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Abstract
Neuronatin was recently cloned from neonatal rat brain ( Biochem. Biophys. Res. Commun., 201 (1994) 1227-1234). In subsequent studies, we
noted that neuronatin mRNA was brain-specific and that there were two alternatively spliced forms, αand β( Brain Res., 690 (1995) 92-98).
Furthermore, on sequencing the human neuronatin gene, it was determined that the α-form was encoded by three exons, and the β-form was
encoded by the first and third exons only (Genomics, 33 (1996) 292-297). The middle exon was spliced out in the β-form. The human neuronatin
gene is located in single copy on chromosome 20q11.2-12 (Brain Res., 723 (1996) 8-22). These studies called for an understanding of the function
of this gene. Therefore, we studied the expression of neuronatin in PC12 cells, an established model of neuronal growth and differentiation.
Neuronatin mRNA expression was found to be abundant in undifferentiated PC12 cells. Treatment with nerve growth factor (NGF), resulting in
neuronal differentiation, was associated with a downregulation of neuronatin mRNA expression. Removal of NGF was associated with a return of
neuronatin mRNA levels towards baseline. These effects appear to be specific for NGF as they were not seen with transforming growth factor,
epidermal growth factor, 12-O-tetradecanoylphorbol-13-acetate or dexamethasone. Although, basic fibroblast growth factor also reduced
neuronatin mRNA levels, the effect was less pronounced than with NGF. The NGF-induced decrease in neuronatin mRNA occurred even in the
presence of protein and RNA syntheses inhibitors. Of the two spliced forms, only the α-form was expressed in PC12 cells. In conclusion, we report
the presence of neuronatin mRNA in PC12 cells, and that NGF downregulates its expression. These findings provide a basis for investigating the
role of neuronatin in neuronal growth and differentiation.
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Neuronatin mRNA is selectively expressed in the brain, and
was not present in several other tissues studied. Other
Neuronatin mRNA is a novel mammalian gene that is investigators have cloned the mouse homolog and observed,
selectively expressed during neurogenesis [6,7]. In more recent based on in situ hybridization studies, that neuronatin is first
studies we noted that there are two alternatively spliced forms, α expressed in rhombomeres-3 and 5 during embryonic (E8.5)
and β
, of neuronatin mRNA. Based on its genomic structure, the hindbrain development [13]. Although, the latter findings
α-form is encoded by three exons, and the β-form by two exons suggest the involvement of neuronatin in hindbrain
[2,3]. The only difference between the two was that in the β-form segmentation, its expression later in development becomes
the middle exon was removed by splicing. Otherwise, both more widespread in the central nervous system. The deduced
isoforms had the same translation start site, open reading frame, protein is amphipathic with a highly hydrophobic N-terminal
stop and termination signals. When studied in the rat, the α-form and hydrophilic C-terminal [2]. The protein has homology to
was expressed at embryonic day 7-10 (E7-10), whereas, the β- PMP1 and phospholamban, members of the proteolipid class
of proteins which in general function as regulators of ion
form appeared only at E11-14.
channels.
The precise function of neuronatin at a cellular level is not
known. Therefore, we investigated the expression of
neuronatin in PC12 cells, an established model of neuronal
___________
growth and differentiation [4]. The application of nerve
1. Introduction
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growth factor (NGF) to PC12 cells results in the cessation
of cell proliferation and transformation into a neuronal
phenotype, including the extrusion of neurites typical of the
differentiated adult neuron. Our results indicate that
neuronatin mRNA is abundant in undifferentiated PC12
cells, and its expression becomes repressed following treatment with nerve growth factor.
2. Methods
2.1.Materials
Nerve growth factor (2.5S), basic fibroblast growth
factor and epidermal growth factor were purchased from
Boehringer Mannheim, Indianapolis, IN. Transforming
growth factor was obtained from Calbiochem, and TPA and
dexamethasone were from Sigma Chemical, St. Louis,
MO.
2.2. Cell culture
PC12 cells (#CRL-1721, American Type Culture Collection, Bethesda, MD) were used in the study. The cells
were grown on collagen-coated 75-cm2 flasks in a medium
containing 84% DMEM with high glucose, 15% fetal calf
serum, penicillin 100 units/ml and streptomycin 100 µg/ml,
at 37oC in a humidified incubator with 5% CO2 [8]. In all
experiments 70-80% confluent cells were utilized.
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of ethidium bromide was also added. The preparation was
denatured at 65°C for 15 min, and 5 µl of loading buffer
(50% glycerol, 1 mM EDTA, 0.25% bromophenol blue)
added. The preparation was electrophoresed on 1%
agarose-3.7% formaldehyde using a buffer containing 0.02
M MOPS, 5 mM sodium acetate and 1 mM EDTA pH 7.0.
Before transfer, the gel was photographed under UV light.
RNA was transferred onto a nylon membrane (Micron
Separations, Westboro, MA) using 10 x SSC (1.5 M NaCl,
0.15 M sodium citrate, pH 7.0) by overnight capillary
action. After transfer, the membrane was washed with 5 x
SSC, UV cross linked for 2 min (Hoefer Scientific, San
Francisco, CA) and baked at 80°C for 1h. The membrane
was pre-hybridized in a solution containing 1% bovine
serum albumin, 7% SDS, 0.5 M sodium phosphate pH 7.0
and 1 mM EDTA at 65°C for 1h. Hybridization was
continued overnight in the same solution with the addition
of 1 x 106 c.p.m./ml of random-primed [32P]-labelled rat
neuronatin-αcDNA probe. The membrane was washed in a
solution containing 1% SDS, 40 mM sodium phosphate pH
7.0 and 1 mM EDTA, at room temperature for 15 min, and
then at 65°C for 30 min (twice). The washed membrane
was exposed to film (Kodak X-OMAT AR) between
intensifying screens at -70°C. Thereafter, the blot was
stripped by boiling for 20 min in a solution containing 1%
SDS and 0.1 x SSC, and re-hybridized with β
-actin or
glyceraldehyde 3-phosphate dehydrogenase (G3PDH) to
control for the amount of RNA applied in the different
lanes.

2.3. RNA extraction
Total RNA was extracted by the acid guanidinium
thiocyanate-phenol-chloroform method [1,9]. PC12 cells,
grown in culture flasks, were denatured using a solution
containing 4 M guanidinium thiocyanate, 25 mM sodium
citrate pH 7.0, 0.5% sarcosyl and 0.1 M 2-mercaptoethanol, homogenized using a glass-teflon homogenizer
(Eberbach, Ann Arbor, MI) and kept on ice. Thereafter, 0.2
M sodium acetate pH 4.0, 10 ml of water saturated phenol
and 2 ml of chloroform-isoamyl alcohol (49:1) were added
to the sample, vortexed, kept on ice for 15 min, and
centrifuged (10000 x g for 20 min) at 4°C. The aqueous
phase was precipitated with an equal volume of
isopropanol, the resulting pellet suspended in 0.3 ml of the
denaturing solution, transferred to a microfuge tube and
precipitated again with isopropanol. The final RNA pellet
was washed with 75% ethanol and dissolved in 0.5% SDS.
2.4. Northern blotting
Total RNA was isolated by the single step guanidinium
thiocyanate-phenol-chloroform method [1,9]. To 20 µg of
RNA (in a volume less than 3.5 µl) was added 3 µl of 10 x
running buffer (0.2 M MOPS, 0.05 M sodium acetate, 0.01
M EDTA, pH 7.0), 3.5 µl formaldehyde, 10 µl of
formamide, and volume made up to 20 µl with diethylpyrocarbonate-treated water. One µl of 1.25 mg/ml

2.5. Reverse transcriptase-polymerase chain reaction
As the αand βisoforms were identical, except for the
absence of exon-2 in the β
-form, it was not possible to
study the two forms separately by Northern analysis.
Therefore, we carried out RT-PCR, using primers flanking
the coding regions of both the α and βisoforms. The
primers were designed to hybridize the neuronatin cDNA
sequence (GenBank #U09785):
5’
-Primer:
5’
-GCGAACCCTTGCTCTCGACCACCCAC-3’
(homologous to nucleotides -40 to -15)
3’
-Primer:
5’
-CCCACTAGTTTTCTTAACCC-3’
(complementary to nucleotides 652 to 671).
The predicted product sizes were 710 bp for the β
-form
and 791 bp for the α-form. For cDNA synthesis, total RNA
extracted from PC12 cells was reverse transcribed using a
modification of previously described methods [7]. Initially,
reactions containing 5 µg RNA, 40 u RNase inhibitor, 0.5
µg oligo-dT12-18, made up to 10 µ1 with DEPC-treated
water was heated to 70°C for 10 min, and
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chilled on ice. Thereafter, final concentrations of 10 µM
DTT, 125 µM dNTP (all four), 10 U RT-MMLV and 1 x
RT-buffer were added in a total volume of 20 µl, and the
reactions incubated at 37oC for 60 min. The RT-enzyme
was then inactivated by heating to 94°C for 5 min and
chilling on ice. Four µl aliquots of the cDNA reaction were
used for PCR amplification. The final concentration of the
ingredients in the PCR reaction were, 100 µM dNTP, 0.4
µM 5’
-primer, 0.4 µM 3’
-primer, 5 U Taq DNA
polymerase, 10 mM Tris HCl, 1.5 mM MgCl2, 50 mM KCl
and 5 µg gelatin in a total volume of 50 µl. The samples
were denatured at 95°C for 2 min and amplified for 40
cycles. Each cycle consisted of denaturation at 95°C for 30
secs, annealing at 62°C for 1 min and extension at 72°C for
2 min. The samples (30 µl per well) were

Fig. 2. Comparison of the effect of NGF on neuronatin mRNA
levels in PC12 cells to that of other inducing agents. NGF (200
ng/ml) was applied for 1, 3, 7 and 9 days; and parallel samples
were treated for 7 days each with bFGF (100 ng/ml), TGFβ
1 (1
ng/ml), TPA (100 nM) and dexamethasone (10 µM). NGFtreatment, resulting in the cessation of proliferation and the
commitment of PC12 cells to a differentiated fate, was associated
with the downregulation of neuronatin mRNA at 24 h, that
persisted even when studied at 9 days. The differentiatin effect of
bFGF is known to be less prominent than NGF; and as would be
predicted on the basis of the NGF results, neuronatin mRNA was
only partially downregulated. TGFβ
1, TPA and Dex do not induce
neuronal differentiation; and indeed, these agents do not suppress
neuronatin mRNA. The ethidium bromide stained gel is shown
(lower panel). Representative of three experiments.

electrophoresed using 1 x Tris acetate buffer on 1% agarose
containing ethidium bromide. A 100-bp ladder (Life
Technologies) was used as the DNA size marker. The gel
was photographed with UV light. Using the same primers
and conditions we have previously reported that the two
forms of neuronatin are differentially expressed during rat
embryogenesis [7].
Fig. 1. (a) Effect of NGF on neuronatin mRNA expression, studied
by Northern blotting. Comparison of undifferentiated PC12 cells
(NGF(-)) to that following treatment with NGF (200 µg/ml) for 9
days (NGF(+)). Neuronatin mRNA is downregulated following
NGF-treatment. The amount of RNA applied in each lane was
controlled for by ethidium bromide staining and UV photography
(lower panel), and by hybridization with glyceraldehyde 3phosphate dehydrogenase (G3PDH). (b) Densitometric evaluation
of the changes in neuronatin mRNA seen in (a), controlled for with
G3PDH mRNA expression. (c) Neuronatin mRNA expression
during rat brain development. RNA was extracted from the brains
of embryonic day 7-10 (E7-10), E11-14 and E16-19; and postnatal
day 3 (P3), P7, P14, P28 and P56 rats. In the case of E7-10, the
embryo was used whole, and at E11-14, the upper halves of the
embryos were used. From E16-19 onwards, it was possible to
separate out the brain for RNA extraction. Following hybridization
with neuronatin, the blot was stripped and rehybridized with
G3PDH as a control. The results are representative of five separate
experiments.

2.6. Densitometry and quantitation
The autoradiograms of the Northern blots were scanned
and analyzed using a Bio-Rad GS-670 Densitometer and
Molecular Analysis System (Bio-Rad, Hercules, CA).
Quantitation of neuronatin mRNA expression was
controlled for with human glyceraldehyde 3-phosphate
dehydrogenase (G3PDH).
3. Results
The first major observation of this study is that
neuronatin mRNA is abundant in undifferentiated PC12
cells. Following the addition of 2.5S NGF (200 µg/ml) for
7 days, neuronatin mRNA expression is repressed (Fig.
1a,b). The size of neuronatin mRNA in PC12 cells was
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about 1.2 kb, similar to that in the developing mammalian
brain. For comparison, the expression pattern of neuronatin
mRNA during rat development is shown (Fig. 1c). During
embryogenesis, neuronatin mRNA is first clearly seen at
embryonic day 11-14 (E11-14), becomes pronounced at
E16-19, and declines by the second postnatal week to trace
levels in the adult brain. Next, the effect of NGF (200
ng/ml) applied for different time periods (1, 3, 7 and 9
days); and, comparison with the effects of other inducing
agents, basic fibroblast growth factor (bFGF)

35

(100 ng/ml), transforming growth factor (TGFβ
1) (1
ng/ml), 12-O-ietradecanoylphorbol-13-acetate (TPA) (100
nM) and dexamethasone (10 µM), all applied for 7 days
were studied (Fig. 2). Neuronatin mRNA, abundant in
undifferentiated PC12 cells, was significantly reduced at
24h after the addition of NGF, and remained suppressed
even at 9 days. Although less potent than NGF, bFGF also
causes transient differentiation of PC12 cells and as may be
predicted based on the NGF results, decreased neuronatin
mRNA levels. On the other hand, TGFβ1, TPA

Fig 3. (a) The effect of the addition and withdrawal of NGF on neuronatin mRNA in PC12 cells studied by northern blotting. The lanes are as
follows: NGF(-), undifferentiated PC12 cells; NGF(+), NGF for 2 days; NGF(±), NGF for 2 days, and then NGF removed for 7 days. NGF was
applied in a concentration of 200 ng/ml. NGF downregulates neuronatin mRNA (although, the results in this experiment are not as marked as that
seen in Figs. 1 and 2). Removal of NGF allows neuronatin mRNA to return towards baseline. (b) Densitometric evaluation of the changes in
neuronatin mRNA seen in (a), controlled for with G3PDH mRNA expression. (c) Photomicrographs of PC12 cells. Undifferentiated (A); NGF
(200 ng/ml) for 7 days (B); and, NGF for 7 days followed by its removal for 7 days (C). Representative of five experiments.
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Fig. 4. (a) Effect of inhibition of protein and RNA synthesis on NGF induced changes in neuronatin mRNA expression. Protein synthesis was
inhibited with cycloheximide (10 µg/ml), and RNA synthesis with Actinomycin-D (1 µg/ml). The lanes are as follows: CONTROL,
undifferentiated PC12 cells; NGF, nerve growth factor; CHEX, cycloheximide; CHEX + NGF, cycloheximide plus NGF; ACT-D, ActinomycinD; ACT-D + NGF, Actinomycin-D plus NGF. In all samples, NGF was applied in a concentration of 200 ng/ml. All treatments were for 2 days.
Representative of three experiments. (b) Densitometric evaluation of the changes in neuronatin mRNA seen in (a), controlled for with G3PDH
expression.

and dexamethasone, agents that do not induce neuronal
differentiation, were not associated with suppression of
neuronatin mRNA levels. Furthermore, epidermal growth
factor (EGF), which unlike NGF is known to enhance PC12
proliferation [5], did not downregulate neuronatin

mRNA levels even when applied in a concentration of 200
ng/ml for periods ranging from 6 h to 8 days (data not
shown).
Thereafter, the effects of adding and removing NGF
were investigated. Treatment with NGF for 3 days, fol-

Fig. 5. (a) Study of the expression of neuronatin-αand βisoforms in PC12 cells. Reverse transcriptase-PCR study of neuronatin-αand βmRNA
was carried out using primers flanking the coding region of both neuronatin-αand β. The 5’
-primer was homologous to sequences -40 to -15,
and the 3’
-primer was complementary to sequences 652-671 (GenBank #U09785) (7). The predicted product size for the α-form was 791 bp,
and that or the β-form, 710 bp. The experimental conditions are described in Section 2. Samples were electrophoresed on 1.2% agarose gel and
stained with ethidium bromide: NGF(-), undifferentiated PC12 cells; NGF-1d, NGF (200 ng/ml) applied for 1 day; NGF-9d, NGF (200 ng/ml)
applied for 7 days. (b) In order to confirm that the bands seen in (a) are neuronatin, the gel was transferred on to a membrane and used for
Southern blot analysis with neuronatin cDNA as the probe.
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lowed by its removal for 7 days, returned neuronatin
mRNA levels to baseline (Fig. 3). In order to determine
whether the effect of NGF involved protein and RNA
synthesis, we studied the effect of NGF in the presence and
absence of cycloheximide, a protein synthesis inhibitor, and
Actinomycin-D, a RNA synthesis inhibitor. Although,
pretreatment of PC12 cells with either cycloheximide or
Actinomycin-D was associated with a decrease in
neuronatin mRNA levels, the effect of NGF could be
observed even in the presence of these agents (Fig. 4).
These findings suggest that the effect of NGF on
neuronatin mRNA expression is not dependent on protein
and RNA synthesis. Finally, RT-PCR was carried out to
study changes in the spliced forms of neuronatin mRNA
before and after NGF application. The primers and
conditions used for RT-PCR were identical to that
described [7]. Only the α-form of neuronatin mRNA was
expressed in PC12 cells, and this was downregulated
following treatment with NGF (200 ng/ml) (Fig. 5a). This
was confirmed by carrying out Southern analysis using
neuronatin cDNA as the probe (Fig. 5b). Using the same
primers and conditions, both the αand βisoforms were
found to be expressed in the developing rat brain [7].

4. Discussion
Our finding that neuronatin mRNA is expressed in
PC12 cells provides a useful substrate to investigate the
role of this novel gene in neuronal growth and differentiation. PC12 cells have been extensively studied as model
neurons ever since their establishment in 1976 [4]. A
striking feature of this cell line is that on exposure to NGF,
it stops proliferating, extrudes neurites and transforms into
a neuronal phenotype. When NGF is removed, the cells
revert to their original rounded and undifferentiated phenotype. Treatment of PC12 cells with NGF was associated
with a downregulation of neuronatin mRNA expression.
The mRNA levels remained suppressed as long as the cells
were exposed to NGF. However, when NGF was removed,
neuronatin mRNA levels returned towards baseline along
with a reversal of phenotype to an undifferentiated state.
NGF decreased neuronatin mRNA levels even in the
presence of protein and RNA syntheses inhibitors. Although there are two alternatively spliced forms that are
expressed during mammalian brain development, only the
larger α-form was noted to be expressed in PC12 cells.
The decrease of neuronatin mRNA levels in PC12 cells
appears to be NGF-specific, as other growth factors did not
show a similar response. The only exception being bFGF
which also reduced neuronatin mRNA levels, but the effect
was marginal compared to that seen with NGF. These
findings may suggest a relationship between the effects of
NGF and neuronatin mRNA expression. Whether NGF
mechanistically involves neuronatin in this process is not
proven. When NGF was removed from the incubating
medium, and PC12 cells allowed to return to their
undifferentiated state, neuronatin mRNA expression also
increased. Together, our findings may suggest that high
levels of neuronatin mRNA expression are associated with
an undifferentiated state, and low levels with a differentiated state. This logic is somewhat supportive of the in vivo
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observation that neuronatin mRNA is abundant in the
developing brain, and that its levels decline with maturation
and differentiation such that only traces are present in the
adult brain [7]. The significance of neuronatin in PC12
growth and differentiation would be clearer when it becomes possible to study protein expression. Unfortunately,
an antibody is not yet available for such studies.
Of the two alternatively spliced forms of neuronatin
mRNA, only the larger α-form was expressed in PC12
cells. However, using the same primers and RT-PCR
conditions we observed both forms to be present in the
developing rat brain [7]. The β
-form appearing at about
E11-14 in the rat, coinciding with the closure of the neural
tube and the initiation of neuroepithelial proliferation and
neuroblast commitment. The α-form was present even
earlier in gestation at E7-10, a time when neurulation is
taking place. The levels of both forms peaked late in
gestation (E16-19), and declined by the second postnatal
week to trace levels in the adult brain. Assuming a role for
neuronatin in PC12 growth and differentiation, the finding
that only the α-form is present in this cell line may
implicate this form as being functionally important. As
noted in our previous studies [7], the only difference
between the two spliced forms is the presence of the middle
exon in the α-form. Therefore, the possibility arises that the
81-bp middle exon of neuronatin may have significance in
regulating cell growth.
The expression of neuronatin in PC12 cells is entirely
consistent with the view that this is a neuron-specific gene.
In our previous studies, we observed that this gene was
selectively expressed in the brain, and not in several other
tissues screened [2,7]. The basis for neuron specificity may
be governed by the neural restrictive silencer element
(NRSE) that is present in the 5’
-flanking region of the
neuronatin gene [2,3]. The NRSE of neuronatin is located
-421 bases from the mRNA cap site. Besides this gene,
NRSE elements have been studied in several other neuronspecific genes, such as SCG10 [12], sodium channel-II [10]
and synapsin-I [11]. Although it is not yet known whether
the NRSE of neuronatin is functional, that in these other
genes may be functionally important.
In conclusion, we report that PC12 cells express neuronatin mRNA, a recently cloned brain-specific mammalian developmental gene. Following treatment with
NGF, there is downregulation of neuronatin mRNA expression which is reversed when NGF is withdrawn. Of the
two spliced forms, only the larger α-form is present in
PC12 cells. These findings provide a basis for the investigation of neuronatin in neuronal growth and differentiation.
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