 in
3500 individuals. NF'1 affects the development and
growth control of many tissues, but especially those de-
rived from the neural crest (reviewed in Pulst, 1991).
Common manifestations are benign tumors of the pe-
ripheral nerves comprised mainly of Schwann cells
{neurofibromas), tumors of the iris (Lisch nodules), and
hyperpigmentation of melanoeytes (eafé au lait spots)
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{Riceardi, 1981). Patients with NF1 are at an increased
risk for specific kinds of malignancies, including neuro-
fibrosarcomas, astrocytomas, pheochromoeytomas, and
embryonic rhabdomyosarcomas (Bader, 1986; Korf,
1990). In addition, developmental abnormalities are
common, such as learning disabilities and presumed
hamartomatous changes within the brain on magnetic
resonance imaging (Shu et al, 1993) as well as typical
bony changes such as deformities of the vertebral bodies
and long bones.

The gene for NF1 has been cloned (Cawthon et al,
1990; Viskochil ef al, 1990; Wallace et al, 1990). Its cod-
ing sequence contains a large region of homology with
the produets of the yeast IRA1 and IRAZ genes (Buch-
berg et al, 1990) and a smaller region of homology with
the mammalian GTPase activating protein (GAP) (Xu
et al, 1990a,b). The complete cDNA encodes a hydro-
philic protein of 2818 amino acids (Marchuk et al,, 1991)
which is now called neurofibromin. Neurofibromin
ghows a very high degree of sequence congervation in
different species. For example, the amino acid se-
quences of human and murine neurofibromin domains
vary by only 1% (Buchberg et al, 1990; Kyritsis et al,
1992).

IRA1 and IRA2 as well as mammalian GAP function
as negative regulators of ras, but may also serve as tar-
get effectors for ras proteins (reviewed in Barbacid,
198T; and Hunter, 1991). Expression studies of the NF1-
GAP-related domain (NF1-GRD) confirmed that this
domain interacted with ras p21 proteins, and subse-
quently stimulated the hydrolysis of GTP-p21™° (Golu-
bic ef al, 1991; Han et al, 1991; Martin e¢ al, 1990; Xu et
al., 1990a). Studies with cell lines derived from neurofi-
brosarcomas (Basu et al., 1992; DeClue et al, 1992} of
NF1 patients also showed that these cells produced
lower amounts of neurofibromin than comparable nor-
mal cells and that the produced neurcofibromin was not
efficient in catalyzing the hydrolysis of GTP-p2t™ pro-
teins. These observations suggested that the NF1 gene,
at least in part, functions as a tumor suppressor gene.
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Since these studies involved only the proposed catalytic
domain of neurofibromin, they did not exelude the possi-
bility that full-length neurofibromins may have other
functions independent of ras proteins.

Additional NF1 transcripts have been identified
(Marchuk et al, 1991). The type II transeript consists of
a 63-basepair (bp) insert coding for a 2l1-amino-acid se-
quence in the conserved region of the GAP-related do-
main (Nishi et al, 1991; Suzuki et al,, 1991}, The type III
transeript, on the other hand, contains an additional
54-bp coding for an 18-amino-acid insert near the C-ter-
minus of the protein (Cawthon et al, 1990). Since the
type II transcript encodes an altered GAP-related do-
main, much interest has focused on the function of type
I1 neurofibromin. Several lines of evidence have indi-
cated that type II neurofibromin may have significant
functional roles. First, the 21-amino-acid (aa) insert of
type II neurofibromin is evolutionarily conserved across
species (Andersen ef al,, 1993). Second, expression stud-
ies with the NF1-GRD region showed that both type 1
and II neurofibromins were capable of stimulating the
hydrolysis of GTP-p21*, although type II neurofibro-
min had less catalytic efficiency and a lower sensitivity
to lipid inhibition (Andersen et al, 1993; Uchida et al,
1992). However, since these studies were performed
with a short region of NF1-GRD, different eatalytic ac-
tivities may be obtained with full-length neurofibromin
isoforms.

Despite the importance of ras proteins in regulating
cellular proliferation and differentiation (Barbacid,
1987; Hunter, 1991), their expression does not appear to
be developmentally regulated. Almost constant levels of
c-Ha-ras, c-Ki-ras, and N-ras mRNA transcripts in
whole mouse homogenates were observed throughout
murine development from ER to E16 (Leon ef al, 1987;
Muller et al,, 1982, 1983; Slamon and Cline, 1984). These
observations suggest that other proteins regulate ras
activity.

Although human NF1 mutations cause developmen-
tal abnormalities, little is known about the developmen-
tal pattern of NF1 gene expression and neurofibromin-
mediated regulation of ras activity during development.
In 4- to 14-day postnatal mice, an NF1 transcript of 13
kb was detected by Northern blot analysis (Buchberg et
al, 1990). The highest level of expression was seen in
brain (Buchberg et al, 1990). No data regarding expres-
sion of different neurofibromin transcripts during
mouse development are available and studies using hu-
man fetal tissue have been incomplete and conflicting
{Nighi et al, 1991; Suzuki et ol., 1991},

Recently, we and others described antisera directed
against different regions of neurofibromin (Basu et al,
1992; Daston et al, 1992; DeClue et al., 1991; Gutmann et
al, 1991; Hattori et al, 1992; Huynh ¢t al, 1992). These
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studies estimated a neurofibromin of an apparent molec-
ular weight of 250-350 kDa., Western blots of murine
tissues showed that neurofibromin was enriched in
adult mouse and rat brain with only limited amounts
detected in nonneural tissues (Golubie ef al, 1992; Hat-
tori et al, 1992; Daston et al., 1992),

Here we report the developmental expression of neur-
ofibromins at the level of NF1 mRNAs and proteins in
mouse embryos. Furthermore, we characterize the
abundance and distribution of type I and type IT neuro-
fibromins by reverse PCR and immunochistochemical
methods. Although neurofibromin expression in aduwlt
mice is greatly enriched in the nervous system, it was
present at high levels in nonneural embryonic tissues.
There wag a marked increase of both NF1 transcript and
gene product between Embryonic Days E10 and E11.
Type Il neurofibromin appears to be the predominant
molecular gpecies in neural tissues from E8 through E10
and in E12 cardiac tissue.

METHODS

RNA isolation and Northern blots. Developing mice
(NIH-Swiss) of gestation ages 8 to 16 days were pur-
chased from Harlam BioProducts for Science. Total
RNA was isolated by the single-step method {(Chome-
zynski and Sacci, 1987). Five hundred milligrams of
whole murine fetus was homogenized in 5 ml of TRI-
SOLV buffer (Biotecx Laboratories, Inc.), and RNA was
purified according to the manufacturer’s protocol (Bio-
teex Bulletin No. 22, 1992).

Twenty micrograms of total RNA from each sample
was reselved in a 1.2% formaldehyde agarose gel (Ausu-
bel et al,, 1989). The RNA was then transferred to a Gene-
Sereen Plug membrane {Dupont) as follows. The gel was
first rinsed with RNase-free water four times for 5 min
each to remove formaldehyde, then equilibrated in 10X
SSC (1x = 150 mM NaCl, 150 mM Na-eitrate, pH 7.0} for
50 min. The RNA was then capillary-transferred to a
prewetted GeneSereen Plus membrane for 24 hr. The
RNA bound membrane was then rinsed in 2X SSC two
times to remove gel debris, air-dried, uv-fixed (Stata-
gene, CA), and baked for 2 hr at 80°C,

The membrane was prehybridized for 2 hr at 60°C
with 10 m! of hybridization buffer (10% dextran sulfate,
1% SDS, 1 M NaCl, 100 yg/ml salmon gperm DNA) in a
hybridization incubator (Robin Scientifie}. After prehy-
bridization, denatured **P-labeled cDNA insert (10 ng/
ml) was added direetly into the hybridization tube. The
hybridization was allowed to continue for 24 hr at 60°C.

The membrane was then washed two times with 2x
SSC for 5 min each at room temperature, two times with
2% 88C/1% SDS for 30 min each at 60°C, and once with
0.1x SSC for 30 min at room temperature,
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cDN 4 synthesis and PCR analyses. The cDNA synthe-
sis was performed using the Promega Reverse Tran-
scription System. Two mierograms of total RNA was
denatured at 70°C for 5 minutes and then reverse-tran-
scribed at 42°C for 15 min in a 20-ul reaction mixture

consisting of 10 mM Tris-HCI, pH 8.8, 50 mM KCl 5 mM -

MgCl,, 0.1% Triton X-108, 1 mM each dANTP, 20 units
rRNasin ribhonuclease inhibitor, 15 units AMV reverse
transeriptase, 0.5 ug oligo(dT),; primer, The transcrip-
tion reaction was terminated by boiling for 5 min fol-
lowed by incubation in ice-water bath for at least 5 min.

Two synthetic oligonucleotide primers for PCR were
designed according to Suzuki et al. (1991) with modifica-
tion for the rat NF'1 sequence (Kyritsis et al., 1992; GCG
Accession No. M82326). The sense primer was NFS2R,
GAGTTGGCAGACTCCATGCA (2794/2813) and the
antisense primer was NFA1, ATCCCTjchGCTTCATAC-
GGTGA (complementary to 3193/3212). Two micro-
liters of the eDNA reaction mixture was added to a PCR
reaction mixture {total 10 ul) containing 80 ng primer
NFS32R, 0.4 ng *P end-labeled NFA1 primer, 250 uM
dNTP, 50 mM KCl, 10 mM Tris, pH 9.0, 0.1% Triton
X-100, 1.5 mM MgCF, and 1.25 units of Tag DNA poly-
merage. Thirty-five PCR reaction cycles were carried
out. Each cycle consisted of 94°C for 0.5 min, 55°C for 0.5
min, and 72°C for 1 min. After the PCR reaction, a 5-ul
aliguot was added to 20 ul of formamide dye (96% form-
amide, 10 mM EDTA, 0.05% bromophenol blue, and
0.05% xylene cyanol), and 5 ul was loaded to a 5% poly-
acrylamide gel with 7 M urea (SequaGel/National Diag-
nostics). The DNA was fractionated at 160 V for 3 hr.
The gel was exposed to Kodak X-OMAT film at —70°C
for 15 to 30 min and developed by an automatic X-ray
film developer. Bands were quantitated using a laser
densitometer (Helena Laboratories) as deseribed previ-
ously (Korenberg et al,, 1987).

Fmmunohistochemistry. Midsagittal paraffin-fixed 7-
um sections of mouse embryos were purchased from No-
vagen (Madison, WI}. Paraffin was removed by four 5-
min washes in xylene followed by three 5-min washes in
100% ethanol, three 5-min washes in 95% ethanol, three
5-min washes in 70% ethanol, three 5-min washes in
50% ethanol, and two 5-min washes in 100 mM PBS,
pH 7.5,

The rehydrated sections were treated (as described in
Huynh et al, 1992) with Endo/Blocker (Biomeda) to in-
hibit endogenocus peroxidase followed by 5 min in Auto/
Zyme (Biomeda) at 37°C to release overfixed proteins
for antibody accessibility. To block nonspecific antibody
binding sites, the sections were treated with a solution
containing 3% normal goat serum, 0.1% Triton X-100,
0.05% Na-azide, 100 mM PBS, pH 7.4) for 20 min fol-
lowed by avidin/biotin blocker for 20 min. After each
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nonspecific blocking step, the sections were rinsed three
times with 100 mM PBS, pH 7.4.

Sections were incubated with 1/100 dilution (16 ng/
mi) of affinity-purified NF1C or GAP4 antibodies { ABs)
for 2 hr at room temperature. [NF1C peptide =
KAPKROEMESGITT, residues 2531-2544; GAP4 pep-
tide = CHSLLNKATVKEKKKNKEKS of the 21-aa in-
gert]. Sections were then washed three times with 100
mM PBS. The primary antibody was detected using the
Vector ABC elite Peroxidase kit. Prior to peroxidase
color development, sections were briefly exposed to Per-
oxidase Enhancer {(Biomeda).

Both GAP4 and NF1C antibodies were affinity-puri-
fied using their respective peptide coupled to a C4 Sepha-
rose as previously described (Pulst ef al, 1986).

Western blot analyses of murine tissues. Western blot
was performed according to Towbin et al. (1979) with the
following modifications. Rodent brains were homoge-
nized in lysis buffer (100 mM Tris, pH 8.0, 150 mM NaCl,
1% Triton X-100, 5 U/ml of phenylmethanesulfonyl fluo-
ride (PMSF), 2 U/ml aprotinin). The proteins were re-
solved on a 4-20% SDS-polyacrylamide gradient gel
(Bio-Rad). The fractionated proteins were transferred
to a nitrocellulose filter (Towbin et al,, 1979). The filter
was rinsed briefly with TBS (150 mM NaCl, 50 mM Tris,
pH &.0), blocked with 5% nonfatal dry milk, and then
incubated with indicated affinity-purified antibodies at
a dilution of 1/1000-1/2000 overnight at 4°C. The pri-
mary antibody was detected using a Bio-Rad Immuno-
Blot Assay kit for alkaline phosphatase-conjugated
anti-rabbit IgG.

To test for the specificity of the antibody, peptide used
to raise the indicated antibody was co-incubated with
the antibody at a concentration of 100 uM overnight at
4°C. The preabsorbed antibody was then diluted to the
desired dilution for the staining of Western blots and
tissue sections.

RESULTS

Expression of Neurofibromin mRNA in Developmental
Mice

To investigate the relative expression of neurofibro-
min mRNA in murine fetuses, we isolated total RNA
from fetal mice at stages E8 to E16 and performed RNA
blotting using pFBR as an NF1 ¢cDNA probe. The pFB&
¢DNA clone contains a 2068-bp insert of the 3’-end of the
human neurofibromin gene (Xu ef af, 1990a) and thus
detects all three known NF1 transcripts. Figure 1A
shows an autoradiograph of a Northern blot of total
RNA isolated from entire mouse fetuses. A 13.5-kb
mENA band was detected in all development stages; no
other transcripts were seen (data not shown). In order
to normalize the amount of NF1 transcripts, Northern
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F1G. 1. Expression of neurofibromin mRNA in developing and adult
mice. (A) Autoradiograph of a Northern blot probed with neurofibro-
min ¢DNA (pFB8). Each lane contains 20 pg of total RNA from mice of
gestational age E8 (lane 8), E9 (lane 9), E10 (lane 10), E11 (lane 11},
E12 (lane 12), E13 {lane 13), E14 (iane 14}, E15 {lane 15), and E16 {lane
16). (B) The same blot probed with g-actin ¢DNA to allow normaliza-
tion of the amount of RNA. (C) Quantitative measurements of three
separate Northern blots using laser densitometry. (D) Northern blot
of adult murine tissues probed with pFBR. Each lane contains 40 pg of
total RNA from adult lung (lane 1}, kidney (lane 2}, spleen (lane 3),
heart (lane 4), intestine {lane 5}, liver (lane €), brain (lane 7), and
human HTB1O (lane 8). The size of the transeript was determined by
comparison with a 0.24- to 9.5-kb RNA ladder {GIBCO-BRL). Bar rep-
resents the mean + SD (n = 3).

blots were subsequently hybridized to a cDNA probe for
g-actin (Fig. 1B). Both the neurofibromin and g-actin
signals were quantitated with laser densitometry. In
addition, the signal intensity of 185 and 285 rRNA was
found to be the same in lanes with RN As from different
developmental ages {data not shown). The relative lev-
els of expression of NF1 transeripts are shown in Fig.
1C. Fetuses of gestational ages ER through E10 ex-
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pressed lower levels of NF1 transcripts than older fe-
tuses. At E11, the level of NF1 transcripts was approxi-
mately four- to fivefold higher than that at E8 to E10.
This level of expression was maintained through E16
{Fig. 1C).

In order to determine whether the high expression of
NF1 mRNA transeripts continues into adulthood, we
performed Northern blots of adult murine tissues. Fig-
ure 1D shows an autoradiograph of a Northern blot of 40
ug of total RNA from adult murine tissues {twice the
amount of RNA in Fig. 1A). Although the pFB8 ¢cDNA
insert hybridized to a 138.5-kb mRNA transcript in all
murine tigsues, the amount of NF1 mRNA was signifi-
cantly different among these tissues. Brain showed the
highest relative amounts of NF1 mRNA transecripts
(Fig. 1D, lane 7). Moderate levels of NF1 transeripts
were detected in the heart, intestine, kidney, and liver.
NF1 transcripts were barely detectable in the lung and
gpleen. A second NF1 transcript at 12.5 kb detected in
human HTB10 neurchlastoma cells was not seen in mu-
rine tissues (Fig. 1D, lane 8).

Presence of Neurofibromin in Developing Murine
Fefuses

To study the distribution of the NF1 gene product, we
had previously raised an AB against a synthetic peptide
near the C-terminus of the predicted human neurofibro-
min. This antibody (anti-NF1C) specifically recognizes
a 290-350-kDa protein in the human HTB10 cell line, a
250-kDa protein in rodent brain, and detects widespread
expression of its antigen in the rat CNS (Huynh et al,
1992). We used this AB to stain NIH-Swiss mouse sec-
tions of developmental stages E8 through E16. All re-
ported staining was absorbed out by the addition of 100
uM peptide. To allow a semiquantitative result, all sec-
tions were treated at the same time under identical ex-
perimental conditions.

Figure 2 shows the low magnification view of paraffin
sections stained with the anti-NF1C antibody. In E8 and
E9 murine fetuses, only weak staining of embryvonie tis-
sues was observed (Fig. 2). In E10 embryos, overall
staining increased. In order to correct for different cel-
tular density in specific tissues we compared sections
with corresponding sections stained with hematoxylin/
eosin (H/E) (not shown). In the primitive nervous sys-
tem, the first branchial arch (BA), and the primitive
heart (atrium and ventricle) staining exceeded the
amount expected on grounds of eell density (Fig. 2, E10).
On the other hand, the majority of mesenchymal tissue
was stained less intensely than that on the correspond-
ing H/E section.

At E11, all embryonic tissues were stained. However,
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staining in the developing central nervous system was
more intense than the staining observed in the heart,
lung bud (Lb), dorsal root ganglia (DRG), stomach (St),
and hepatic primordium (Fig. 2, E11). At E12 strong IR
was observed in the heart, the dorsal root ganglia, the
liver, the mesonephric tubules, the metanephros, the epi-
thelial lining of the stomach, and the bronchial tubules
(Fig. 2, E12).

From E13 to K16, staining was intense in all embry-
onic tissues including cells in the dermis and epidermis.
However, as shown in the photograph of an E16 embryo,
staining was not uniform. In some tissues, such as the
lung and the submandibular gland, dark staining was
related to high cell density when compared to H/E-
stained sections (not shown). In other tissues, however,
such as in the nervous system and the buceal epithelium,
staining intengity in some regions was unrelated to cell
density (see below).

A more detaiied analysis of staining in selected tis-
sues is shown in Figs. 3 and 4. At E11, spinal postmitotic
neuroepithelia, which will become either neuroblasts or
glioblasts, in the mantle layer (Mt) were more intensely
stained than the undifferentiated, dividing neuroepith-
elia of the ependymal layer (Ep) (Fig. 2, E11, and Fig.
3A). Strong staining in the mantle layer was not the
result of higher cell density since the corresponding H/
E section showed that the ependymal layer in fact has a
higher cell density than the mantle layer. The marginal
layer (Mr), which consists of processes from neuroepi-
thelia and neuroblasts from the inner layers, was al-
most deveid of staining (Fig. 3A). Strong staining of
cells in the mantle layer and subsequently in spinal grey
matter persisted through E16.

Two tissues, the DRGs and the heart, showed rapid
changes in neurofibromin content. Although staining in
the DRGs was visible at E11, there was a marked in-
erease in staining at E12 followed by a decrease at K13
(Figs. 2 and 3). This lower level of immunoreactivity
persisted through E16. Even more marked changes were
found in the heart. Whereas at E11 only faint staining
was observed in the heart, at 12 the whole organ
stained darkly (Figs. 2 and 3C,; see also Fig. 6). Already
at E13 neurofibromin IR had decreased to lower levels
and remained at that level through E16 {compare with
the staining of the adjacent liver tissue, Figs. 2 and 3C).

Figure 4 shows differential staining of neurons dur-
ing formation of the neocortex. Preliferating neurons in
the ventricular zone showed barely visible neurofibro-
min IR. Pronounced IR was seen in neurons in the neo-
pallial cortex (cortical plate) and in some neurons in the
intermediate zone (Fig. 4B). As shown in an adjacent
H/E-stained section (Fig. 4A) this pattern could not be
explained on the basis of cell density.
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Differential Expression of Type I and Type IT
Neurofibromin mENAs in Developing Fetal Mice

We studied the relative expression of type I and 11
NF1 mRNAs in mouse fetuses. Since the two transeripts
differ only by the insertion of 63 bp in the NF1-GRD
region, we chose reverse-transcribed PCR to determine
the relative expression of both transeripts in murine
fetuses. We synthesized oligonucleotide primers that
flank the exon specifying the type II transeript. When
type 11 transecript is present, a PCR product that is 63-bp
larger than the type I PCR product is seen. Figure 5A
ghows the result of a representative experiment. In four
separate RNA-PCR experiments, type II neurofibromin
transcripts were predominantly expressed in early ges-
tational stages of murine embryos. The level of type II
transcript was approximately fourfold higher than type
I in gestational ages E8 to E10 (Fig. 5B). At the time
when the overall expression of NF1 transcripts in-
creased at £11 (Figs. 1A and 1C), type I transeript be-
came the predominant form (Fig. 5B).

Localization of Type II Neurofibromin in Murine
Embryos

To study the distribution of protein products of type
II transcripts, we used an antibody (GAP4) against a
peptide containing the 21 amino acids encoded by the 63
bp determining the type II NF1 transcript. The AB was
affinity-purified as previously described (Huynh et al,
1992). In Western blots of rodent brain tissues, the
GAFP4-AB detected a band of predicted relative molecu-
lar weight of approximately 250 kDa (Fig. 6A, lane 2). In
addition, a fainter band of approximately 230 kDa was
detected. Both bands were eliminated when the anti-
body was preabsorbed with 100 uM of the GAP4 peptide
(Fig. 64, lane 1).

Fetal mouse sections adjacent to those used for anti-
NF1C antibody immunohistochemistry were stained
with the GAP4-AB. In early embryonic stages, the pat-
tern of GAP4-AB immunoreactivity was similar to
NF1C-AB staining, although the intensity appeared to
be weaker. At E10, neurcepithelia of the primitive CNS,
the first BA, and the hepatie primordium (Hp) were in-
tengely labeled (Fig. 6D). Already at E10 eardiac myo-
blasts lining the primitive heart were labeled with
GAP4-AB when compared with corresponding sections
stained with NF1C-AB. All staining was ahsorbed out
with the addition of 100 pM of the GAP4 peptide (Fig.
6C), indicating that the GAP4 antibody staining was
specific.

In E12 embryos, the overall intensity of staining was
much weaker than that observed for the NF1C-AB. How-
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Fi1G. 3. Relative tissue expression of neurofibromin in developing murine embryos. (A to C) Tissues of murine embryos stained with antibody
NF1C. Each panel contains a series of developmental sections of mouse embryo spinal cord (A}, dorsal root ganglia (B), and hearts (C). (Bar,
0.420 mm}. Ao, arch aorta; At, atrium; AVB, atrioventricular bulbar tissues; Br, bronchial tube; CaP, cartilage primordium; CN, cervical nerve;
DRG, dorsal root ganglion; Ep, ependymal layer; Hp, hepatic primordium; Li, liver; Mr, marginal layer; Mt, mantle layer; RV, right ventricle of

the heart; TB, thoracic body wall.

ever, several tigssues showed strong staining compared
to other organs in the same tissue section (Fig. 2, E12,
and Fig. 6E). Thus, much type II neurofibromin IR was
found in the BE12 heart and probably represents the ma-
jor molecuiar species in this tissue. As was observed
with the NF1C-AB in the nervous system, staining in
the mantle layer was stronger than that in the ependy-
mal layer. The only other significant staining in the
CNS was seen in neuroepithelial eells near the lateral
ventricle, which will form the future neopallial cortex.

In E13 embryos (Fig. 6F) and in later stages (not
shown) only weak type II neurofibromin IR was de-
tected. The staining seen lining the ventricular spaces
was an edge artifact and could not be absorbed out. The
rapid decrease of staining from E12 to F13 in the heart,
which had been observed with the NF1C-AB (Fig. 3C)
was also observed with the GAP4-AB (Figs. 6E and 6F ).
Past E13, the only noticeable staining was detected in
the liver. Most important, no GAP4-AB staining was
observed in neurons of the intermediate zone and corti-
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F1G. 4. Expression of neurofibromin is increased in differentiated neurons. {A) The E15 neocortex at the lateral ventricle stained with
hematoxyiin and eosin. The organization of the neocortex at this stage included the ventricular zone (VEZ) which lines the lateral ventricular
space, the intermediate zone (INZ), which contains newly differentiated neurons and nerve tracts, and the neopallial cortex (NC). (B) The
corresponding section of the E15 neocortex stained with NF1C antibody. Most differentiated neurons in the cortical plate and the intermediate
zone were intensely labeled, while the undifferentiated cells in the ventricular zone were lightly stained. (Bar, 0.042 mm.)

cal plate of the cortex at E15 and E16 (data not shown),
whereas strong staining was observed with the NF1C-
AB (Fig. 4B).

DISCUSSION

The Kxpression of Neurofibromin is Developmentally
Regulated

Tumor suppressor genes may play an important role
in murine development. Biochemical and anatomical evi-
dence for the expression of several tumor suppressor
genes has been demonstrated in the embryo (Bernards
et al, 1989; Clarke et ol, 1992; Donchower et al,, 1992,
Huang et al, 1990; Jacks ef al,, 1992; Lee ef al., 1992; Rogel
et al, 1985). We now provide anatomical evidence show-
ing that the gene product of another tumor suppressor
gene, the gene for neurofibromatosis type 1, is abun-
dantly expressed in murine embryos and that it is devel-
opmentally regulated.

Neurofibromin transcripts were detected as early as
E8 Ly Northern blotting of total embryonic RNAs (Fig.
1A}, Using immunocytochemical methods, neurofibro-
min-like IR was detected in neuroepithelia of the primi-
tive CNS, the first branchial arch, and the primitive
heart in E10 embryos, A majority of mesenchymal tis-
sues, however, were devoid of immunoreactivity from
E8 through E10 (Fig. 2, E8, and E10). At E11, a marked
change in neurofibromin expression oceurred, and neu-
rofibromin transeripts increased approximately four-
fold compared to the level at E8 through E10 (Fig. 1). It
is not clear why the observed increase in neurofibromin
IR in the nervous system was not associated with a
clearer increase in NF transcript at E10. Since we chose
midsagittal sections to analyze staining in the develop-
ing nervous system, and staining wag very strong in the
E10 nervous system, it is likely that IR was overesti-
mated compared to Northern blots which used whole
embryos. It ig also possible that neurofibromin is more
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F16. 5. Relative expression of type I and type Il neurofibromin tran-
seripts in developing NIH-Swiss mice, (A) A representative autoradio-
graph of an RNA-PCR analysis of mouse embryos of different gesta-
tional ages. Each lane contains an RNA-PCR sample of 20 ng of mu-
rine total RNA from E8 (lane 8), E8 (lane 9), E10 (lane 10), E11 (lane
11), Ei2 (lane 12), E13 (lane 13), E14 (lane 14), E15 (lane 15), or E16
{lane 16). {B) The densitometric ratios of type I over type Il NF1 tran-
scripts determined in four separate experiments. At each stage, four
animals in two separated pregnancies were sacrificed to isolate total
RNA for these experiments. The bar represents the mean + SD (n =
4).
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stable or more immunogenie in cells at E10 or that the
precise timing of embryos used for RNA and anatomical
experiments was slightly different. From E11 on, the
level of transcript remained relatively constant. Begin-
ning at E1l1, strong neurofibromin staining was ob-
served outside the nervous system and probably ac-
counted for the increased expression observed in total
embryonic mRNAs. However, as discussed below, the
increase in neurofibromin expression was not uniform
in all tissues,

Developmental Expression of Type I and Type IT
Neurofibromins and mRNAs

We examined the expression of type I and II neurofi-
bromins which differ by the insertion of 63 bp located in
the GRD region of the NF1 gene. We found that the
expression of both transcripts was developmentally reg-
ulated (Fig. 5). Type Il transcripts were predeminantly
expressed during E8 to E10 gestation, whereas type I
transeripts predominated from E11 through E16. Thus,
the inerease in total neurofibromin transeript at E11 is
largely due to an increase in type I neurofibromin.
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Since our NF1C-AB was raised against a synthetic
peptide common to types I and II neurofibromins we
could not determine if some tissues showed a preferen-
tial expression of either neurofibromin. To determine if
changes in type II neurofibromin expression detected in
total embryonie RNA were due to tissue-specific expres-
sion, we used the GAP4-AB that recognizes only the
21-aa insert specific for type II neurofibromin. This AB
detects a protein of the predicted molecular weight of
250 kDa on Western blots and staining on Western blots
and tissue sections could be blocked by preabsorption of
the AB with the GAP4 synthetic peptide (Figs. 6A, 6B,
and 6C).

As expected, the tissue distribution of staining ob-
served with the GAP4-AB was identical to that ob-
served with the NF1C-AB, i.e,, wherever GAP4 staining
was observed, staining was also seen with the NF1C-AB
(see preceding paragraph). However, some tissues that
showed strong staining with the NF1C-AB, for example
nonnervous tissues at K13, stained only weakly with the
GAP4-AB, indicating that type I neurofibromin was the
predominant molecular species.

In E10 embryos, the overall staining pattern for both
ABs was similar, indicating that type IT neurofibromins
constituted a significani portion of total neurofibromin
IR. These anatomical observations are consistent with
the relative abundance of type I transcripts from E8 to
E10. Past E11, staining with the GAP4-AB was barely
detectable except for specific tissues (see below).

Expression of Neurofibromin in Relation to Tissue
Differentiation

Although neurofibromin was ubiquitously expressed
during development, some tissues showed marked and
rapid changes in neurofibromin staining. For example,
neurofibromin levels in the heart changed significantly
between E11 and E13 (Fig. 3). Staining in the E12 heart
was mainly due to type II neurofibromin IR (Fig, 6E).
Neurofibromin staining increased strongly from E11 to
E12 and then rapidly declined at E13. These rapid
changes may be related to some of the major develop-
mental changes occurring in the E12 murine heart.
These are the formation of the aorticopulmonary sep-
tum leading to the formation of the primitive ventricle
and the fusion of the septum primum with the atrioven-
tricular cushion tissue resulting in the formation of the
atria (Kaufman, 1992). These observations may provide
an explanation for the embryoniec death at E13 of mice
carrying homozygous deletions for the NF1 gene. Pre-
liminary analysis of these embryos indicated that car-
diac malformation beginning at E12 resulted in embry-
onic death 1 to 2 days later (Tyler Jacks, personal com-
munication).
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A similar rapid change occurred in spinal root and
trigeminal ganglia. Although neural crest-derived cells
expressed high levels of neurofibromin throughout mu-
rine development (Figs. 2, 3, and 6), there appeared to be
a marked increase in staining at E12, which was fol-
lowed by a rapid return to pre-E12 levels of staining 24
hr later. This increase of neurofibromin expression may
be related to the status of differentiation of ganglion
cells. Both spinal and cranial ganglia are highly differ-
entiated by E12 in comparison to other differentiating
organs at this stage of development (Kaufman, 1992).

In the nervous system, two examples of rapid changes
in neurofibromin levels related to neuronal migration
and differentiation were identified. Cells in the ependy-
mal layer of the spinal cord which are still proliferating
showed only weak staining with either AB, but cells in
the mantle layer were strongly positive for both ABs
(Figs. 2, 3A, and 6), indicating the presence of mainly
type II neurefibromin. The second example involved
type I neurofibromin expression during formation of
the neocortex. Neurons in the ventricular zone that are
actively undergoing mitoses showed barely visible neu-
rofibromin IR. However, neurons in the intermediate
zone and even more pronounced in the cortical plate
were darkly stained (Fig. 4}. In contrast to mantle layer
neurons, no type Il neurofibromin IR was detected in
cortical neurons. It will be important to examine mice
missing neurofibromin for abnormalities in ganglionie,
spinal cord, and cortical development. In contrast to car-
diac malformations which are not part of the human
NF1 phenotype, structural and functional abnormali-
ties in the human CNS are frequently found in patients
with NF1 (see references in Introduction).

Function of Neurofibromin in Development

One of the proposed funetions of neurofibromin is to
accelerate the GTPase activity of ras™®, ras¥, and ras™
p21 proteins for the conversion of active GTP-bound
p21™* to the inactive GDP-bound form (Basu et al, 1992,
DeClue et al, 1992; Golubic ef al, 1991; Han et al, 1991,
Martin et al, 1990; Uchida ef al, 1992). An increase of
neurofibromin will decrease the level of GTP-bound
p21™ {Basu et al, 1992; DeClue et al, 1992) and thus
decrease the rate of p21™*-dependent cellular prolifera-
tion and differentiation (Barbacid, 1987).

Several lines of evidence suggest that ras proteins me-
diate important developmental functions controlling
cell proliferation and differentiation. First, injection of
p217* proteins into Xenopus oocytes induced maturation
(Birchmeier ef i, 1985) and into NIH-3T3 cells stimu-
lated cell growth (Muleahy et al., 1985; Stacey and Kung,
1984). Second, in Drosophila larvae, proliferating tissues
expressed high levels of ras2 transcripts (Segal and
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Shilo, 1986). Tissues which normally lack the ras gene
developed abnormally in transgenic D. melanogaster
carrying a mutated ras 2 gene (Bishop and Corces, 1988).
Furthermore, the differentiation of Drosophila photore-
cepter neurons appeared to be induced by ras proteins
through a complex signal transduction pathway regu-
lated by a family of genes called the sevenless receptor
tyrosine kinases. Recently, 2 member of the sevenless
family, the son of sevenless, was cloned and its amino
acid sequence was similar to that of the CDC25 protein,
an activator of ras proteins in Saccharomyces cerevisige
(Bonfini et al, 1992). In addition, the aminoc acid se-
quence of Gapl, which negatively regulates the seven-
less receptor tyrosine kinase pathway is similar to the
mammalian ras GTPase activating protein, the yeast
IRA1 and IRAZ2 produects, and human neurofibromin
(Gaul ef al., 1992). In mammalian development, terminal
differentiation of PC12 cells was inducible by p21™* (Ha-
and Ki-ras) in the presence of extracellular signal-regu-
lated kinases (Qui and Green, 1992; Szeberenyi et al,
1990).

However, despite the presumed role of ras proteins in
normal development, there is no evidence that the level
of ras proteins is developmentally regulated (Muller et
af.,, 1982, 1983; Slamon and Cline, 1984}. The apparent
lack of regulation of ras expression during development
suggests that other upstream or downstream elements
of ras signal transduction pathways are regulated. The
regulation of neurofibromin may bhe one of the ways
used to regulate ras-dependent growth signals during
development. One would therefore expect that tissues
known to express ras proteins abundantly show expres-
gion of neurofibromin as well.

Although little is known about the distribution of ras
proteins in embryonie tissues, a recent study of mouse
embryos from E6.5 to E12 showed abundant expression
of ras proteins in neural elements and in the primitive
heart, with low expression in other developing tissues
{Brewer and Brown, 1992). This pattern of ras expres-
slon agrees well with the observed tissue distribution of
neurofibromins and is consistent with a funection of
neurofibromin as a regulator of ras-mediated signal
transduction.

In adult mouse and rat, the expression of p21* was
highest in brain, and moderate to low levels were found
in nonnervous tissues {Tanaka et al, 1986, Spandidos
and Dimitrov, 1985; Leon et al, 1987). Similarly, the NF'1
gene is predominantly expressed in adult rodent CNS,
with a lower level of expression in thymus, kidney, liver,
and heart (Buchberg ef al, 1990; Golubic et af,, 1992). Qur
Northern blot results confirmed the observation that
the adult rodent CNS produces severalfold more neuro-
fibromin mRNA transeripts than other nonneural tis-
sues (Fig. 1D).
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The strong evolutionary conservation of the 21-aa in-
sert gpecifying type IT neurofibromin suggests a distinet
functional role for this molecular species. Qur anatomi-
cal studies support this hypothesis by showing that hoth
types are differentially regulated, and that they have a
different relative tissue distribution during develop-
ment (Figs. 2 and 6). Whereas in the heart type Il neuro-
fibromin expression is associated with major develop-
mental changes, type 1 neurofibromin is expressed in
neurons once they have reached the cortical plate.

Biochemical studies support this hypothesis as well:
First, although both types appear to be able to stimulate
the hydrolysis of c-Ha-ras and c-Ki-ras GTP-p2l pro-
teins (Andersen et al,, 1993; Uchida et al., 1992; Viskochil
and Bollag, personal communication), type II neurofi-
bromin activity is lower. Second, both neurofibromins
may interact differently with other regulators. One
such regulator is arachidonie acid, which has been
shown to be more effective in inhibiting type I than type
II NF1-GRD GTPase-activating function (Uchida et al,
1992), Third, neurofibromins may have functions dis-
tinet from interacting with ras proteins. For example,
neurofibromin was found to be associated with microtu-
bules in rat fibroblasts (Gutmann and Collins, 1992).
Since microtubules are thought to play an essential role
in cellular proliferation, the interaction of neurofibro-
min with these skeletal elements may imply a role for
neurofibromin in the regulation of cellular division dis-
tinet from a ras signal transduction pathway (Seizinger,
1993). Fourth, since the C-terminus of the 21-aa insert is
similar to a nuclear signal sequence (Suzuki ef al., 1991),
type II neurofibromin may also act as a signal for nu-
clear translocation. Immunohistochemical studies by us
and others do not exclude this possibility, because some
cells exhibited nuclear as well as perinuclear staining
(Golubic et al, 1992; Huynh ef al, 1992),

In conclusion, our studies demonstrate that different
neurofibromins are expressed during mouse embryo-
genesis. The activity of p21™ GTPase during murine
development may be at least in part regulated through
variable expression of neurofibromin. However, neuro-
fibromins may have other functions outside the ras sig-
nal transduction pathway, and the functional role of
different neurofibromin domains needs to be further
determined. In order to test if neurofibromin expression
is essential for normal development, it will be necessary
to analyze fransgenic mice that carry homozygous dele-
tions for the NF1 gene. Our studies may provide the
framework to interpret some of the developmental ab-
normalities observed in these mice. The presence of
neurofibromin during mouse development and its devel-
opmental regulation are consistent with a major devel-
opmental role of neurofibromins, which is suggested by
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the presence of developmental abnormalities observed
in patients with NF1.

We thank Dr. Gengfeng Xu for the pFB8 NF1 ¢DNA and Drs. David
Viskoehil and Ray White for the GAP4 antibody. This work was sup-
ported by grants from the Steven and Lottie Walker Foundation, the
Carmen and Louis Endowment fund, and by National Institutes of
Health Grant NS01428.

Note. While this work was in progress the authors became aware of
a manuscript (Daston, M. M., and Ratner, N, 1992) which describes
total neurofibromin IR in the developing rat nervous system. Their
findings are in good agreement with the staining observed with the
NF1C-antibody.
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