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P208. Molecular Cloning of Differentially Expressed
Genes in Brain Aging
Rajiv Joseph and Wayne Tsang. Detroit. M1
With unfailing predictability, humans age, degenerate, and
die. The consequences are most devastating when brain
function deteriorates. The basis for aging is primarily
genetic, governed by differential gene expression. Neonatal
(3 days), young adult (3 months), and aged (33 months)
healthy male Fischer 344 rats, an inbred strain, were
studied. Brain RNA was extracted, reverse transcribed, and
cDNA fragments differentially displayed on denaturing
sequencing gels. Of the 35 fragments (JT1-35) that were
extracted from the gels, 5 had unique nucleotide sequences
and were expressed either in the neonate (JT-1,8,30) or
more strongly in the aged brain (JT-4,10) on northern
analysis. Similar results were seen using RNA from fetal
and adult human brains. Two other sequences matched
with GenBank sequences: JT-18 had 81% homology with
F1-ATP synthase β-subunit, and JT-33 had 89% homology
with thymosin β-10 gene. These unique cDNA sequences
are being used to identify their full-length sequences from
rat and human brain cDNA libraries. Differential
expression of these unique sequences in both rats and
humans suggests their involvement in brain aging.

Joseph R, Tsang W. Molecular cloning of differentially expressed genes in brain aging.
Proceedings of the 119th meeting of the American Neurological Association, San Francisco, CA.
October 1994. Ann Neurol 1994; 36: 311.
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MOLECULAR CLONING OF A NOVEL mRNA (NEURONATIN) THAT IS HIGHLY
EXPRESSED IN NEONATAL MAMMALIAN BRAIN+
Rajiv Joseph*, Dexian Dou and Wayne Tsang
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____________________________________________
As differential gene expression governs the progression of development into
senescence, we attempted to define the genes that are selectively expressed
during postnatal brain development. A cDNA fragment selectively expressed in
neonatal rat brain was identified by differential display and used to screen
a cDNA library prepared from the same mRNA sample. The full length cDNA,
neuronatin, was ll95bp long and coded for a novel protein of 81 amino acids.
The cDNA detected an mRNA species of similar size that was highly expressed in
rat neonatal and human fetal brain. The deduced protein exhibited a
hydrophobic N-terminal and hydrophilic C-terminal, suggesting that it is
membrane bound and might function in signal transduction. The selective
expression of this novel mRNA in late fetal and early postnatal brain
development, and loss of expression in adulthood and senescence, suggests
that downregulation of neuronatin may be involved in terminal brain
differentiation.
©1994 Academic Press, Inc.

____________________________________________
Normal brain development predictably leads to senescence manifesting as
progressive failure of function, cellular degeneration and death. The
consequences of aging are most devastating when brain function begins to
fail. Although, environmental factors may be contributory, development is
primarily genetically determined. The onset of senescence is species specific
and its course not significantly prolonged even under optimal environmental
conditions (1). Nevertheless, with increasing age, cellular macromolecules
progressively accumulate
_____________________________
+The GenBank Accession number for neuronatin is U08290.
*Correspondence to Dr. Joseph.
0006-291X/94
1227

Copyright © 1994 by Academic Press, Inc.
All rights of reproduction in any form reserved

Vol. 201, No. 3, 1994

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

errors, such as mutations (2), telomere shortening (3), DNA hypomethylation
(4), impaired DNA repair (5), protein cross linking (6) and decreased protein
degradation (7). However, the mechanism by which these changes may be
involved in senescence remain unclear. Cells in culture also exhibit
senescence, for example, human diploid fibroblasts show growth failure after
a certain number of population doubling levels (8). The inevitable
progression of development into senescence is likely to involve changes in
gene expression manifesting either as upregulation or downregulation of
genes, or both. Therefore, we attempted to define the genes that are uniquely
expressed during brain development and senescence. We report the experiments
leading to the identification of a novel mRNA species that is selectively
expressed in fetal and neonatal human and rat brain.

MATERIALS AND METHODS
Fisher 344 Rats: Healthy male Fisher 344N/NIA rats, an inbred strain (9),
obtained from the National Institute of Aging, Bethesda, MD were studied at 3
days (neonate), 3 months (young adult) and 33 months (aged adult) of age. At
3 months of age, the rat is fully mature and at 33 months it is senescent
(10).
Differential Display: Animals were decapitated, brain quickly dissected out,
immersed in liquid nitrogen, homogenized and total RNA extracted by acid
guanidinium thiocyanate-phenol-chloroform method (11). The methods used were
as previously described (12,13,14). Total RNA (50µg) was treated with DNase—I
RNase—free (20u), human placental RNase Inhibitor (80u), 10mM Tris HC1, 1.5mM
MgCl2, 50mM KC1, incubated at 37°C for 30 mm, phenol:chloroform extracted and
ethanol precipitated. DNase-I treated RNA (2kg) was reverse transcribed using
5’-T12MG—3’ (2.5DM) as the 3’-primer (M=mixture of G,A and C), dNTP (20.µM),
MMLV-Superscript-II (300u) and MMLV buffer (lx) (Life Technologies, Grand
Island, NY): the preparation was incubated at 35°C for 60 mm and then at 95°C
for 5 mm (13). Thereafter, the reaction was PCR amplified with a degenerate
lO—mer sequence (CAGGCCCTTC (Operon Technologies, Alameda, CA) in a
concentration of o.5µM. Also included in the reaction were 5S-adATP (1386
Ci/mmol, 0.5µM) and Tag DNA polymerase (2.5u) (Boehringer Mannheim,
Indianapolis, IN), in a total volume 20µl. The preparation was denatured at
94°C for 5 mm., and then cycled 40 times. Each cycle consisted of
denaturation at 94°C for 30 secs, annealing at 40°C for .2 mm, and extension
at 72°C for 30 secs. Thereafter, the samples were extended at 72°C for an
additional 5 mm, and then held at 4°C. Loading buffer was added and the
samples electrophoresed on 6% acrylamide DNA sequencing gels
1228
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under denaturing conditions. The gel was dried at 80°C for 45 mm. and exposed
(X-OMAT-AR, Eastman Kodak, Rochester, NY) overnight at —70°C. One cDNA
fragment was seen to be strongly expressed only in the neonatal bramn. This
cDNA fragment was cut out of the gel, phenol-chloroform extracted, ethanol
precipitated and PCR amplified using the same set of primers and conditions
used in the first amplification reaction for differential display. The
presence of amplified PCR products was confirmed on 1.5% agarose gels.
Northern Blotting: Initially, the partial sequence extracted from the
differential display gel, was used as a probe in northern blots containing
brain RNA from neonatal, young adult and aged rat brain. Once the full length
cDNA sequence was determined, this was also used in two sets of northern
blots, one containing rat brain RNA and the second containing human fetal and
aged brain. The procedure for the northern blots was as previously described
(15). Briefly, 15kg of total RNA containing 0.lµg/m1 of ethidium bromide was
electrophoresed on denaturing formamide gels. The amount of RNA applied across
the lanes was estimated to be comparable by UV photography. The gel was
transferred onto nitrocellulose by overnight capillary transfer. The membrane
was cross-linked, baked, and prehybridized in a solution containing 1% bovine
serum albumin, 7% SDS, 0.5M sodium phosphate pH7.0 and
1mM EDTA for 2 hours. Hybridization was continued overnight in the presence of
1x106 cpm/inl of random prime labelled probe, at 65°C. The membrane was washed
(1% SDS, 40mM Na3PO4 pH7.0, 1mM EDTA) at room temperature for 30 mm, and then
twice at 65°C for 30 mm. The washed membrane was autoradiographed for about 6
hours.
Cloning and sequencing of the cDNA Fragment: The cDNA fragment isolated from
the differential display gel was cloned into pCR (Invitrogen, San Diego, CA)
as described (16). The cloned vector was used to transform TA One Shot
competent cells. White colonies were selected for plasmid preparation from
plates containing Kanamycin and Bluo-gal (Life Technologies, Grand Island,
NY). The inserts were amplified using primers across the cloning site. The
reaction included the plasmid template (1µg), T7 primer (0.4µM), SP6 primer
(0.4µM), dNTP (100µM), buffer (lx) and Tag polyinerase (2.5u). The reactions
were denatured at 94°C for 5 mm. Thereafter, samples were amplified for 35
cycles. Each cycle consisted of denaturation at 94°C for 1 mm., annealing at
62°C for 2 min. and extension at 72°C for 3 min. This was followed by
extension at 72°C for 5 min, and samples held at 4°C. 25µl of the sample was
loaded on 1.5% agarose gel containing
0.lµg/ml. ethidium bromide, electrophoresed using Tris-acetate buffer (lx),
and photographed using UV light. In the absence of an insert, the predicted
size of the amplified product was 188bp. The clone containing the insert
exhibited a larger sized product estimated to be about 300bp using a lOObp
DNA ladder (Life Technologies, Grand Island, NY) that was run simultaneously.
Double stranded sequencing of the cloned cDNA insert was carried out using
Sequenase Version 2.0 (United states Biochemicals, Cleveland, OH). Five µg of
template was denatured, annealed with T7 or SP6 primers, labelled with 35SdATP and extended by the chain termination method of Sanger (17). The
presence of the anchored 3’—primer was used to locate the cloned insert. The
partial sequence (96nt) was unique with no homology in GenBank (18). This
sequence was used to isolate the full length sequence from the rat brain cDNA
library we constructed.
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Construction of Fisher Rat Brain cDNA Library:
We prepared a cDNA library
using a mixture of RNA from neonatal, young adult and aged Fisher 344 rat
brain. The overall scheme was as previously described (19). High quality
total RNA (1mg) was separated by the single step acid guanidinium thiocyanatephenolchloroform method (11). Through all the steps of the library
construction, products were monitored by UV spectrophotometry, DNA dipstick
(Invitrogen, San Diego, CA), or by 32P-dCTP incorporation. Total brain RNA was
treated with RNase-free DNase—I (lu/32 µg of RNA) in order to digest
contaminating genomic DNA. DNase—free RNA was applied to oligo-dT cellulose
column (Pharmacia, Piscataway, NJ). mRNA, eluted by 0.5M NaCl in
lx TE (10mM Tris HC1, 1mM EDTA), represented 2.7% of the total RNA pool. 4µg of
mnRNA was used to synthesize cDNA using 200u of Superscript—Il MMLV reverse
transcriptase, 0.5/µg of oligo-dT12-18, in 80µl of 50mM Tris, pH 8.3 buffer.
All steps upto this stage used dH2O treated with 0.02% DEPC and autoclaved,
and contained 2u/µl of RNase inhibitor. The resulting RNA-DNA hybrids were
converted to ds—cDNA in lOOµl of 20mM Tris pH 7.5, 4u of RNase-H and 46u of
DNA polymerase. ds-cDNA was blunt ended using mung bean nuclease (43u/200µl
of reaction mixture), 30mM sodium acetate pH 5.2 and 1mM Zn2+ as an activator.
For high efficiency cloning of blunt ended ds—CDNA, EcoRI adapters with a
nested NotI site (Life Technologies, Grand Island, NY) were ligated to the
ends using 20u of T4 Ligase, 66mM Tris pH 7.5, in a SOM1 reaction volume. NotI
recognizes an 8—base site which rarely exists in ds— cDNA (about one site per
65kb) increasing the chances of excising the intact insert after cloning. The
excess adapters and smaller cDNA fragments (<500bp) were removed by cDNA
fractionation column (Life Technologies). ds-cDNA with ligated Ec0RI(NotI)adapters were cloned into the single EcoRI site located at the 3’-end of LacZ
gene in λgtll. To minimize background, the dephosphorylated λgt11 EcoRI arms
(Life Technologies) were ligated with phosphorylated EcoRI (NotI) -adapterds-cDNA. Phosphorylation of EcoRI(NotI)—adapter—ds-cDNA was carried out with
40u of T4 nucleotide kinase, 66mM Tris pH 7.5, 1mM ATP, in 250µl reaction
volume. Finally, the recombinant λgtll phage were packaged in vitro using λ
Packaging System (Life Technologies), and used to infect E.coli Y1090(R-M-ΔLa
cU169). The efficiency was about 3.5 x 105 pfu/µg cDNA. More than 90% of the
plaques were detected by blue/white selection to contain recombinant phage.
Screeninci of Library: Using the unique partial cDNA fragment, we screened
about 25,000 plaques. The probe was labelled with 32PdCTP by the random primer
method to about 108-109 cpm/µg DNA.
Nine plaques showed strong hybridization (at 73°C). These nine plaques were
purified, DNA prepared and digested in separate reactions with Ec0RI and
NotI. Both these restriction enzymes released single fragments suggesting the
absence of these restriction sites within the insert. One plaque released an
insert of about 1.2—1.3kb, corresponding to the size of the mRNA species
detected in the northern blot using the partial cDNA sequence. This clone was
fully sequenced.
Sequencing of Full-Length cDNA: The clone isolated from the library and
predicted to contain the full length cDNA was sequenced using cycle
sequencing with the fmol™ sequencing System (Promega, Madison, WI).
Sequencing was carried out in both directions using a total of 9 primers,
five from one end and four from the other. Primers were custom made (DNA
International, Lake Oswego, OR).
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RESULTS AND DISCUSSION
Total RNA was extracted from neonatal, young adult and aged rat brain and
processed for differential display. A cDNA fragment selectively expressed in
neonatal brain was identified (Figure-1). This cDNA fragment was extracted
from the gel, PCR-amplified and confirmed on northern blot to be selectively
expressed in the neonatal brain (Figure—2). The mRNA was estimated to be
about 1.2kb. The cDNA fragment was cloned and sequenced. As there was no
homology for this sequence in GenBank, we used this cDNA fragment to screen a
λgtll cDNA library prepared from the same sample of brain RNA. Of the nine
positive clones identified, one clone contained an insert matching the size
of the detected mRNA species. This insert was fully sequenced in both
directions.
The full length sequence was ll95bp long and had no homology in GenBank
(Figure—3). Although, the 3’-untranslated region of our

Figure 1. Differential display of brain cDNA from healthy 3 day
old (neonate (N)), 3 month old (young adult (Y)) and 33 month old (aged
adult (A)) male Fisher 344 rats. The cDNA fragment (arrowhead)
selectively expressed in neonatal brain is shown.
Figure 2. Northern hybridization of brain RNA from neonatal (N),
young adult (Y), and aged adult (A) rats using the cDNA fragment
extracted from the differential display gel. The ethidium bromide stained
gels pictured under UV light prior to transfer is also included to show
that similar amounts of RNA were applied. The estimated size of the mRNA
derived using RNA standards was about 1.2kb.
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Figure 3. Full length cDNA sequence for neuronatin. The unique cDNA
fragment identified on differential display to be selectively expressed in
neonatal brain was used to screen a λgtll cDNA library we constructed using Fisher
rat brain. Of the 9 positive plaques identified, one clone had an insert of about
1.2kb, closely matching the size of mRNA detected on northern.
This clone was fully sequenced in both directions. The mRNA had a total length of
ll95b with prototypical translation initiation and termination sites. The
translation start site (GAACCATGG), coding stop signal (TGA), mRNA termination
signals (AATAAA and CA) are underlined.

sequence matched with part of the 3’—untranslated region of calbindin—D28K (20), the
entire 5’-untranslated region and coding region were unique. The sequence has a strong
translation initiation site GAACCATGG (21) and a coding region for 81 amino acids

from nt 41 to 283 followed by the stop signal. The deduced protein is novel having
no homologous sequences in the database. The 3’-untranslated region was 912 nt
long with the prototypical termination signals AATAAA located at position 1112, CA at

position 1174 followed by the poly(A) tail beginning at position 1178 (22). The
full length sequence, designated neuronatin, was used in northern blotting to
confirm selective expression in neonatal brain (Figure—4). In addition, in northern
blots using
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Figure 4. Northern blotting of neonatal rat brain (N), young adult brain
(Y) and aged rat brain (A) using the full length sequence for neuronatin as the
probe.
Figure 5. Northern blotting of human fetal (F) (18—24 weeks old) and
human aged (A) brain (60 years old) with full length sequence for neuronatin.
RNA from human brain, neuronatin was expressed in human fetal brain aged 18-24 weeks
(Figure-5). When tested for hydropathy (23), the protein was highly hydrophobic from
residues 1 to 36 and hydrophilic from residues 74 to 81 suggesting that the N-terminal
may be membrane bound whereas the C—terminal was located in the cytoplasm. Such a
protein may be involved in signal transduction. The abundant expression of neuronatin
mRNA during late fetal and early postnatal periods of mammalian brain development, and
downregulation during adulthood and senescence, suggests a role in brain
differentiation.

Acknowledgments: Supported by grants from the National
Institutes of Health (NS-01521) and the American Heart
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_43 Molecular Cloning of a Novel Mammalian Brain
Developmental Gene, RAJIV JOSEPH, DEXIAN DOU & WAYNE
TSANG, (Henry Ford Hospital / CWR University, Detroit, Mich).
The developing brain grows, but the adult brain does not. As differential
gene expression governs development, we attempted to identify the
genes expressed in neonatal, but not adult, rat brain. cDNA fragments
expressed only in neonatal brain were identified by differential display
and used to screen a brain cDNA library we constructed using the same
samples of mRNA. Two alternatively spliced forms of a novel neuron
specific gene, neuronatin (nnn)-α and β
, abundantly expressed in
developing mammalian brain were isolated (BBRC 1994; 201:12271234). Neuronatin-αcoded for 8laa using 3 exons. and neuronatin-β
coded for 54aa with 2 exons. The two forms had the same open reading
frame and were identical except that in neuronatin-βthe middle exon
was spliced out. Neuronatin-αmRNA was expressed only in the brain
and not in the three other tissues studied. Neuronatin was expressed in
neuronal cells but not in glial lines. In the rat, neuronatin was not
detected at embryonic (E) day 7-10. It first appeared at E10-14, peaked
at E16-19 when neuro-epithelial proliferation and neuroblast
commitment are manifest, and declined to traces in adulthood.
Neuronatin also detected a 1.2kb mRNA in 18-24 wk old human fetal
brain, and on preliminary evaluation, the human cDNA exhibited
significant homology to the rat. The deduced protein had a highly
hydrophobic N-terminal in an α-helix suggesting membrane binding,
and a hydrophilic C-terminal. Identification of the human genetic locus
will help determine the importance of this gene in disease

Joseph R, Dou D, Tsang W. Molecular cloning of a novel mammalian brain developmental gene.
Proceedings of the meeting of Human Genome 1994: The Genes and Beyond, Washington D.C.
October 2-5, 1994 #43, p24.
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24. Human Homolog of a Novel Mammalian Brain Developmental Gene
DEXIAN DOU & RAJIV JOSEPH. Henry Ford Hospital / CWR
University, Detroit, Mich.
We have recently cloned a novel full length cDNA sequence of 1.2kb
that is selectively expressed in neurons. This mRNA is selectively and
abundantly
expressed in the brain of fetal/neonatal rats and humans,
suggesting a role in neuroepithelial proliferation and neuroblast
commitment (BBRC 1994; 201:1227-1234). Although, neuronatin-αwas
cloned from neonatal rat brain, it also hybridized to an mRNA species of
the same size in 18-24 week old human fetal brain. However, when rat
neuronatin-αcDNA was used to screen a human fetal brain cDNA
library, only the β
-form of neuronatin was identified. Comparison of the
cDNA sequences for neuronatin-β in the rat and human revealed
significant homology. The deduced proteins for these two cDNA
sequences were identical, except for substitution of His35 in the rat with
Tyr35 in the human. Furthermore, both sequences had the same
translation initiation site in good context, GAACCATGG, and
termination signals, AATAAA followed by CA and poly(A) tail. Using
the human cDNA, we have screened a human genomic library to identify
positive clones for purification and sequencing, and genomic
localization. The high degree of conservation observed in cDNA
sequences of the rat and human, suggests that neuronatin may have a
vital role in mammalian brain development.

Dou D, Joseph R. Human Homolog of a novel mammalian brain developmental gene.
Proceedings of the meeting of Human Genome 1994: The Genes and Beyond, Washington D.C.
October 2-5, 1994 #24, p20.
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368.12
NEURONATIN IS A NOVEL BRAIN SPECIFIC DEVELOPMENTAL GENE.

Rajiv Joseph, Dexian Dou and Wayne Tsang. Lab of Mol.
Neuroscience, Henry Ford Hospital, Detroit, MI 48202.
Differential gene expression governs brain development and senescence. Our
effort was to define the genes that are selectively expressed in neonatal (3
days), adult (3 mths) and aged (33 mths) male Fisher 344 rate, an inbred
strain. A cDNA fragment expressed only in neonatal brain, was identified by
differential display and used to screen a cDNA library constructed using the
same sample of mRNA. The full length cDNA, neuronatin, was 1195bp long
and coded a novel protein of 81 amino acids. The cDNA detected a mRNA
species which is expressed only in the brain and not in the three other tissues
studied. Screening of cell lines revealed that neuronatin is expressed in
neurons and not in glia. During development, neuronatin first appears at 1014 days of gestation and its expression is maximum late in gestation at 16-19
days. Postnatally neuronatin declines to trace mRNA levels in adulthood and
in senescence. Neuronatin also detected a 1.2kb mRNA in the human fetal
brain suggesting that this is a conserved mammalian gene. The deduced
protein has a highly hydrophobic N-terminal and hydrophilic C-terminal
suggesting that it is membrane bound and may function in signal
transduction. The selective expression of this novel mRNA in the
undifferentiated brain and decline in the differentiated adult brain suggests a
role for neuronatin in neuronal growth and differentiation. Identifying the
human genetic locus will help determine the importance of this gene in
human developmental disease.

Joseph R, Dou D, Tsang W. Neuronatin is a novel brain specific developmental gene.
Proceedings of the 24th meeting of the Society for Neuroscience, Miami, FL. November 1994.
Soc Neurosci Abs 1994; 20: 882.
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MOLECULAR CLONING OF NEURONATIN: ALTERNATIVELY SPLICED
FORMS
OF
A
NOVEL
BRAIN-SPECIFIC
MAMMALIAN
DEVELOPMENTAL GENE
Rajiv Joseph, Dexian Dou and Wayne Tsang
Laboratory of Molecular Neuroscience, Department of Neurology, Henry Ford
Hospital & Health Sciences Center and Case Western Reserve University, Detroit,
MI 48202.
INTRODUCTION. Mammalian brain development is governed by differential
gene expression.
Experimental Procedure
MALE 344 RATS
NEONATE
[3 d]

YOUNG ADULT
AGED ADULT
[3 mths]
[33 mths]
BRAIN
↓
RNA
↓
cDNA
↓
DIFFERENTIAL DISPLAY
↓
SELECT AGE—SPECIFIC cDNA FRAGMENTS
↓
CONFIRM SELECTIVE EXPRESSION ON NORTHERN
↓
CLONING
↓
SEQUENCING
↓
IDENTIFICATION OF UNIQUE cDNA FRAGMENTS
↓
CONSTRUCT & SCREEN F344 BRAIN cDNA
LIBRARY USING THE UNIQUE cDNA FRAGMENTS
↓
IDENTIFICATION OF FULL—LENGTH cDNA
SEQUENCES

In the rat, neurogenesis begins following
closure of the neural tube at about embryonic
(E) day-10 and is completed by the end of the
first postnatal week. During this period,
waves of neuroepithelial cells from the
ventricular zone undergo proliferation and
become committed neuroblasts which remain
postmitotic for the rest of their adult life. This
report describes the strategy used to isolate a
novel gene that is expressed during
neurogenesis. An initial report has recently
been published (1)
EXPERIMENTAL PROCEDURE. The
strategy used is shown in the figure. Briefly,
differential display was used to identify
cDNA fragments expressed in neonatal brain,
confirmed on northern blotting, cloned.
Sequenced, and used to probe a rat brain
library (2).

RESULTS AND DISCUSSION. Using Fischer 344 rats, an inbred strain, we
differentially displayed brain cDNA prepared from neonatal (day-3), young adult (3
months) and aged (33 months) male rats. 35 cDNA fragments, expressed in one or
other age group were extracted from the gels, PCR amplified and when used as
probes in northern hybridization, only 7 were confirmed to be differentially
expressed. Following cloning and sequencing, 5 of the 7 cDNA fragments had novel
nucleotide sequences. These cDNA fragments were used to screen a rat brain cDNA
library that we prepared from the original RNA samples. The full length sequence
for a novel mRNA, neuronatin, was isolated. Neuronatin mRNA was selectively
expressed in the brain, and was present in neuronal but not glial cell lines. There
were two alternatively spliced forms, αand β, with the same open reading frame.
Neuronatin-αcoded for a novel protein of 81 amino acids using three exons. In
particular, the middle exon was needed for the differential expression of neuronatin
during brain development, and its deduced protein was 40% identical with the
conserved region of an iron-sulfur hydrogenase involved in electron transfer.
Although, neuronatin-β was otherwise identical to the α-form, it lacked the
important middle exon. During development. Neuronatin-αmRNA was first seen at
E11-14 coinciding with the closure of the neural tube. The expression became more
pronounced at E16-19 when a surge in neurogenesis occurs, and declined
postnatally to trace levels in the adult brain. Therefore, this novel neuron-specific
gene, expressed in precise relationship to neurogenesis, may function to regulate
neuroblast generation during development.
The GenBank accession # for neuronatin-αis U08290 and for neuronatin-βU09755.
REFERENCES
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Joseph R, Dou D, Tsang W. Molecular clonthg of neuronatin: Alternatively spliced forms of a
novel brain-specific mammalian developmental gene. Proceedings of the 1994
MiamiBio/Technology European Symposium, Monaco. November 17-20, 1994. In: Advances in
Gene Technology: Molecular Biology and Human Genetic Disease. Miami Bio/Technology Short
Reports 1994; 5: 22. Nuc Acids Symp 1994; 29: 15.

237

698P
Neuronatin Is a Novel Mammalian Gene
Involved in Neurogenesis
Rajiv Joseph, Dexian Dou, and Wayne Tsang, Detroit, Ml

Objective. Neurogenesis begins in midgestation and continues in the rat
into the neonatal period. Therefore, the role of neuronatin, a novel gene
that we cloned from neonatal rat brain (Biochem Biophys Res Commun
1994;201:1227-1234), in brain development was studied.
Methods/Results. Neuronatin has two alternatively spliced forms, αand
β
, with the same open reading frame. Neuronatin-αencoded 81aa using 3
exons, and neuronatin-βencoded 54aa using 2 exons. The only difference
was the presence in the α-form of the 81nt middle exon, required for the
expression of neuronatin during neurogenesis. The deduced protein for the
middle exon was 40% identical with the conserved region of an ironsulfur hydrogenase involved in electron transfer. Neuronatin mRNA was
selectively expressed in the brain and was present in neuronal but not glial
lines. The mRNA appeared at E11-14 coinciding with the closure of the
neural tube, became more pronounced at E16-19 when a surge in
neurogenesis occurs, and declined by the second postnatal week to trace
levels in the adult. When the coding region of neuronatin-α was
transferred into cells not containing neuronatin using a retroviral vector,
cell proliferation was promoted.
Conclusions. Neuronatin is a novel neuron-specific gene that is
expressed during neurogenesis and promotes cell proliferation. Therefore,
neuronatin may play an important role in mammalian neuroepithelial
proliferation leading to neuroblast generation.
Study supported by NIH NS01521 and the American Heart
Association-National Center 92-132 (to R.J.).

Joseph R, Dou D, Tsang W. Neuronatin is a novel mammalian gene involved in neurogenesis.
Proceedings of the 47th meeting of the American Academy of Neurology, Seattle, WA. May
1995. Neurology 1995; 45 (Suppl 4): A355.
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Molecular Cloning of Human Neuronatin
Dexian Dou and Rajiv Joseph, Detroit, MI

Objective. Two alternatively spliced forms of a novel gene, neuronatin-αand β
have been cloned from neonatal rat brain (Biochem Biophys Res Commun 1994;
201:1227-1234). Neuronatin is expressed only in the brain in precise relationship
to neurogenesis. Based on experiments with cell lines constructed with and without
the coding region for neuronatin, this gene promotes cell proliferation. Rat
neuronatin-αalso hybridized an mRNA species of similar size in human fetal
brain. Therefore, we proceeded to isolate the human gene and cDNA homologue
of neuronatin.
Methods/Results. When rat neuronatin-αcDNA was used to screen a human
fetal brain cDNA library, only the β
-form of neuronatin was identified. The
deduced proteins for human and rat cDNA sequences were identical, except for
substitution of Tyr35 in human with His35 in rat. Furthermore, both sequences had
the same translation initiation site in good context, GAACCATGG, and
termination signals, AATAAA, followed by CA and poly(A) tail. Using primers
specific for the 3’
-untranslated region of human neuronatin cDNA to screen a
somatic cell panel, the human neuronatin gene was localized to chromosome-20
with 0% discordance. Human neuronatin was abundant and selectively expressed
in human fetal brain (18-24 wks), and not in the lung, liver or kidneys, the other
human fetal tissues screened. Only trace levels were present in the adult human
brain.
Conclusions. Neuronatin, located on chromosome-20, is a novel human gene
that is selectively expressed in human fetal brain during neurogenesis The high
degree of conservation observed in the cDNA sequences of human and rat suggests
that neuronatin may have a vital role in mammalian brain development.
Study supported by NIH NS01521 and the American Heart AssociationNational Center 92-132 (to R.J.).
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M98.

Developmental Genes Link
Neuroembryogenesis and Carcinogenesis

Rajiv Joseph, Detroit, MI

Neuroembryogenesis and carcinogenesis are characterized by rapid
cell proliferation. Once differentiation begins, the developing brain
progressively matures to a postmitotic fate, but, in cancer, no such
restraint appears to exist. Based on the hypothesis that genes expressed
during brain development also may be involved in carcinogenesis, the
genes selectively expressed in the developing, but not adult, rat and
human brain were isolated. Differential display, library screening, and
Northern blotting were carried out as described (BBRC 1994; 20l:
1227-1234). The mRNAs for thymosin β
10 (Tβ
10) and p23 human
transplantation antigen (p23HTA) were expressed during development
in all tissues, including the brain. Neuronatin (nnn), a novel gene, was,
however, highly brain-specific in its expression. Although Tβ
10,
p23HTA, and nnn were abundant in developing brain, only traces were
expressed in the adult. Nevertheless, the expression of all 3 genes was
abundant in brain malignancy. In conclusion, Tβ
10, p23HTA, and nnn,
3 normal human developmental genes, become reexpressed in
malignant cells. The findings require that these genes be investigated
as targets to limit malignant cell proliferation.
Study supported by NIH grants # NS-01521 and American Heart
Association-National grant #92-132.

Joseph R. Developmental genes link neuroembryogenesis and carcinogenesis. Proceedings of
the 120th meeting of the American Neurological Association, Washington, DC. October 1995.
Ann Neurol 1995; 38: 309.
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Abstract
Neurogenesis begins with the closure of the neural tube around mid gestation and continues in the rat for about two weeks postnatally.
Therefore, we investigated the role of neuronatin, a novel cDNA that we cloned from neonatal rat brain (Joseph et al., Boichem. Biophys. Res.
Commun., 201 (1994) 1227-1234), in brain development. Further studies described in the present manuscript, lead to the identification of
two alternatively spliced forms of neuronatin mRNA, αand β. with the same open reading frame. Neuronatin-αencoded a novel protein of
81 aa, and the β-form encoded 54 aa. Both forms were identical, except that the α-form had an additional 81 bp sequence inserted into the
middle of the coding region. On Northern analyses, neuronatin mRNA was relatively selective for the brain. It first appeared at E11-14, a
time when the neural tube has closed and neuroepithelial proliferation initiated, became pronounced at E16-19 with a surge in
neurogenesis, and declined postnatally to adult levels with the completion of neurogenesis. In order to determine whether there were other
forms of neuronatin mRNA, and to study the expression of the αand βforms separately during development, reverse transcriptasepolymerase chain reaction was carried out using primers flanking the coding region of the αand βforms. The RT-PCR results clearly
indicated that there were only two forms of neuronatin. The β
-form first appeared at E11-14, whereas the α-form was present even earlier
at E7-10. Together, these findings indicate that the two forms of neuronatin mRNA is regulated differently during brain development. The
appearance of the β-form at mid-gestation, coinciding with the onset of neurogenesis, may suggest that alternative splicing of neuronatin
mRNA has relevance in brain development.
Keywords: Neuronatin; Development; Brain; Gene; Neuroepitheliurn: Proliferation: Commitment; Differentiation; Migration

1. Introduction
Although development is a continuum, there are certain stages when
the changes are more pronounced. The development of the brain
begins with neural induction during gastrulation leading to the
formation of the neural plate. Once the neural plate closes to form
the neural tube at about embryonic (E) day 10 in the rat, the
neuroepithelial cells of the ventricular zone begin to proliferate
[6,15] and generate waves of stem cells, which following clonal
expansion, stop dividing and become committed neuroblasts or
gliablasts [19]. Subsequently, these cells migrate along supporting
radial glial fibers into the surrounding tissue and become layered in
an inside-out manner to form the cortical mantle [3,13,14,16,17].
Although, it appears
_______
The GenBank accession number for neuronatin-α is U08290, and for
neuronatin-βU09785.
* Corresponding author. Fax: (1) (313) 876-1318.
0006-8993/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved
SSDJ 0006-8993(95)0062l4

that neurons and glia arise from a common precursor in the
neuroepithelium, more recent studies suggest they originate from
distinct stem cells [20]. In any event, the surge of neuroepithelial
proliferation and commitment to a neuronal or glial fate results in
a rapid increase in brain mass that continues into the early
postnatal period.
The molecular events that initiate neuroepithelial proliferation and
their subsequent commitment as neuroblasts or gliablasts are
undoubtedly complex and may involve multiple interacting
signals. Nevertheless, we proceeded to investigate the role of
neuronatin, a novel cDNA that we recently cloned from postnatal
(P) day 3 [7] rat brain, in development. In our original report, we
noted that neuronatin cDNA, identified a mRNA species of about
1.2 kb which was selectively more abundant in neonatal rat brain
compared to the adult brain. As rat brain development extends into
the postnatal period, we reasoned that neuronatin may be involved
in development. In the present study, we have characterized the
two alternatively spliced
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forms of neuronatin mRNA, and investigated their role in
rat brain development.

quenced, only 5 had novel sequences. These 5 fragments
were pooled and used to screen the ratbr
a
i
nλ
g
t
11cDNA
library that we prepared.

2. Materials and methods
2.4.

Northern blotting

2.1. Fischer 344 rats
Healthy F344/N rats (Harlan Sprague-Dawley, Indianapolis, IN), an inbred strain [5]. were used in all experiments. In order to study embryonic development, pregnant
animals at different stages of gestation timed from the
appearance of the vaginal plug were sacrificed. Embryos
were removed following decapitation of the mother. Early(E7-10). mid- (E11-14) and late- (E16-19) gestation
embryos were studied. Postnatally, P3, P7 and P14 pups,
and adult animals were studied. In the case of E7-10, whole
embryos were used, and at E11-14, the head region was
used for RNA extraction. By E16-19, the coverings of the
brain having developed, allowed dissection to remove the
brain. Animals were decapitated, brain quickly removed
and placed in liquid nitrogen. In experiments to study
expression of neuronatin mRNA in different tissues, the
heart, liver and kidneys were removed from P3 pups.
2.2. RNA extraction
Total RNA was extracted by acid guanidinium thiocyanate-phenol-chloroform method [4,8]. The tissue was
crushed in a mortar in the presence of liquid nitrogen; 10
ml of denaturing solution (4 M guanidinium thiocyanate.
25 mM sodium citrate (pH 7.0), 0.5% sarcosyl, 0.1 M
2-mercaptoethanol) was added, homogenized using a glassteflon homogenizer (Eherbach, 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, vortexed, kept on ice for 15 mm
and centrifuged (10,000 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
denaturing solution, transferred to a micro-centrifuge tube
and precipitated again with isopropanol. The final RNA
pellet was washed with 75% ethanol and dissolved in 0.5%
SDS.
2.3. Library screening and sequencing
Differential display and library construction were carried out as previously described [7]. Briefly, total RNA
samples from neonatal (P3), adult (3 months) and aged (33
months) male F344 rat brain were reverse transcribed using
anchored 3-primers and degenerate 5-primers, and
separated on denaturing polyacrylamide sequencing gels.
Thirty-five cDNA fragments present only in the neonatal or
adult brain were extracted, PCR amplified, and used in
Northern blotting experiments. Only 7 of the 35 fragments
were confirmed to be differentially expressed on Northern
blotting. When these 7 fragments were cloned and se

The procedure for the Northern blots was as previously
described [8]. Briefly, 15 µg of total RNA containing 0.1
µg/ml of ethidium bromide was eleetrophoresed on denaturing formaldehyde gels. The amount of RNA was estimated to be comparable by UV photography (and later by
glyceraldehyde 3-phosphate dehydrogenase (G3PDH) hybridization), and transferred to nylon by overnight capillary
action. The membrane was cross-linked, baked, and
prehybridized in a solution containing 1% bovine serum
albumin. 7% SDS, 0.5 M sodium phosphate (pH 7.0) and 1
mM EDTA for 2 h. Hybridization was continued overnight
at 65°C in the same solution to which was also added 1 x
106 cpm/ml of random prime labeled probe. The membrane
was washed (1% SDS, 40 mM Na3PO4 (pH 7.0), 1 mM
EDTA) at room temperature for 30 min and at 65°C for 30
min (X2), and exposed to film for 6 h.
2.5. Reverse-transcriptase-polymerase chain reaction
(RT-PCR.)

In order to study the expression of the two alternatively
spliced forms of neuronatin cDNA during brain development, we synthesized primers designed against the neuronatin cDNA sequence (see Fig. 1). The 5’
-primer was
homologous to positions -40 to – 15 of the cDNA
sequence, 5’
-GCGAACCCTTGCTCTCGACCACCCAC3’
; the 3-primer was complementary to positions 652-671.
5’
-CCCACTAGTTTTCTTAACCC-3. The predicted sizes
of the products was 710 for the β-form. and 791 for the αform (including the 81 bp sequence (box in Fig. 1)).
For cDNA synthesis, total RNA extracted as described
above from E7-10, E11-14, E16-19, P7 and P14 rats were
reverse transcribed using a modification of previously
described methods [9]. Initially, reactions containing RNA
(5 µg), RNase inhibitor (40 U, Promega). oligo-dT (0.5 µg,
BRL), made up to 10 µl with DEPC-treated water was
heated to 70°C for 10 min, and then chilled on ice.
Thereafter, final concentrations of DTT (10 µM), dNTP
(125 µM), RT-MMLV (10 U, BRL) and RT-buffer (1 X,
BRL) were added in a total volume of 20 µl, and the
reactions incubated at 37°C for 60 min. Thereafter, the RTenzyme was inactivated by heating to 94°C for 5 min and
chilled on ice. Aliquots (4 µl) of the cDNA reaction was
used for PCR amplification. The final concentration of the
ingredients of the PCR reaction were, dNTP (100 µM), 5primer (0.4 µM), 3-primer (0.4 µM), Taq DNA polymerase
(5 u, Promega), Tris-HCI (10 mM), MgCl2 (1.5 mM), KCl
(50 mM) and gelatine (5 µg), in a total
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volume of 50 µl. The samples were denatured at 95°C’for
2 min, and then amplified for 40 cycles. Each cycle
consisted of denaturation at 95°C for 30 s, annealing at
62°C for 1 min, and extension at 72°C for 2 min. The
samples (30 µl per well) were electrophoresed using 1 X
Tris acetate buffer, on 1% agarose containing ethidium
bromide. A 100 bp ladder (BRL) was used as the DNA size
marker. The gel was photographed under UV light.

3. Results
The novel cDNA fragments isolated by differential
display from neonatal rat brain were used to probe the
λ
g
t
1
1rat brain cDNA library that we prepared. A total of
nine positive plaques were identified. These plaques were
isolated, purified and parallel samples digested with EcoRI
and NotI (EcoRI arms containing nested NotI sites were
used to construct the library). Both EcoRI and NotI
digestion released inserts of the same size. Of the nine
plaques that were isolated, the inserts in four were between
1.2 and 1.3 kbp, one about 2 kbp, and the remaining four
were less than 0.5 kbp. The clones in the 1.2-1.3 kbp

range corresponded in size to the mRNA species detected
on Northern blotting using the cDNA fragments. These
four clones were sequenced in both directions using the
fMolTM Sequencing System (Promega, Madison, WI) with
custom made primers. All four clones had identical 5’
- and
3-untranslated regions, translation initiation (GAACCATGG) [10]. stop (TGA) and termination (AATAAA)
signals [21]. Two of these four clones were identical
including having a coding region of 243 nt, whereas the
remaining two clones were also identical with each other
with a coding region of 162 nt. Therefore, we were able to
confirm the cDNA sequences for the longer, neuronatin-α.
and shorter, neuronatin-β, forms by sequencing two separate clones for each (Fig. 1). Although we used a pooled
sample of five novel fragments to screen the library, all the
clones identified were of neuronatin.
The restriction map generated for neuronatin-α was
confirmed by digestion with EcoRI, NotI, NcoI and XhoI.
There were no sites for EcoRI and NotI, XhoI had one site
resulting in two fragments of 556 and 639 bp, and NotI had
three sites resulting in four fragments, 40. 122, 471 and 562
bp. The difference between the two forms of neuronatin
was confined to a portion of the coding region.

Fig. 1. The cDNA sequences for the two alternatively spliced forms of neuronatin. Bascd on the cDNA sequence, neuronatin-αhas three regions..
possibly exons, consisting of 72, 81 and 90 nucleotides. Neuronatin-βwas identical to neuronatin-αexcept that it lacked the 81 bp middle region
(box). Neuronatin-αcontained the 81 bp middle region which exhibited prototypical features of an intron including consensus GT-AG and a
branch site, TCGAAAT, located 33 nt upstream of the 3’
-end (underlined). Also underlined are the translation start (GAACCATGG), stop (TGA)
and termination (AATAAA followed by CA) signals. The poly(A) tail begins at position 1057. For the RT-PCR study, primers flanking the
coding region were synthesized, the 5’
-primer was homologous to sequences -40 to -15, and the 3’
-primer was complementary to sequences 652671.
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bridize to the β
-form. Therefore, the results of the Northern blotting experiments would reflect the combined expression of neuronatin-α and –
β mRNA. Neuronatin
mRNA was relatively selectively expressed in the brain and
not in the heart, kidney or liver, the three other tissues
studied (Fig. 2). Next, the expression of neuronatin during
different stages of brain development was investigated.
Northern blotting was carried out using RNA extracted
from E7-10, E11-14, E16-19, P3, and adult (3 months)
male and female rats. Neuronatin was not expressed in the
early embryonic period, It first appeared in the mid embryonic period, and its expression became abundant later at
E16-19. Postnatally, its expression declined such that only
minimal levels were present in adulthood (Fig.3).
In order to determine the relative importance of neuronatin-α and -βduring development, and in order to
exclude other spliced forms of this gene, we carried out
RT-PCR with primers flanking the coding regions of neuronatin-α and -β
. On the basis of the location of the
primers (see Fig.1), we would predict that the α-form
would generate a product of 791 bp, and the β
-form 711 bp.
The findings reveal that of the two forms, it is the β
-form
that appears at E11-14 (Fig.4). Although the
Neuronatin-αhad an additional 81 bp sequence inserted
into the coding region without altering the reading frame
(Fig. 1). This additional stretch of cDNA had the prototypical features of an intron [11], including the consensus
sequences CT at the 5-end, AG at the 3-end, and the branch
site, TCGAAAT, located 33 nt upstream of the 3'-end.
Based on the cDNA sequence, it appears that neuronatin-α
had three regions, possibly exons, the first extending from
positions 1 to 72 (72 nt, 24 aa), the third from 73 to 162 (90
nt, 30 aa); the middle region was inserted between positions
72 and 73 and consisted of the 81 bp sequence coding for
27 aa. However, pending information of the genomic
structure, this analysis based on the cDNA sequences must
remain tentative.
GenBank analysis [2] using the BLAST server [1] revealed that the 3’
-untranslated region of neuronatin cDNA
matched with part of thc 3'-end of rat calbindin-D28k
isolated by Lomri et al (LOCUS: RATCALBDF. GenBank
#M27839) [12] (Table 1). However, the entire 5’
-end and
first 208 nt (out of 243 nt) of the coding region of
neuronatin were nonhomologous and unrelated to calbindin-D28k. Although the rat calbindin-D28k clone isolated by Lomri et al. exhibited significant homology with
calbindin-D28k present in other species, neuronatin did not
match with any of the several other forms of calbindinD28k present in GenBank.
Northern hybridization revealed that both forms of neuronatin cDNA hybridized to a mRNA species of about 1.2
kb, therefore, subsequent studies were carried out using
neuronatin-αas the probe. Because of the homology between the αand βforms, the α-probe would also hy-

Fig. 2. Northern blot study to compare neuronatin mRNA
expression in different tissues. Total RNA was extracted from P3
rat brain, heart, liver and kidneys; and from adult rat brain.
Following hybridization with neuronatin-α(top panel), the blot
was stripped and re-hybridized with human glyceraldehyde-3
phosphate dehydrogenase (G3PDH) (middle panel). The elhidium
bromide-stained gel, photographed prior to transfer. is also shown
(bottom panel).
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-β
, no other products were amplified, indicating that there
are no other forms of neuronatin mRNA during brain
development.
4. Discussion

Fig. 3. Northern blot study of neuronatin expression during
embryonic and postnatal rat brain development. Total RNA was
extracted from E7-11), E11-14, El6-l9, P3, adult male and female
rats, and processed for northern blotting using neuronatin-αas the
probe (top panel) The blot was also labeled with G3PDH (middle
panel). The ethidium bromide stained gel is also shown (bottom
panel).

α-form was not observed on Northern blotting at E7-11), it
was seen on RT-PCR to be present at this developmental
stage. Apart from the predicted bands for neuronatin-αand

Fig.4. RT-PCR study of neuronatin-α and βmRNA during rat
development. As described in Section 2. primers flanking the
coding region were designed to amplify products that would he
specific for the αand βforms. The predicted size for neuronatin-α
was 791 bp and that for neuronatin-β
, 710 hp. RNA extracted from
E7-10, E11-14. E16-19, P7 and P14 rat were used. The appearance
of the β-form at E11-14 coincided with a period in development
when neurogenesis has been initiated.

Although originally isolated from neonatal rat brain, the
studies described in this paper reveal that neuronatin
mRNA is abundant and differentially expressed during
brain development. There are two forms of mRNA, αand
β
, which appear to be alternatively spliced. The shorter β
form first appears in mid gestation, a time when the neural
tube has closed and neuroepithelial proliferation and
commitment to a neuronal or glial fate are taking place. On
the other hand. neuronatin-αmRNA, although not detected
on Northern analysis, was observed on RT-PCR to he
present even earlier in gestation. Nevertheless, the
abundance of the α-form was also increased in midgestation. Maximum levels of neuronatin mRNA were seen
late in gestation; thereafter, its expression decreased to
baseline levels in the adult brain. This close temporal
relationship between the mRNA expression pattern of
neuronatin and brain development raises the possibility that
the two phenomena are related.
Neuronatin-α exhibited partial homology to the 3’
-un
translated region of the rat calbindin-D28k clone isolated
by Lomri et al. [12]. There was no homology between
neuronatin-α cDNA and the forms of calbindin-D28k
cDNA isolated by other investigators. As would be
expected, the rat calhindin-D28k isolated by Lomri et al.
was highly homologous with calbindin-D28k derived from
other species. Review of the region of overlap between
neuronatin-αcDNA and the calbindin-D28k sequence of
Lomri et al. revealed that the coding region of calbindinD28k and the region of interest with neuronatin-αwere
separated by 746 hp. Furthermore, even within the region
of the homology between neuronatin-αcDNA and the 3’
end of rat calbindin-D28k, the entire 5’
-end and most of the
coding region (208 nt out of 243) of neuronatin-αdid not
match. The observed homology involved mainly the 3'untranslated region of neuronatin-α
, and part of the 3'untranslated region of calbindin-D28k. Therefore,
neuronatin-α and calbindin-D28k are different and
unrelated. The explanation for the homology seen with the
Lomri et al. sequence is unclear.
Conceivably, as
speculated by Lomri et al., cloning artifacts may have
resulted in unrelated pieces of cDNA becoming ligated to
their clone. The deduced protein sequence for neuronatin-α
was also novel, however, the amino acid sequence for the
81 bp middle sequence exhibited 40% identity with
periplasmic hydrogenase [18]. When related amino acids
were taken into consideration, the homology increased to
54%. This electron transfer enzyme is an iron-sulfur
hydrogenase that catalyzes the oxidation and production of
molecular hydrogen. The significance of this homology is
uncertain as
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hydrogenases are known to be present only in microorganisms
such as the anaerobic sulfate reducer Desulfovibrio vulgaris
(Hildenborough). Nevertheless, the region of homology included
conserved cysteines involved in the functional coordination of the
catalytic iron-sulfur cluster.
Neuronatin has two alternatively spliced forms which were
confirmed by sequencing two clones for each. Both had the same
open reading frame with neuronatin-α encoding 81 aa and
neuronatin-β54 aa. The only difference between the αand β
forms of neuronatin was the presence in the α-form of an
additional 81 nt sequence encoding 27 aa located in the middle of
thc coding region. Tentatively, based on the cDNA sequences, it
is suggested that neuronatin-αhas three exons, the first containing
72 nt encoding 24 aa. the second containing 81 nt encoding 27 aa,
and the third with 90 nt encoding 30 aa. As neuronatin-βcontains
only the first and third exons, it appears to be derived from the αform by the splicing out of the middle exon. Definitive proof will
require the elucidation of the gene structure of neuronatin.
In order to compare the expression of neuronatin-αand -β
during development, we synthesized primers flanking their
coding regions and carried out RT-PCR. The prediction would be
that neuronatin-α will generate a product of 791 bp, and
neuronatin-β, a product of 710 bp. And, if there were any other
spliced forms of neuronatin, additional products would be
generated. The results indicate that only products corresponding
in size to the αand βforms are amplified. In the absence of a
third product, we believe that there are no other spliced forms of
neuronatin mRNA. The β-form appeared at E11-14 and correlated
with a time in gestation when the neural tube has closed and
neuroepithelial proliferation and their commitment to a neuronal
or glial fate are manifest. Although RT-PCR, known to be more
sensitive than Northern analysis, detected the presence of the αform at E7-10, the expression of the α-form also increased later in
development. In any event, it appears that the splicing mechanism
that generates the β
-form becomes active during neurogenesis.
The significance of this observation, and its importance in neuroepithelial proliferation and the generation of post-mitotic brain
cells need to be determined. It may be speculated that the removal
of the middle exon may be important to function of this gene.
We do not yet know the function of neuronatin. The available
data suggest that neuronatin mRNA is abundant and expressed in
almost a precise relationship to brain development. Assuming that
this relationship is mechanistic, one may speculate that
neuronatin is involved in neuroepithelial stem cell proliferation or
their commitment to a post-mitotic fate. A clearer picture may
emerge when the growth characteristics of sister cell lines created
to express and not express neuronatin mRNA are compared. The
selective expression of neuronatin in the brain during
development raises the fascinating possibility that the promoter
sequence driving the expression of this gene could also be used to
drive the expression of other beneficial genes during brain
development. Furthermore, as neuronatin mRNA is also
expressed in human fetal brain [7], these findings may have
relevance to both normal and abnormal human brain
development.
In conclusion, neuronatin is a novel mRNA that is selectively
expressed during mammalian brain development. There are two
forms, αand β
, that are identical, except for the presence of an
additional 81 bp sequence within the coding region of the α-form.

The brain-specific nature of expression, its abundance and close
correlation with brain development suggests that neuronatin may
be functionally involved in mammalian brain development.
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ABSTRACT
Neuronatin is a novel human gene that we recently isolated from
neonatal rat brain (BBRC 1994; 201:1227—1234). Later, it was noted
that neuronatin mRNA was selectively expressed in the brain following
the closure of the neural tube, and that there were two alternatively
spliced forms, α and β (Brain Res 1995; 690:92—98) In this report, we
proceeded to isolate the human cDNA and genomic sequences for
neuronatin. The deduced protein is amphipathic and is a member of the
“proteolipid” class of proteins which function as regulatory subunits
of ion channels. The human gene is 3973 bases long and contains three
exons and two introns. In the 5’—flanking region of the neuronatin
gene is present a region homologous to the neural restrictive silencer
element which governs neuron—specific expression. Based on screening a
panel of human—rodent somatic hybrid cell lines, deletion constructs
of chromosome—20, and fluorescense in situ hybridization, human
neuronatin gene is assigned to chromosome 20qll.2—12, in a single
copy. This information provides the basis to investigate neuronatin
gene as a candidate in human neuro—developmental diseases.
*Presenting author.

Dou D, Joseph R. Human neuronatin gene and brain development. Proceedings of the Nature
Conference, Patterns of Life: The Nature of Biological Development, Boston, MA. November
9-10, 1995.
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122.1
SPLICED FORMS OF NEURONATIN mRNA IN BRAIN DEVELOPMENT
Rajiv Joseph, Dexian Dou and Wayne Tsang. Lab of Mol.
Neuroscience, Henry Ford Hospital, Detroit, MI 48202.

Neuronatin is a novel brain-specific mammalian gene that we recently
cloned from neonatal rat brain (BBRC 1994; 201:1227-1234). Further studies
were carried out to investigate the role of neuronatin in brain development.
Two alternatively spliced forms, αand β
, of neuronatin mRNA with the same
open reading frame were identified. Neuronatin-αencoded a novel protein of
81aa, and the β-form encoded 54aa. The difference between the two was
limited to the presence of an additional 81bp sequence inserted in the middle
of the coding region of the α-form. On northern analyses, neuronatin mRNA
was relatively selective for the brain. It first appeared at E11-14, a time when
the neural tube has closed and neuroepithelial proliferation initiated, became
pronounced at E16-19 with a surge in neurogenesis, and declined postnatally
to adult levels by the second postnatal week. In order to determine whether
there are other forms of neuronatin mRNA, and to study the expression of the
αand βforms separately during development, RT-PCR was carried out using
primers flanking the coding region of the αand βforms. The results indicate
that there were only two forms of neuronatin. The β
-form first appeared at
E11-14, whereas the α-form was present even earlier at E7-10. The
appearance of the β
-form at mid-gestation, coinciding with the onset of
neurogenesis, may suggest that splicing of neuronatin mRNA has importance
in brain development.
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Joseph R, Dou D, Tsang W. Spliced forms of neuronatin mRNA in brain development.
Proceedings of the 25th meeting of the Society for Neuroscience, San Diego, CA. November
1995. Soc Neurosci Abs 1995; 21: 284.
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122.2
STUCTURE AND EXPRESSION OF A NOVEL HUMAN BRAIN
DEVELOPMENTAL GENE. Dexian Dou and Rajiv Joseph. Lab. of Mol.
Neuroscience, Henry From Hospital, Detroit, MI 48202.
A novel gene involved in brain development was isolated from a
human genomic library. Southern hybridization of genomic DNA brain
human, monkey, rat, mouse, dog, cow and rabbit indicated that this gene is
highly conserved in mammals. The gene has been localized on human
chromosome 20by somatic cell line hybrid analysis, and mapped on
20q11.4 using PCR of partial deletions of human chromosome 20 and
fluorescence in situ hybridization. The gene spans 3.9 kb and has 3 exons.
The exact sizes of the exon were determined, and all spice donor and
acceptor sites conformed to the GT/AG rule. A single transcription start
cap site was determined by primer extension. The promoter did not contain
a canonical TATA or CAAT box within 1.5 kb of its 5’
-flanking region. A
sequence homologous to neural restrictive silence element (NRSE) was
observed in the 0.3 kb region upstream of the cap site. The cDNA library
screening and RT-PCR results indicated that this gene is expressed as two
mRNA species, α and β
. When genomic and cDNA sequences were
compared, the two forms of mRNA were determined to be due to
differences in spicing of the second exon. Northern hybridization showed
both mRNA forms to be specifically and abundantly expressed in human
fetal brain. The putative translation products were estimated to be small
proteins of 81 and 54 amino acid residues, neuronatin–
αand β
, with
striking homology to their counterparts in rat and mouse.

Dou D, Joseph R. Structure and expression of a novel human brain developmental gene.
Proceedings of the 25th meeting of the Society for Neuroscience, San Diego, CA. November
1995. Soc Neurosci Abs 1995; 21: 284.
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P01.119
Neuronatin is a Novel “Proteolipid” Involved in
Human Neurogenesis

Rajiv Joseph and Dexian Dou, Detroit, Ml
Objective. To identify and sequence human neuronatin mRNA and
determine its function.
Background. Neuronatin is a novel gene first identified in neonatal rat
brain (Biochem Biophys Res Commun 1994;201: 1227-1234). Subsequent
studies have indicated a role in rnammalian brain development (Brain Res
1995:690:92-98). Therefore, we proceeded to isolate and sequence human
neuronatin.
Methods/Results, Using differential display and library screening, a
novel rat probe, neuronatin, was identified and used to screen a human fetal
brain cDNA library. Human neuronatin cDNA was 1,159 bp long and
corresponded in size to the 1.25-kb message detected on Northern analysis.
The expression profile of neuronatin mRNA correlated with mammalian
neurogenesis. The cDNA encoded a 54-residue polypeptide arranged as two
distinct domains, a highly hydrophobic N-terminal transmembrane α-helix
and a C-terminal domain that was highly basic and rich in arginine residues.
Both the primary amino acid sequence and the structural organization of this
amphipathic polypeptide exhibited significant homology to PMP1 and phospholamban, members of a class of proteins called “
proteolipids” that
function as regulatory subunits of membrane channels.
Conclusions. Neuronatin is a novel brain-specific proteolipid that may
function as a unique regulator of ion channels during human brain
development.
Study supported by grants from the National Institutes of Health.
Bethesda, MD (NS01521) and American Heart Association-National Center
(92-132) (to R.J.).

Joseph R, Dou D. Neuronatin is a novel “
proteolipid”involved in human neurogenesis.
Proceedings of the 48th American Academy of Neurology, San Francisco, CA. March 23-30
1996. Neurology 1996; 46: A148.
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P01.120
Human Neuronatin Gene Maps to
Chromosome 20q11.2-12
Dexian Dou and Rajiv Joseph, Detroit, MI
Objective. To sequence the human neuronatin gene and identify its
chromosomal location.
Background. Neuronatin is a novel human gene that we recently isolated from
neonatal rat brain (Biochem Biophys Res Commun 1994; 201:1227-1234). Later,
it was noted that neuronatin mRNA was selectively expressed in the brain during
neurogenesis and that it has two alternatively spliced forms. αand β(Brain Res
1995;690:92-98). Being a member of the “
proteolipid”class of proteins, we
suspect neuronatin functions as a unique regulator of ion channels during human
brain development,
Methods. Neuronatin cDNA was used to screen a human genomic library.
The resulting genomic clones were mapped, sequenced, and used for
chromosomal localization.
Results. The human gene is 3,973 bases long and contains three exons and
two introns. The 5’
-flanking region has a neural restrictive silencer element that
governs neuron-specific expression. Based on screening a panel of human-rodent
somatic hybrid cell lines, deletion constructs of chromosome-20, and fluorescence in situ hybridization, human neuronatin gene is assigned to chromosome
20q11.2-12 in single copy.
Conclusions. The sequencing of the entire human neuronatin gene and its
definitive chromosomal assignment will facilitate the investigation of neuronatin
in human neuro-developmental disease,
Study supported by grants from the National Institutes of
Health. Bethesda. MD (NS01521) and American Heart Association-National
Center 92-132) (to R.J.).

Dou D, Joseph R. Human neuronatin gene maps to chromosome 20q11.2-12. Proceedings of the
48th American Academy of Neurology, San Francisco, CA. March 23-30 1996. Neurology 1996;
46: A148.
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Structure and Organization of the Human Neuronatin Gene
1

DEXIAN DOU AND RAJIV JOSEPH
Laboratory of Molecular Neuroscience, Education and Research Building No. 3025, Department of Neurology, Henry Ford Hospital
& Health Sciences Center and Case Western Reserve University, 2799 West Grand Boulevard, Detroit, Michigan 48202
Received October 4, 1995; accepted January 25, 1995

Neuronatin is a brain-specific human gene that we
recently isolated and observed to be selectively expressed
during brain development. In this report, the genomic
structure and organization of human neuronatin is
described. The human gene spans 3973 bases and
contains three exons and two introns. Based on primer
extension analysis, a single cap site is located 124 bases
upstream from the methionine (ATG) initiation codon, in
good context, GAACCATGG. The promoter contains a
modified TATA box, CATAAA (-27), and a modified
CAAT box, GGCGAAT (-59). The 5’
-flanking region
contains putative transcription factor binding sites for
SP-1, AP-2 (two sites), δ-subunit, SRE2, NF-A1, and
ETS. In addition, a 21-base sequence highly homologous
to the neural restrictive silence element that governs
neuron-specific gene expression is observed at -421.
Furthermore, SP-1 and AP-3 binding sites are present in
intron 1. All splice donor and acceptor sites conformed
to the GT/AG rule. Exon 1 encodes 24 amino acids, exon
2 encodes 27 amino acids, and exon 3 encodes 30 amino
acids. At the 3’
-end of the gene, the poly(A) signal,
AATAAA, poly(A) site, and GT cluster are observed.
The neuronatin gene is expressed as two mRNA species,
αand β
, generated by alternative splicing. The α-form
contains all three exons, whereas in the β
-form, the
middle exon has been spliced out. The third nucleotide of
all frequently used codons, except threonine, of
neuronatin is either G or C, consistent with codon usage
expected for Homo sapiens. This information about the
structure of the human neuronatin gene will help in
understanding the significance of this gene in brain
development and human disease. ©1996 Academic Press, inc.

amino acids embedded in the middle of its coding region.
These findings suggest that the α
- and β
-forms were
alternatively spliced; however, other possibilities such as
being generated by different promoters or even by different
genes needed investigation. Although both forms were
selectively expressed in the brain, the appearance of the β
form coincided with closure of the neural tube and the
onset of neuroepithelial stem cell proliferation in the
ventricular zone (17).
These observations led us to investigate the involvement
of neuronatin in human brain development. Using rat
neuronatin-αcDNA as the probe, we screened a human
fetal brain cDNA library and sequenced both forms of
human neuronatin cDNA [GenBank Accession Nos.
U25033 (α-form) and U25034 (β
-form)]. The deduced
proteins for human neuronatin-αand -βcDNA were highly
conserved compared to those in the rat [GenBank
Accession Nos. U08290 (α-form) and U09785 (β
-form)].
The protein sequences in both species were identical,
except for the substitution of two residues near the Cterminal end. This degree of conservation in mammalian
species may indicate that the neuronatin gene is
functionally important. To determine the basis for the
generation of the α- and β
-forms and to help understand its
brain-specific expression, we proceeded to sequence the
human neuronatin gene.
Based on an analysis of the sequences of human neuronatin cDNA isoforms and their mRNA on Northern
blotting, neuronatin mRNA was estimated to be about 1.21.3 kb. Consequently, the neuronatin gene would be
predicted to be 4-10 kb, leading us to screen a λFixII
library (Stratagene, La Jolla, CA) containing 9-to 23-kb
inserts of partially restricted Sau3AI fragments of human
placental genomic DNA. As the total human genome
contains about 3.0 x 109 bp, to obtain one or two positive
clones, assuming neuronatin is in single copy, a minimum
of 0.3 million individual plaques containing 2.7 x 109 to 6.9
x 109 bp (about one to two times the size of the human
genome) would need screening. An aliquot (0.02 µl) of the
h
uma
ng
e
no
mi
cλFi
xI
Ilibrary, with a titer of 1.5 x 1010
PFU/ml, was used to infect Escherichia coli XL-Blue MRA
strain (Stratagene) at 37°C for 15 min in 15 ml of phage
dilution buffer (50 mM Tris-Cl, 90 mM NaCI, 0.01% gelatin, pH 7.0) to an optical density of 0.35 at 590 nm. The

Neuronatin was first identified in neonatal rat brain (16).
Subsequent studies revealed that neuronatin mRNA exists
as two isoforms, α and β(17). The α-form encodes a
protein of 81 amino acid residues, and the β-form encodes
54. The two forms had the same open reading frame and
were identical, except that the α-form contained an
additional 81-hp region encoding 27
Sequence data from this article have been deposited with the
EMBL/GenBank Data Libraries under Accession No. U31767.
1
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host cells were preinduced with 0.2% maltose overnight in
LB medium containing 10mM MgSO4. The cell suspension
was mixed with 200 ml of LB containing 0.7% agar, kept at
49°C, and poured onto 40 plates (ø10 cm) containing a base
of 2% agar. Following incubation (37°C for 18 h), the
plaques measuring about ø1-2 mm were transferred onto
nylon membrane. The membranes were then denatured in a
solution containing 0.5 M NaOH and IM NaCI for 1 min,
neutralized in 0.7M phosphate buffer (pH 6.5) for 2 min,
and rinsed with 10x SSC (0.15 M sodium citrate, 1.5 M, pH
7.0). Thereafter, the membranes were UV-crosslinked (254
nm for 5 min) and used for hybridization with human
neuronatin-β cDNA. The cDNA was 32P-labeled using
random primer extension (Rediprime, Amersham, Arlington Heights, IL) and purified using Nick Columns
(Amersham). Hybridization was carried out at 70°C for 24
h with 1 x 106 cpm/ml of labeled probe (specific activity of
0.8 x 109 cpm/µg) in 200 ml of a solution containing 5x
SSC,
lx
Denhardt
(0.02%
Ficoll,
0.02%
polyvinylpyrrolidone, 0.02% BSA), 0.5% SDS, and 200
µg/ml of denatured salmon sperm DNA. The blots were
washed with 0.1% SDS for 1 h and autoradiographed for 6
h without intensifying screens. As predicted, two plaques
showing strong hybridization with the human neuronatin
cDNA probe were identified.
Genomic DNA clones isolated by Southern hybridization may contain pseudogenes or highly homologous genes
(1, 4). Therefore, restriction digestion analysis was carried
out to help distinguish them. Individual phage plaques were
transferred into 20 µl of phage dilution buffer using pipette
tips and mixed with 10 µl of overnight cultures of XL-Blue
MRA strain. The suspension was used to inoculate 5 ml of
LB medium containing 0.9% maltose and 5 mM MgSO4
and incubated overnight at 37°C with continuous shaking.
A similar procedure was used for amplification in 300 ml.
The released host DNA and RNA present in the phagelysed solution were removed by incubation (37°C for 2 h
with 5mg RNase A and 500 U DNase I. Phage particles
were precipitated using 12.5% PEG 8000 and 6.5 M NaCl
at 0°C for 1 h with centrifugation (20,000g for 30 min).
Pellets were suspended in TE buffer (pH 8.0), and traces of
PEG and phage coat proteins were removed with
chloroform and phenol. Following ethanol precipitation,
phage DNA was dissolved in the same buffer. The DNA
samples (5 µg), prepared from the two positive clones, and
was digested in separate reactions with EcoRI, BamHI,
PstI, XhoI, HindIII, and NotI. In some reactions,
combinations of enzymes were also used. The restriction
fragments were separated on 1% agarose gel in TBE buffer
(100mM Tris-borate, 2 mM EDTA, pH 9.0), denatured
with 0.5 M NaOH for 30 min, neutralized with 1 M Tris-Cl
buffer (pH 7.5), transferred onto nylon with 10x SSC,
rinsed with 2x SSC for 5 min, and UV-crosslinked. The
blots were hybridized with 1 x 106 cpm/ml of 32P-labeled
neuronatin cDNA with a specific activity of 5 x 108 cpm/µg
at 65°C for 5 h in a speed hybridization buffer containing
2x SSPE (20 mM NaH2PO4, 30 mM NaCI, 10 mM EDTA,
pH 7.4), 7% PEG 8000, and 7% SDS.
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FIG.1. Outline of the approach used for the identification and
analysis of the human neuronatin gene. This gene was isolated
from a human genomic DNA library using the human neuronatin,
cDNA as the probe. (Top) The restriction map of both clones is
shown. The 6-kb BamHI fragment, containing the neuronatin
gene, was digested with EcoRI, and the resulting fragments (2.3
and 3.7 kb) were separately subcloned into pGEM7Zf) (+) and
sequenced by primer walking as described in the text. (Bottom)
The structure of the gene is shown. The promoter/operator and
exons are depicted as rectangular boxes, and the two intervening
introns are shown by thin horizontal lines. The distance from the
5’
-end of the gene is shown in kilobases. Some important
restriction sites are indicated.

To reduce the amount of background signal, each blot was
placed between pieces of Whatman filter paper during
hybridization. The blots were washed with a solution containing 0.2x SSC and 0.1% SDS. The restriction patterns
with both clones were similar. This suggested the absence
of pseudogenes and that comparable regions of the neurona
tin gene were present in both phage clones (Fig. 1).
Based on the above restriction analysis, a 6-kb BamHI
fragment showing strong hybridization with human
neuronatin-βcDNA was further characterized. When this
fragment was gel-purified and digested with EcoRI, two
fragments of 2.3 and 3.7kb were generated. The 2.3-kb
fragment hybridized with a probe generated from the 5’
end of neuronatin cDNA (a 141-bp PstI fragment from the
5’
-end of the human neuronatin-βcDNA), but not with a
probe from the 3’
-end of the cDNA (a 193-bp fragment of
the 3’
-end of neuronatin containing the poly(A) signal,
generated by PCR using
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primers 5’
-TGCGCCTCTACTGCACCGC-3’ and 5’
CCCTGGTCTCATGCAGTTGTGG-3’
). On the other
hand, the 3.7-kb fragment hybridized with the 3’
-end probe
of human neuronatin cDNA, but not with the probe specific
for the 5’
-end. These results suggested that the 6-kb BamHI
fragment may contain the complete neuronatin gene, with
the 2.3-kb BamHI-EcoRI fragment encoding the promoter
and operator regions. Therefore, these two fragments (2.3
and 3.7 kb) were subcloned into pGEM7Zf(+) (Promega,
Madison, WI) by white/blue selection on X-Gal LB plates
(10). Cycle sequencing with dideoxy chain termination was
carried out using the fmol sequencing system (Promega)
(27). The 5’
-flanking region of the gene was sequenced by
primer walking, beginning with the primer synthesized to
be specific for the 5’
-end of human neuronatin-βcDNA.
About 1.5 kb of the upstream 5’
-flanking region of the
neuronatin gene was sequenced. Using a similar approach,
the 3’
-end of the gene was sequenced beginning with a
primer that recognized the 3’
-untranslated region of human
neuronatin-βcDNA. Thereafter, the intervening region of
the gene was sequenced by primer walking in both
directions. The complete sequence of the human neuronatin
gene was 3973 bases long (Fig. 2).
The promoter of the human neuronatin gene contains a
modified CAAT box, GGCGAAT at -59, and a modified
TATA box, CATAAA at -27. The C of the prototypical
CAAT box was substituted by G, and the first T of the
canonical TATAAA box was replaced with C. Such
modified or TATA-less promoters are known to be present
in several other brain-specific genes, including synapsin-I,
aldolase C, neural cell adhesion molecule, and olfactory
neuron-specific protein (13, 20, 22, 28). The CATAAA box
in the neuronatin promoter was identical to that seen in the
human aromatic L-amino acid decarboxylase gene, which
is another neuron-specific gene (2, 29).
Several putative transcription factor binding sites were
found in the 5’
-flanking region. These include consensus
sequences for SP-1, AP-2 (two sites), δ
-subunit, SRE-2,
NF-A1, and ETS. Neural restrictive silencer element
(NRSE),
with
the
consensus
motif
[TT(C/
T)AG(C/A/T)ACC(A/G)CGGA(C/G)AG(T/C/A)(G/
A)CC], determining neuron-specific gene expression, was
present at -421 of the neuronatin gene. NRSE regions are
present in genes that exhibit neuron-specific expression,
such as synapsin-I, SCG10, Na/K-AT-Pase α 3-subunit,
and sodium channel-II (19, 21, 25, 26). Therefore, we
suspect that the NRSE of neuronatin may also be
functionally important in determining its brain (and
neuron)-specific expression. The first intron of

the human neuronatin gene also contains binding sites for
SP-1 and AP-3. Similar sites have been noted in the first
intron of human ATP synthase α-subunit (1) and human
proto-oncogene c-myb (15). Moreover, there are several
unusual AT islands located in the first intron of the
neuronatin gene. Although the functional significance of
these sites needs to be determined, there is increasing
evidence indicating a regulatory role for the first intron in
gene expression (23).
Mapping of the transcription initiation site in the human
neuronatin gene was carried out by primer extension
analysis of human fetal brain mRNA using a labeled
oligonucleotide complementary to the region immediately
preceding the start of the open reading frame. Only one
reverse-transcribed cDNA product was seen on primer
extension (Fig.3). This identified a single transcription start
site located 124 bases upstream from the methionine (ATG)
initiation codon and 27 bases downstream from the
modified TATA box. This is a typical distance between the
TATA box and the mRNA transcription start site (24).
The neuronatin gene contains three exons and two
introns. All 5’
- and 3’
-splice sites matched with the
consensus sequences (5, 11). The first exon has 195 bases,
and the second exon has 81 bases, which are typical exon
sizes in vertebrates (6). The third exon has 1016 bases,
somewhat larger than the average size of the last exon in
vertebrates (9, 12). The putative branch point sequences.
TGCTAAA for intron 1 and TGCTATC for intron 2, were
found between 25 and 35 bases upstream from the AG-3’
cleavage sites of the introns. All introns of this gene
conformed with the GT/AG rule (8, 11). No other exon- or
intron-like structures were noted in the human neuronatin
genomic DNA sequence.
The first exon, encoding 24 amino acids, contains the
prototypical translation initiation site in good context,
GAACCATGG (18). Exon 2 encoded 27 amino acids, and
exon 3 encoded 30 residues. Based on the genomic
structure, it is clear that the α-form of neuronatin mRNA,
encoding a protein of 81 amino acid residues, is derived
from all three exons. The β
-form of neuronatin mRNA,
encoding a protein of 54 amino acid residues, is derived
from a combination of the first and third exons. These
results imply that the α- and β-isoforms of human
neuronatin mRNA were generated by differential splicing
of the middle exon (exon 2). Interestingly, a putative αhelix transmembrane hydrophobic domain in the Nterminal of the deduced human neuronatin protein was
entirely encoded by the first exon, and the highly basic
hydrophilic domain at the C-termi-

FIG.2. The complete human neuonatin gene sequence. Nucleotide numbering begins at the 5’
-end of the first exon (transcription start site).
Regions exhibiting homology to consensus sites for transcription factors are underlined: SP-1, AP-2 two sites), δ
-subunit, SRE-2, NRSE. NF-A1
and ETS within the 5’
-flanking region: SP-1 and AP-3 within intron-1; and modified CAAT and TATA boxes. The transcription start site is
indicated by a thick horizontal arrow. The exon/intron boundaries are indicated by vertical arrows. The coding regions of the three exons and
their deduced amino acid sequences are shown using the three-letter code. The translation initiation site, stop signal. Poly(A) signal, and GT
cluster are also underlined. The GenBank Accession No. for the human neuronatin gene is U31767.
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Codon usage in the neuronatin gene was analyzed based
on information derived from more than 10,000 genes
present in the GenBank database (30). The third nucleotide
of all frequently used codons, except threonine, of
neuronatin was noted to be either a G or a C. The G + C%
at the third nucleotide of a codon is believed to be
important in determining codon usage in higher vertebrates
(3, 14). The most frequently used codons in humans were
found to be those with a higher G + C% at their third
nucleotide position. The high G + C% seen in the third
nucleotide position of the neuronatin codons is consistent
with that expected for Homo sapiens. The neuronatin gene
did not contain any codons for histidine or aspartic acid.
At the 3’
-end of the neuronatin gene, a typical poly(A)
signal and GT cluster were noted to be present. The
poly(A) signal, AATAAA, was located 62 bases 5’to the
poly(A) site, with the usual distance being 15-20 bases.
However, a GT cluster was present, as would be expected,
5 bases downstream of the poly(A) site. The location of the
GT cluster was comparable to that seen in other genes, such
as human interferon, rabbit β
-globin, and mouse amy-1a
(7).
In conclusion, we describe the complete sequence of the
human neuronatin gene. The gene spans 3973 bases and
consists of three exons and two introns, which encode two
alternatively spliced mRNA iso-forms, αand β
. The 5’
flanking region of neuronatin contains modified TATA and
CAAT boxes and a neural restrictive silencer element that
governs neuron-specific expression.
FIG. 3. Mapping of human neuronatin mRNA transcription
start site by primer extension. Primer extension was carried out on
human fetal mRNA 18-24 weeks old) (Clontech, Palo Alto, CA),
using
a
complementary
oligonucleotide
(5’
GGAACCAAGAATGGTAGGTG-3’
) designed to hybridize the
region of human neuronatin mRNA immediately preceding the
open reading frame between positions -20 and -1, where +1
defines the first A of the start codon methionine ATG. The
oligonucleotide was 5’
-end labeled with [y-32P]ATP using T4
polynucleotide kinase. The labeled primer (8 ng) was hybridized
with 1.5 µg of human fetal brain mRNA at 42oC for 3 h in 100 µl
of a solution containing 50 mM Pipes (pH 6.5), 400 mM NaCl, 1
mM EDTA, and 70% formamide. The DNA/RNA hybrids were
precipitated with ethanol, resuspended in 30 µl of 1X reverse
transcriptase buffer (50mM Tris-Cl, 40 mM KCI, 6mM MgCI2,
and 1 mM DTT, pH 8.3), and incubated with 200 units of
SuperScript II RNase H- reverse transcriptase (BRL, Gaithersburg,
MD) at 37oC for 15 min and then at 45oC for 45 min. The reaction
was stopped by incubation at 90oC for 2 min and combined with
0.3X volume of solution containing 10 mM NaOH, 95%
formamide. 0.05%. bromophenol blue, and 0.05% xylene cyanole.
The transcripts generated from the reaction were analyzed on 8 M
urea-6% polyacrylamide gel and autoradiographed. A single
product of 124 nucleotides was visualized. The four lanes to the
right show products of sequencing reactions used here as size
markers.

nal was encoded by exon 3. The middle exon was neither
hydrophobic nor hydrophilic, and its significance is even
less clear.
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Abstract
Human brain development is a continuum governed by differential gene expression. Therefore, we proceeded to identify
genes selectively expressed in the developing brain. Using differential display and library screening, a novel rat cDNA,
neuronatin, was identified and used to screen a human fetal brain cDNA library. Human neuronatin cDNA was isolated and
sequenced. The cDNA was 1159 bp long and corresponded in size to the 1.25 kb message detected on Northern analysis.
Neuronatin mRNA was selectively expressed in human brain during fetal development, but became repressed in adulthood.
When studied in the rat, neuronatin mRNA first appeared at mid-gestation in association with the onset of neurogenesis,
becoming most pronounced later in development when neuroepithelial proliferation and neuroblast commitment are manifest,
and declined postnatallv coinciding with the completion of neurogenesis. The deduced protein has two distinct domains, a
hydrophobic N-terminal and basic C-terminal rich in arginine residues. Both the amino acid sequence and secondary structure of
this amphipathic polypeptide exhibited homology to PMP1 and phospholamban, members of the ‘
proteolipid’class of proteins
which function as regulatory subunits of membrane channels. The neuronatin gene, 3973 bases long, contains in its 5’
-flanking
region a neural restrictive silencer element which may govern neuron-specific expression. Based on screening a somatic cell
hybrid panel, neuronatin gene was assigned to chromosome-20. And, using deletion constructs of chromosome-20 and
fluorescence in situ hybridization, neuronatin was localized to chromosome-20q 11.2-12. In conclusion, neuronatin is a novel
human gene that is developmentally regulated and expressed in the brain. The deduced protein is a proteolipid that may function
as a unique regulator of ion channels during brain development. The definitive localization of neuronatin to human chromosome
20q11.2-12 provides the basis to investigate this gene as a candidate in neuro-developmental diseases that may also map to this
region.
Keywords: neuronatin: Chromosome 20: Development: Proteolipid protein: Brain: Phospholamban: PMP1 : Cation channel: ATPase: Neural
restrictive silencer element

1. Introduction
Age may govern the ability of neurons to resist injury.
For example, it is well known that to establish neurons in
culture, embryonic brain needs to he used, the adult brain
is nearly useless for this purpose. Anecdotal accounts of
infants and children being able to withstand hypoxic injury, such as in drowning accidents, better than adults are
indirect support for this belief. Further analysis along these
lines highlights another obvious difference between the
developing and adult brain. The developing neuron grows,
but the adult neuron does not! What might the reason(s) be
for these differences? An answer to these questions may
help provide approaches to rekindle growth in the mature
___________
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neuron. As the genes themselves are largely
unchanged during development, the basis for these
differences in embryonic and adult brain must involve
differential gene expression. This reasoning lead us to
hypothesize that there are genes selectively expressed
in the developing brain that confer growth potential
and cytoprotection.
Our more limited goal, accomplished in studies
thus far, was to identify neuronatin, a novel gene that
is selectively expressed in the developing rat brain.
Using differential display to compare gene expression
in developing and mature rat brain, we initially
isolated neuronatin from neonatal rat brain [20].
Subsequently, neuronatin mRNA was observed to be
selectively expressed in the brain in a developmentally
regulated manner [21]. Other investigators, using in
situ hybridization techniques, noted neuronatin
mRNA to be expressed in the developing hind-
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brain [54]. The appearance of neuronatin mRNA first in
rhombomeres 3 and 5 of early embryonic mice suggests a
role in hindbrain segmentation. The implication that this
gene may function in early mammalian brain development
justifies the present study to isolate human neuronatin
mRNA and gene, and determine its location in the human
genome. The results have in part been published in abstract
form [12-14].

2. Materials and methods
2.1. Overall plan of study
We began this series of experiments initially using rat
brain and later human brain. First, RNA extracted from
neonatal and adult rat brain was reverse-transcribed using
degenerate primers, and the cDNA fragments compared by
differential display [20]. cDNA fragments selectively expressed in neonatal brain were isolated, cloned and sequenced. The cDNA fragments with unique sequences,
when used to screen a neonatal rat brain cDNA library,
resulted in the isolation of a novel clone, neuronatin, which
in turn was used to screen a human fetal brain cDNA
library. Thereafter, human neuronatin cDNA was used to
screen a human genomic library leading to the sequencing
of human neuronatin gene. The genomic clone was also
used for fluorescence in situ hybridization and
chromosomal localization.
2.2. Screening of human fetal brain cDNA library and
isolation of human neuronatin cDNA
The human fetal brain cDNA library was a random
primed 5’
-s
t
r
e
t
c
hpl
u
sλ
g
t
11library prepared using oligo(dT) (Clontech, Palo Alto, CA). RNA for preparing the
library was obtained from tissue pooled from seven
spontaneously aborted human fetuses of 20-26 weeks
gestation (Clontech, pers. commun.). A titer of 1.6 X 108
pfu/ml was used for screening. E. coli Y1090r- strain
(BRL, Gaithersburg, MD) was transfected in liquid lysate
and an estimated 20000 plaques prepared. The infection
was carried out at 37°C for 30 min in 40 ml of phage
dilution buffer (50 mM Tris, 90mM NaCI, 0.01% gelatin,
pH 7.0) to a cell density of 0.3 at 600 nm. The host cells
used for infection were pre-induced by treatment with
0.2% maltose overnight in LB supplemented with 10 mM
MgSO4. The infected cells were mixed with 10 times its
volume of LB containing 0.7% agar (pre-warmed to
49°C) and divided (5 ml/dish) into 80 dishes (100 mm
each). All dishes were pre-loaded with 2% agar in LB
medium. After overnight incubation at 37°C, the plaques
measuring about 1-2 mm (250-300 plaques/dish), were
transferred onto nitrocellulose (Gelman, Ann Arbor, MI).
The membranes were denatured in a solution containing
0.5 M NaOH and 1 M NaCl, neutralized using buffer (0.7
M phosphate, pH 6.5),
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each applied for 2 min, and quickly rinsed in 10 X SSC.
The membranes were cross-linked using short wave UV for
5 min and used for Southern hybridization. The rat
neuronatin cDNA probe (20) was 32P-labeled by random
priming (Promega, Madison, WI) and purified using column separation (Pharmacia, Upsala, Sweden). The hybridization was performed overnight at 65-70°C with 0.5-1
X 106 c.p.m./ml of probe at a specific activity of 0.5 X 109
c.p.m./µg in 250 ml of a hybridization solution containing 5
X SSC (70 mM sodium citrate, 750 mM NaCl, pH 7.0), 1 X
Denhart’
s
solution
(0,02%
ficoll,
0.02%
polyvinylpyrrolidone, 0.02% BSA), 0.5% SDS and 200
µg/mI salmon sperm DNA. The blots were washed three
times in 0.2 X SSC containing 0.1% SDS for 10 min and
autoradiographed overnight between intensifying screens.
Plaques showing strong hybridization were screened
again and purified. The purified phage was used to re-infect
E. coli Y1090r- cells, and a 300 ml lysate prepared [44].
The lysate was treated with RNase A (100 µg/ml) and
DNase I (10 U/ml) for 2 h at 37°C. The phage was
precipitated using 12.5% PEG 8000 and 7 M NaCl,
incubated at 0°C for 1 h. and centrifuged (15000 X g for 30
min). Phage DNA was isolated by phenol/chloroform
extraction and ethanol precipitation. Human cDNA inserts
were released by digestion of phage DNA with EcoRI, and
subcloned into pGEM7fZ( +) vector at the same restriction
site to generate constructs in the forward and reverse
orientations [15].
Fifty µg of closed circular plasmid DNA prepared by
the acid method was completely digested with a
combination of SacI and HindIII [56]. The vector with
intact SP6 promoter on the SacI side would be protected,
while the human cDNA fragment on the HindIII side was
accessible to digestion by ExoIII in a 5’
-direction. A
series of deletion constructs were generated by
incubation with ExoIII [3,19]. The concentration of
ExoIII used was 10 U/µg DNA. Aliquots of the reaction
mixture kept at 22°C were removed at 1.5 min intervals
and placed at 0°C. The cohesive end was blunt-ended by
incubation with S1 nuclease (12 U/µg DNA) at 22°C for
30 min, and filled-in using Klenow (2 U/µg DNA) at
37°C for 5 min. The deleted DNA fragments were ligated
using T4 DNA ligase and transformed into E. coli JM109
strain. The plasmids were selected as described [30].
DNA sequencing was carried out using the dideoxy-sequencing [45] and thermal cycle amplification with the
fMol Sequencing System (Promega, Madison, WI). The
SF6 primer was used to sequence the ExoIII constructs,
and custom synthesized oligonucleotides (DNA International, Oswego, OR) were used to confirm the open reading frame.
2.3.

Northern hybridization

Total RNA from human fetal (18-24 weeks) and adult
(60 years) brain were also obtained from Clontech, Palo

D.
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Alto, CA. RNA from rat tissues was isolated by the acid
guanidinium thiocyanate method [7]. Briefly, fresh tissue
samples were homogenized on ice in 25 mM sodium citrate
buffer (pH 7.0) containing 4 M guanidinium thiocyanate,
0.5% sarcosyl and 100 mM β
-mercaptoethanol. Protein and
DNA were eliminated by mixing with 100mM sodium
acetate, 0.5 X volume of phenol and 0.1 X volume of
chloroform, followed by centrifugation. The RNA was
precipitated with an equal volume of isopropanol and
washed with 75% ethanol. The RNA pellet was dissolved
in DEPC-H20 and kept at - 80°C.
Samples of total human RNA (15 µg) were mixed with
3 X volume of denaturing and staining solutions (25 mM
MOPS, 20% formaldehyde, 50% formamide. 100 ng/ml
ethidium bromide and 2mM EDTA). The mixture was
incubated at 65°C for 5 min, combined with 0.25 volume of
loading buffer (50% glycerol, 0.1 % bromophenol blue and
2 mM EDTA), and applied on 10% formaldehyde- 1.5%
agarose gel and electrophoresed. RNA was transferred onto
nylon membrane (Micro Separations, Westboro, MA), and
UV cross-linked for 3 min. The blot was prehybridized in a
solution containing 5 X SSPE (40 mM NaH2PO4, 750mM
NaCl, 4mM EDTA, pH 7.4), 10 X Denhardt’
s solution,
50% formamide, 2% SDS and 100 µg/ml denatured salmon
sperm DNA at 42°C for 3 h. Hybridization was continued
with a fresh batch of the same solution containing 32Plabeled human neuronatin cDNA in a concentration of 5-10
X 106 c.p.m./ml, at a specificity of 1-2 X 109 c.p.m./µg
DNA. The hybridization was performed at the same
temperature for 18 h. The blot was washed three times
using 2 X SSC/0.05% SDS at room temperature for 10 min
and autoradiographed.
2.4. Hydropathy and densitometrv analyses
The protein structure was analyzed using the program of
Hitachi Hibio Prosis Protein Analysis System. The window
size was set at 7. KYTE.THR mode was selected for
calculation [25]. Quantitation of Northern blots was carried
out using Bio-Rad GS-670 Imaging Densitometer and
Molecular Analysis System. Quantitation of changes in
neuronatin mRNA expression was controlled with glyceraldehyde 3-phosphate dehydrogenase (G3PDH) mRNA
expression using Microsoft Excel software.
2.5. Screening of somatic hybrid cell panel
Human-rodent somatic cell hybrid panel (Bios, New
Haven, CT) was screened using pruners designed to specifically hybridize the 3’
-untranslated region of human neuronatin cDNA. The two primers, N-75 (5’
-TGCGCCTCTACTGCACCGC-3’
)
and
N-94
(5’
CCCTGGTCTCATGCAGTTGTGG-3’
) flanking the polyA signal site were synthesized to amplify a 193 bp product
that would he expected to be specific for human neuronatin
gene. The PCR reactions were carried out with hot-start

and by a two step amplification protocol. Template DNA
(190 ng) was used for the first step in a volume of 50 µl
containing 50 mM Tris (pH 8.3), 80 mM KCl, 2.5 mM
MgCl2, 195 µM dNTP, 40 ng each of primers N-75 and N94, and 0.5 U of Taq polymerase. Each cycle consisted of
denaturation at 95°C for 1 min, annealing at 45°C for 30s,
and extension at 72°C for 2 min, for a total of 30 cycles. A
5 µl aliquot from the resulting reaction mixture was taken
through a second amplification step with 1 U Taq
polymerase for 25 cycles, each cycle consisting of denaturation, annealing and extension at 95°C, 56°C and 72°C
respectively, for 1 min each. The amplified fragments were
separated on 1.5% agarose gel and visualized after staining
with ethidium bromide.
2.6. Screening of human genomic library and isolation of
human neuronatin gene
Human neuronatin cDNA was used to probe a human
placental genomic DNA lambda Fix II library (Stratagene,
La Jolla, CA). The library consisted of partially digested
Sau3AI fragments. The hybridization was carried out at
70°C for 24 h. The phage containing human neuronatin
genomic clone was taken into 100 µl of phage dilution
buffer and inoculated with 50 µl of overnight cultures of
XL-BIue MRA (Stratagene, La Jolla, CA) in 10 ml of LB
medium containing 0.9% maltose and 5 mM MgSO4. After
incubation at 37°C for 18 h, the resulting lysate was used to
inoculate 500 ml of medium using the same procedure.
Host nucleic acid was removed by incubation at 37°C for 2
h with 10 mg of RNase A and 1000 units of DNase I. The
phage particles were precipitated with 12.5% PEG 8000
and 6.5 M NaCl, at 0°C for 45 min followed by centrifugation at 20000 X g for 20 min. The pellet was suspended
in 50 ml of saline-Tris buffer (100 mM NaCl, 1 mM
EDTA, 25 mM Tris, pH 8.0). PEG was removed using
chloroform, and phage coat proteins removed with phenol.
After ethanol precipitation, the DNA was dissolved in 1 ml
of saline-Tris buffer and purified by chromatography. The
DNA solution was applied to a saline-Tris pre-equilibrated
column (1.2 cm wide and 36 cm high), packaged with
agarose beads (Bio-Gel A-5m, Bio-Rad, Richmond, CA).
The sample was fractionated into 0.5 ml aliquots using the
same saline-Tris buffer and elution monitored with 260 nm
UV. Fractions between 11 and 18 ml were pooled and
precipitated using ethanol. Purified human neuronatin
genomic clone was used to carry out chromosomal
localization by fluorescence in situ hybridization.
Thereafter, the clone was analyzed by restriction digestion.
subcloned and cycle-sequenced by the dideoxy-chain
termination method [45].
2.7. Fluorescence in situ hybridization
Fluorescence in situ hybridization (FISH) was carried
out using biotin-labeled human neuronatin genomic clone

D.
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as the probe and human lymphocyte metaphase spreads.
Metaphase cells were obtained from phytohemagglutinin
stimulated human lymphocyte cultures using established
cytogenetic procedures [51]. Human neuronatin genomic
clone was biotin-labeled by nick-translation using a combination of DNA polymerase I and DNase I (Clontech, Palo
Alto, CA). The labeling reaction containing 1 µg of
chromatographically purified lambda phage DNA, 10 units
of polymerase I and 400 pg of DNase I, was incubated at

11

16°C for 3 h in a 100 µl reaction. The mixture also
contained 20 mM biotin-21-dUTP, 20 µM each of dATP,
dCTP and dGTP, 8 mM β-mercaptoethanol, 10 µg/ml BSA
and 50 mM Tris buffer (pH 7.5). The reaction was stopped
by adding 20 mM EDTA. The labeled probe was purified
by Sephadex G-50 (Nick Spin Columns, Pharmacia,
Alameda, CA). Before hybridization, chromosomes were
characterized by G-banding using a modified protocol
[6,42]. Briefly, the slides were treated with 100 µg/ml

Fig.1. Plan of study leading to the identification of human neuronatin cDNA. F an R indicate the forward and reverse printers of λ
-phage,
Primers. HF1 and HR1, flanking the open reading frame was used to confirm the presence of identical coding regions in both clones.

D.
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RNase A in 2 X SSC at 37°C for 1 h and dehydrated in
70%, 95% and 100% ethanol at room temperature or 2 min
each, and allowed to air dry. The slides were incubated at
70°C for 2 min in a denaturing solution containing 2 X SSC
and 70% formamide, dehydrated at 0C in the same ethanol
series. The biotin-labeled probe (100-150 ng) and 50 µl of
hybridization buffer (Oncor, Gaithersburg, MD) were
denatured at 70°C for 5 min. The denatured probe was
applied to the denatured slide, cover-slipped, sealed with
rubber cement and incubated overnight at 37°C. Following
hybridization, the slides were washed with 50% formamide
in 2 X SSC for 15 min and in 2 X SSC at 37°C for 8 min.
The hybridization signal was detected and amplified using
Texas Red/avidin and anti-avidin antibody (Oncor). The
chromosomes were counter-stained with 4’
,6-diamidino-2phenylindole. In a parallel experiment, signal was
amplified using FITC-avidin and anti-avidin antibody. The
chromosomes were counter-stained with propidium iodide.

3. Results
3.1. Isolation and sequencing of human neuronatin cDNA

An outline of the methods used is shown (Fig.1). Using
rat neuronatin probe to screen the human fetal brain cDNA
library, five plaques showing strong hybridization were
identified. The sizes of the inserts in these five plaques
were analyzed by PCR using the λ
-forward and reverse
primers flanking the cloning site. Two plaques, containing
the longest inserts of about 1.2 kb, were purified. Both ends
of the inserts were sequenced. Although this revealed that
both cDNA clones were generated from the same mRNA
one possessed the complete 3’
-end with poly(A) signal but
the other did not. The EcoRI digestion and PCR results
indicated that both inserts contained no internal EcoRI
sites. Therefore, the inserts were released intact by
digestion with EcoRI, sub-cloned into pGEM7fZ( + ) at the
same restriction site, and used for sequencing. The resulting
plasmids, pDR101 and pDR102, carried the same human
cDNA inserts but in opposite orientations. These two
plasmids allowed us to sequence the insert from both ends
of the cDNA. Both these clones were used to prepare
deletion constructs with a combination of SacI/HindIII and
ExoIII digestion. The deletion constructs were ligated,
transformed, DNA prepared, and sequenced using SP6
primer and cycle-sequencing. The DNA sequence revealed
an open reading frame extending from position 72 bp to
234 bp (GenBank #U25034) (Fig.2). Besides this,
neuronatin also had an alternatively spliced form which
encoded 81 amino acids (GenBank #U25033). Both forms
had the same open reading frame. The longer isoform (α)
was encoded by all three exons, whereas, the shorter (β
)
isoform, the focus of this report, was encoded only by
exons 1 and 3. The only difference

Fig.2. The nucleotide and deduced amino acid sequence of human
neuronatin cDNA. The predicted amino acid sequence is shown
below the nucleotide sequence using the three-letter code. The
sequence containing the ATG initiation codon is in good context,
GAACCATGG, and is indicated by stars. The putative α-helix
transmembrane segment is underlined. The six arginine residues
located in the hydrophilic C-termina1 domain are shown in bold.
The stop codon, TGA, is indicated by a dashed line. The poly(A)
signal, AATAAA, is also indicated by stars. The GenBank
accession number is U25034.

between the two forms was that the middle exon was spiced
out in the β
-form. The isoforms possessed a consensus
translational initiation site, GAACCATGG [22], and a
canonical poly(A) adenylation signal. AATAAA, located
between 1094 and 1100 bp. GenBank analysis using the
BLAST server revealed that neuronatin cDNA had partial
homology to the 3’
-untranslated region of one form of rat
calbindin-D28K isolated by Lomri et at. [27]. There was no
homology to any of the other forms of calbindin-D28K
present in the database. Moreover, the coding regions of
calbindin-D28K and neuronatin were separated by 746 bp.
Therefore. neuronatin and calbindinD28K are two different
genes.
3.2. Neuronatin protein structure and homology
The deduced gene products for neuronatin αand β
were 9.2 and 6.15 kDa respectively. The hydrophobicity
plot of human neuronatin cDNA indicated the presence of
two distinct domains, a hydrophobic domain at the Nterminal (encoded by exon-1) and a hydrophilic domain at
the C-terminal (encoded by exon-3) (Fig. 3). The middle
exon, present only in the α-form was neither hydrophobic
nor hydrophilic. The hydrophobic domain contained about
23 amino acid residues. This was a suitable size to form a
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Fig.3. Hydrophobicity profile of the deduced human neuronatin
protein. The hydrophobicity profile was determined using the
method of Kyte and Doolittle [25]. Hydrophobic regions (residues
1-23) are above the zero-line, and hydrophilic regions (residues 2454) are below this line. Hydrophobicity was determined using
windows of seven amino acids, and generated using Protein
Analysis System (Hitachi. San Bruno, CA).
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transmembrane α-helix structure [1,49]. The experimental
results also support that it was a membrane protein. When
neuronatin cDNA was fused to LacZ, the expressed fusion
protein was observed to be anchored in the E. coli cytoplasmic membrane (data not shown). The C-terminal domain of neuronatin was hydrophilic and highly basic, and
was 20% (6 of 30 amino acids) constituted by arginine
residues. The primary amino acid sequence of human
neuronatin showed about 50% homology with two known
proteins, PMP1 [37] and phospholamban [48], that function
as subunits of H+-ATPase and Ca2+-ATPase, respectively
(Fig. 4). The structural organization of these three polypeptides was also similar, each consisting of two domains,
a hydrophobic transmembrane domain and a charged
hydrophilic-domain.

Fig. 4. Amino acid sequence alignment of human neuronatin with PMP1 and phospholamban (top panel) Although, the left side of the alignment
is predicted to be the α-helix domain, it begins with the N-terminal for neuronatin and PMP1, and with the C-terminal for phospholamban. The
predicted secondary structures of the three polypeptides are also shown (bottom panel).

Fig 5 Human neuronatin mRNA expression in fetal and adult brain. Total RNA extracted from human fetal and adult brain was separated using
formaldehyde/agarose gel electrophoresis. RNA (15 µg) was applied in each lane. UV photography of the ethidium bromide (EtBr) strained gel
prior to transfer is shown (left panel). rRNA (28S and 18S) positions are indicated. Following transfer to a nylon membrane, the blot was
hybridized with human neuronatin cDNA (middle panel). Thereafter, the blot was stripped using 1% SDS for 20 min at 98-100oC, and rehybridized using G3PDH as the control probe (right panel).
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3.3. Neuronatin mRNA expression in human fetal brain

3.6. Organization of the human neuronatin gene

Human neuronatin expression was analyzed by Northern hybridization using full length human neuronatin
cDNA. As both isoforms were identical, except for the
presence of the middle exon in the α-form, we used
neuronatin-βcDNA as the probe in all Northern blotting
experiments described in this report. The expression pattern
seen was similar to that we observed earlier in the rat using
neuronatin-αcDNA as the probe [21]. After hybridization
with neuronatin, the blot was stripped and rehybridized
with human G3PDH as the control probe (Fig. 5).
Neuronatin mRNA is selectively expressed in human fetal
brain (18-24 weeks), compared to the adult (60 yrs) brain.
Densitometric quantitation, controlled with G3PDH
mRNA, indicated that the expression of neuronatin mRNA
in fetal brain was 23 times greater than that in the adult.

Human neuronatin gene was isolated from a genomic
library using human neuronatin-βcDNA as the probe. The
clone was mapped, fully sequenced by PCR primerwalking, and deposited in GenBank (#U31767) (Fig. 8a).
The gene was 3973 bases long consisting of three exons
and two introns. Analysis of the 5’
-flanking region revealed
a sequence that was highly homologous to the neural
restrictive silencer element (NRSE). NRSE governs
neuron-specific expression, and this may be the reason that
neuronatin is selectively expressed in the brain. The NRSE
alignment comparison between human neuronatin, SCG10
[34], sodium channel-II [23] and synapsin-I [26] are shown
(Fig. 8b).

3.4. Neuronatin mRNA expression in other human fetal
tissues
An mRNA blot prepared from human fetal (18-24
weeks) brain, lung, liver and kidney (Clontech, Palo Alto.
CA) was hybridized with human neuronatin cDNA (Fig.
6). Neuronatin mRNA was selectively expressed in brain,
and not in lung, liver or kidney. Densitometric analysis revealed that the expression in fetal brain was 28, 46 and 138
times higher than in the lung, kidney and liver,
respectively. In additional experiments using rat tissue, we
noted that neuronatin mRNA was not expressed in the
heart, skin and muscle (data not shown).
3.5. Neuronatin mRNA expression during mammalian
development
In order to investigate the expression of neuronatin
mRNA during development, Northern analysis was carried
out using RNA extracted from rats aged, E7-10, E11-14,
E16-19, P3, P90 (3 months) and P990 (33 months) and
human neuronatin cDNA as the probe. Neuronatin mRNA
first appeared at E11-14, peaked at E16-19, and declined to
traces in the adult brain (Fig. 7). Quantitation was carried
out using densitometry, the level of expression at E7-10
was set as 1 unit. Relative to this, the expression at E11-14
was 8 units, and at E16-19, 44 units. This increase in
neuronatin mRNA expression coincided with a rapid
increase in brain growth. Postnatally, neuronatin mRNA
expression decreased to 9 units by P3 and was at baseline
by 3 months of age. The developmental changes seen in the
rat are somewhat comparable to the changes seen in the
human. Neuronatin mRNA expression in human fetal brain
at 18-24 weeks (Fig. 5), and that in the rat at about a
comparable developmental stage (E11-19), indicated that in
both species there was a 20-30 fold increased expression
during embryogenesis over that seen in the adult.

Fig. 6. Human neuronatin mRNA expression in fetal tissues. A
blot containing human fetal RNA derived from brain, lung, liver
and kidney (Clontech, Palo Alto, CA) was hybridized with human
neuronatin cDNA (top panel). The same blot was stripped and rehybridized with G3PDH (bottom panel). RNA size markers are
also indicated.
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Fig. 7. Neuronatin mRNA expression during rat brain development. The expression of neuronatin mRNA was studied at different development
stages of the rat using the human cDNA probe. Northern hybridization blot is shown (inset). The Densitometric analysis of the Northern blot was
plotted against rat developmental stages, and compared to that in the human.

3.7. Localization of neuronatin to human chromosome-20
The human-rodent somatic hybrid panel was screened to
help localize human neuronatin gene. Twenty hybrid DNA
samples containing different combinations of human

chromosomes were used for PCR amplification with
specific primers. In order to design the primers. The 3’
untranslated region of human (GenBank #U25034) and rat
(GenBank #U08290) neuronatin cDNA was chosen as this
was the least homologous region between the two

Fig. 8. (a) Map of the human genomic clone, containing the neuronatin gene, used for chromosomal localization. The DNA sequence encoding
the entire human neuronatin gene has been deposited in GenBank (#U31767). (b) Homology of the neural restrictive silencer elements of
neuronatin, SCG-10, sodium channel-II (NaII) and synapsin-I. The location of NRSE is indicated from the transcription cap site for each gene.
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species. A single product of 193 bp was predicted (Fig. 9).
This fragment was specifically amplified only from the two
DNA samples containing chromosome-20, BIOS756 and
BIOS940 (Table 1). None of the other 18 hybrid cell lines
contained chromosome-20, and indeed, no products were
amplified. These results conclusively localize, with 0%
discordance, the neuronatin gene to chromosome-20.

3.8. Localization to the long arm of chromosome-20
A series of deletions of human chromosome-20 were
used for sub-chromosomal localization (Fig. 10). These
constructs were analyzed by PCR using the same
neuronatin-specific primers and conditions described above.
CF80-8, the hybrid cell line containing the 20q12-20q13
region of chromosome-20 did not amplify the specific
fragment indicating that neuronatin was not located on the
end of the long arm. With the deletion construct CF21-2,
containing the 20q11.2-20q13 region, amplification of the
neuronatin-specific product was observed. The predicted
product was also seen with GM10478, which contained
chromosome-20 in its entirety. These results indicate that
neuronatin gene is located between 20q 11.2 and 20q12.1.
3.9. Localization to chromosome-20q 11.2-12
FISH was used to confirm the results of the somatic
panel mapping and to determine the copy number.
Chromatographically purified lambda phage clone
containing the full neuronatin genomic DNA clone was
directly used as template to generate biotin-labeled probe
and hybridize with human lymphocyte metaphase spreads.
Several metaphase spreads were studied. Together with the
results of G-banding, neuronatin gene was assigned, in
single copy, to chromosome 20q 11.2-12 (Fig. 11).

4. Discussion

Fig. 9. Screening of human-rodent hybrid cell lines by PCR using
primers specific for the 3’
-untranslated region of human
neuronatin cDNA. The PCR products were analyzed on 1.5%
agarose gel and stained with ethidium bromide. Cell lines, #010
through #1099, are indicated, Sample #016 is a hybrid of human
and mouse, the rest are all hybrids between human and Chinese
hamster. Amplification was also carried out using human, Chinese
hamster. mouse and rat genomic DNA samples. Only DNA
derived from cell lines #756 and #940, which contain
chromosome-20, exhibited amplification of the predicted product
of 193 bp. Molecular size markers are indicated (BRL,
Gaithersburg, MD).

The isolation and sequencing of a novel human cDNA,
neuronatin, that is selectively expressed in the developing
human brain is described. Neuronatin mRNA is selectively
expressed in the brain, but not in lung, liver and kidney, the
other organs studied. Although neuronatin mRNA was
abundant in 18-24 week old human fetal brain, its expression
was minimal in adulthood. When investigated further in the
rat, neuronatin mRNA first appeared at E11-14, peaked at
E16-19, and declined to baseline levels in adulthood. This
close temporal association between the mRNA expression
pattern of neuronatin and neurogenesis may suggest a
functional relationship.
Although the precise mechanism of function during
neurogenesis is not known, the finding that neuronatin
mRNA is selectively expressed in rhombomere 3 and 5
during early mouse embryogenesis suggests a role in hindbrain segment identity [54]. The expression of neuronatin
actually appeared to precede visible morphological changes,
again suggesting a mechanistic role. Clearly, more work
needs to be carried out to determine the specific mechanism
by which neuronatin is involved in this process, and to
understand the separate functions of neuronatin, Krox-20
[55] and sek [39], the other genes noted to be selectively
expressed in rhombomeres 3 and 5. One major difference,
however, unlike Krox-20 and sek which
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are expressed only transiently during development, the
expression of neuronatin becomes more generalized and
abundant in the nervous system later in development.
Based on these findings it may be suggested that
neuronatin is involved in determining segment identity in
the hindbrain and in the maturation and maintenance of the
post-mitotic neuronal fate.
The deduced polypeptide consists of two distinct
domains on hydropathic analysis. The N-terminal was
hydrophobic and arranged as a transmembrane α-helix,
whereas the C-terminal was hydrophilic and basic
containing about 20% arginine residues. Neuronatin, both
its amino acid sequence and secondary structure showed
homology to two other genes, PMP1 [37, 38] and
phospholamban [48], both polypeptides that function as
subunits of cation-translocating ATPases. The PMP1 gene
product is a subunit of H+-ATPase and is a 40 amino acid
peptide with an α-helix transmembrane domain and highly
basic cytoplasmic domain. PMP1 modulates the activity of
a plasma membrane proton pump by its association with
H+-ATPase, the holoenzyme [36]. Functionally, deletion of
PMP1 gene resulted in decreased H+-ATPase activity.
Another protein showing a structural organization similar
to that of human neuronatin protein is phospholamban
[2,47]. Phospholamban is a 52 amino acid peptide [46]
comparable in size to neuronatin. As with neuronatin and
PMP1, phospholamban also has an α-helix transmembrane
domain and a highly basic cytoplasmic domain that
modulates the activity of Ca2+ -ATPase.
Neuronatin, PMP1 and phospholamban are amphipathic
polypeptides that are members of a class of proteins
referred to as proteolipids (Table 2). Proteolipids are pro-

Members of the proteolipid class of proteins. These polypeptides
are small and amphipathic on hydrophobicity analysis. Although
amino acid sequences are not homologous, their characteristic
secondary structure consists of two distinct domains, one end being
hydrophobic and the other hydrophilic. These proteins function as
regulatory subunits of ion-channels. However, phospholemman
forms a pentamer and functions as a novel chloride and taurine
channel

teins that typically have two domains, one domain being
hydrophobic and the other hydrophilic. Although the primary amino acid sequences of the proteolipids are different, their structural organization is remarkably similar. The
proteolipids are generally small polypeptides, fractionate
into the chloroform/methanol phase and several members

Fig. 10. Sub-chromosomal localization of human neuronatin using deletion constructs of chromosome-20. The construct CF80-8 contains 20q1220q13 region of chromosome-20, CF21-2 contains 20q11.2-20q13, and GM10478 contains the entire chromosome-20 (left). PCR amplification
of the human neuronatin-specific fragment was seen only with CF21-2 and GM10478 (right). The PCR products were electrophoresed on 1.5%
agarose gel and stained with ethidium bromide.
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function as regulatory subunits of membrane channels.
Other members of this class o
fpr
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t
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nc
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udeγ
-subunit,
sarcolipin, PMP2, F-sub-c and vac-sub-c. The γ
-subunit, a
polypeptide of 58 amino acids, functions as a subunit of
Na+/K+-ATPase [29]. Sarcolipin has 31 amino acids and
functions as a subunit of Ca2+-ATPase in skeletal sarcoplasmic reticulum [52]. PMP2 is highly homologous to
PMP1, consists of 43 amino acids and functions as a
subunit of yeast H+-ATPase [36]. F-sub-c is 75 amino

19

acids long and is subunit-c of F1F0-ATPase [17]. Vac-sub-c
contains 155 amino acids and constitutes subunit-c of
vacuolar H+-ATPase [28]. Unlike these other, phospholemman, a 72 amino acid polypeptide [40], is organized as
a pentamer and functions as a novel chloride channel [33].
More recently, the phospholemman channel has also been
shown to be selective for taurine [32]. Furthermore, proteolipids may also he involved in human disease. For example, F-sub-c is the major component of the storage or-

Fig. 11. Fluorescence in situ hybridization using human neuronatin genomic clone as the probe. The chromosome was counterstained by
propidium iodide and the signal amplified by FITC-avidin and avidin-antibody.
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ganelles seen in neuronal ceroid lipofuscinosis [41], which
is an autosomal-recessive lysosomal neurodegenerative
condition of childhood manifesting as blindness, seizures,
dementia and early death. The involvement of F-sub-c in
the pathogenesis of this disease is supported by the finding
that similar deposits occur in the mouse mutant, motor
neuron degeneration (mnd/mnd), which is model for
neuronal ceroid lipofuscinosis [16]. Neuronatin is a new
member of the proteolipid family, and its unique expression
only in the developing human brain, requires that this gene
be investigated as a novel membrane channel regulator
during brain development.
With the help of human-rodent hybrid cell panel
screening and fluorescence in situ hybridization, we
mapped the neuronatin gene to human chromosome
20q11.2-12 providing a basis to investigate this gene as a
candidate in neuro-developmental disorders that may also
localize to the same or adjacent regions. The 20q 11.2-12
region is rich in genes, including several involved in signal
transduction and cell growth regulation. These include
hemopoietic cell kinase (20q11-12) [43], Rous sarcoma
protooncogene SRC (20q12-13) [35], phospholipase C
(20q12-13.1), topoisomerase-I (20q12-13.1) [24], zinc
finger protein 8 (20q13), CCAAT/enhancer binding protein
(C/EBP) (20q13.1) [18], protein tyrosine phosphatase
(20q13.1-13.2) [5], S-adenosyl homocysteine hydrolase
(20cen-q13.1) [31] and potassium voltage gated channel
(20q13.2). Although there are no neurological conditions
that are known to be mapped to 20q11.2-12, adjacent areas
of chromosome-20 have been implicated in neurological
disease. The gene for benign neonatal epilepsy maps to
20q13.2-13.3 and the prion protein gene, invoked in
neurodegeneration, is located at 20pter-p12. The developmental genes, PAX1 is located at 20p11.2 and bone morphogenetic protein-2 at 20p12.
Chromosome-20 abnormalities including ring formation
and deletions have been noted in several disease conditions.
Ring formation of chromosome-20 was observed in an
infant suffering epileptic seizures, mental retardation and
behavioral disturbances [4]. Deletions of the long arm of
chromosome-20 have been observed in some patients with
myeloid leukemia and myelodysplastic syndromes [10, 11],
and in patients with small cell lymphocytic lymphoma
[9,53]. Interestingly, the region of chromosome-20
containing neuronatin is also the region that is commonly
deleted. Although patients with deletion of 20q11.2-12
segment have not been reported to exhibit neurological
abnormalities, the importance of neuronatin in brain development needs to be investigated. The abnormalities of
chromosome-20 described above occurred postnatally after
completion of brain formation, a time when neuronatin
mRNA expression is normally repressed. As neuronatin is
primarily expressed in the developing brain, it is more
likely that the consequences of neuronatin dysfunction will
be manifested during embryogenesis rather than after
completion of maturation.

Neuronatin gene is 3973 bases long and has three exons
and two introns. The gene transcribes two alternatively
spliced mRNA isoforms. The α-form contains all three
exons and the β
-form contains only exons 1 and 3. The
middle exon has been spliced out in the β
-form, which is
the isoform studied in this report. The deduced proteins for
human α- and β
-form are highly conserved when compared
to rat neuronatin cDNA (#U08290 (α-form) and #U09785
(β-form)). The coding regions of both species were
identical, except for the substitution of two residues near
the C-terminal end of the proteins. This high degree of
conservation in mammalian species may indicate that
neuronatin gene is functionally important. The 5’
-flanking
region of neuronatin cap site has a region at -421 that is
highly homologous to neural restrictive silencer element
(NRSE). NRSE may govern the neuron-specificity of three
other genes, SCG10 [34], sodium channel-11 [23] and
synapsin-I [26]. SCG10 is a growth-associated protein of
22 kDa that is expressed in neuronal derivatives of the
neural crest. At E11.5 in the rat, it first becomes expressed
in sympatho-adrenal progenitor cells. Thereafter, SCG10
levels are strongly upregulated in sympathetic ganglia and
suppressed in adrenal medulla. NRSE is located at about 1500 in the 5’
-flanking region of the SCG10 gene. Protein
factors, present in non-neuronal cell types, are believed to
bind NRSE and silence the transcription of this gene.
NRSE elements have also been noted at about -1000 in
sodium channel-II, and at about -200 in synapsin-I.
Although functional analyses using constructs of the 5’
flanking region of SCG10 and sodium channel-II have
shown that deletion of NRSE results in loss of neuron
specificity, the evidence in the case of synapsin-I is less
certain. However, adjacent to the NRSE element in
synapsin-I is the region CGCCCCCGC, a high affinity
zif268/egr1 binding site [8, 50]. zif268/egr1 is a zinc finger
transcription factor, also known as NGFIA, Krox24 and
TIS8, and is an immediate-early gene. Based on the degree
of homology to the consensus sequence, the NRSE of
neuronatin may function to silence expression in nonneuronal tissues. A functioning NRSE in neuronatin may
account for the brain (and neuron)-specific expression of
this gene. Identification of the protein factor that silences
expression in non-neuronal tissues will help in
understanding the regulation of neuronatin.
In conclusion neuronatin is a novel human gene, the
mRNA for which is selectively expressed during brain
development. The organization of human neuronatin gene
and its mapping to human chromosome 20q11.2-12 is
described. The mRNA encodes an amphipathic polypeptide
that exhibits homology, both in its primary and secondary
structure, to PMP1 and phospholamban, members of the
proteolipid class of proteins which function as regulatory
subunits of ion channels. This information should facilitate
the study of neuronatin as a candidate gene for brain
disorders that may also become mapped to this region.
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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.
Keywords: Neuronatin; PC12; Nerve growth factor; Development; Brain

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)
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(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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