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Gas7, a growth arrest-specific gene originally isolated
from serum-starved mouse fibroblast cells, is expressed
in vivo predominantly in the brain and is required for
neurite formation in cultured mouse cerebellar neurons
(Ju et al. [1998] Proc. Natl. Acad. Sci. USA 95: 11423-
11428). Here we report that Gas7 plays a key role in the
morphological differentiation of PC12 preneuronal rat
pheochromocytoma cells (PC12 cells). We found that
overexpression of murine Gas7 in PC12 cells leads to an
expanded cell morphology and promotes spike-like cell
processes that resemble the early stages of neurite for-
mation. These processes undergo elongation upon ad-
dition of nerve growth factor (NGF). We also found that
the addition of NGF induces the production of endoge-
nous rat-Gas7 (rGas7), which is transiently elevated prior
to the appearance of NGF-promoted neurite outgrowths.
Furthermore, inhibition of endogenous rGas7 production
by antisense nucleotides complimentary to the transla-
tion initiation region of a rGas7 cDNA (AJ131902) re-
duces the NGF-promoted neurite outgrowths. Our re-
sults demonstrate that Gas7 by itself influences early cell
morphological development and likely functions as an
early-stage intermediary in NGF-induced neuronal differ-
entiation of PC12 culture cells. © 2003 Wiley-Liss, Inc.
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Growth-arrest-specific (Gas) genes (Ju et al. 1998),
originally isolated from mouse NIH3T3 fibroblasts, are
expressed at a high level during cell growth arrest upon
serum deprivation and contact inhibition resulting from
cell confluence (Schneider et al., 1988; Brenner et al.,
1989; Lih et al., 1996). In vivo, Gas gene expression has
been observed during the growth arrest that accompanies
terminal differentiation of cells during the development of
peripheral nerves (Adlkofer et al., 1995; Magyar et al,,
1996) and central nervous system neurons (Ju et al., 1998).
Individual Gas genes have been implicated in a variety of
biological functions, including the control of microfila-
ment organization (Brancolini et al., 1992), nerve cell
growth or differentiation (Manfioletti et al., 1990;
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Adlkofer et al., 1995; Zoidl et al., 1995; Li et al., 1996; Ju
et al., 1998), apoptosis (Fabbretti et al., 1995), and nega-
tive (Del Sal et al., 1994) and positive (Lih et al., 1996; Li
et al., 1996) control of cell cycling. However, no sequence
similarity or common structural features have been found
among these genes.

Gas7 1s expressed selectively in neuronal cells of the
mature cerebral cortex, hippocampus, and cerebellum (Ju
et al., 1998). Inhibition of Gas7 production in terminally
differentiated cultures of embryonic mouse cerebellum
impedes neurite outgrowths from maturing Purkinje cells
(Ju et al., 1998), whereas Gas7 overexpression in undif-
ferentiated neuroblastoma cell cultures dramatically pro-
motes neurite outgrowths (Ju et al., 1998). These results
suggest that Gas7 may be required for the formation of
neurites from differentiating neurons.

PC12, a preneuronal cell line derived from rat adre-
nal pheochromocytoma, has been commonly used as a
model system for studying neuronal differentiation (Green
and Tischler, 1976). Upon treatment with nerve growth
factor (NGF), PC12 cells undergo differentiation, cellular
neurite outgrowths providing unique and obvious mor-
phological changes characteristic of neuronal cell differen-
tiation. In this study, in addition to isolating and charac-
terizing the rat ¢cDNA homologue of Gas7, we
investigated whether Gas7 plays a role in the differentia-
tion of PC12 cells. We found that overproduction of a
mouse Gas7-enhanced green fluorescent protein (EGFP)
fusion protein in the absence of NGF was sufficient to
promote spike-like cell projections in PC12 cells. These
projections were further enhanced with the addition of
NGF. Examination of endogenous rGas7 in PC12 cells
revealed that NGF treatment sharply induced the rGas7.
Inhibition of rGas7 production via antisense knockout

The nucleotide sequences reported in the paper have been submitted to the
GenBank database under GenBank Accession Number AJ131902.
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interfered with neurite outgrowth formation in PC12
cells. These results indicate that Gas7 plays a key role at an
early stage of cell process development in cells other than
cerebellar neurons and is necessary for neurite outgrowth
formation during NGF-promoted PC12 differentiation.

MATERIALS AND METHODS

Overexpression of mGas7-EGFP in PC12 Cells

The mGas7-EGFP fusion was expressed using the cyto-
megalovirus (CMV) promoter in pPEGFP-N1 (Clontech Labo-
ratories, Inc., Palo Alto, CA) and was constructed by ligation of
polymerase chain reaction (PCR)-amplified DNA containing
full-length mouse Gas7 (Ju et al.,, 1998) into the EcoRI and
Kpnl cleavage sites of the vector. The resulting construct was
named pmGas7-EGFP. The sequences of EcoRI and Kpnl were
included in the forward and reverse primers used for Gas7 DNA
amplification. DNA sequences encoding the mGas7-EGFP re-
gion were partially confirmed by DNA sequence analysis.

PC12 cells were maintained according to the supplier’s
instructions (American Type Culture Collection, Bethesda,
MD) and were grown to 50—70% confluence on coverslips and
transfected with pmGas7-EGFP using Gibco BRI (Grand Is-
land, NY). Lipofectamine reagent. Twenty-four hours after
transfection, cells were induced to differentiate by addition of
NGEF for 48 hr. Overexpressed mGas7-EGFP cells were exam-
ined under a laser scanning confocal microscope (LSM 510;
Zeiss). An identical experiment conducted in the absence of
NGEF treatment was also performed to assess the role of Gas7 in
NGF-independent cell processes of PC12 cells.

Immunofluorescence Detection of Endogenous rGas7
in PC12 Cells

Differentiation of PC12 cells was stimulated by NGF
(Upstate Biotechnology Inc., Lake Placid, NY; catalog No.
01-170; 50 ng/ml culture) in freshly split overnight cultures,
grown on poly-L-lysine-precoated microscopic glass coverslips
for various periods. Production of endogenous rGas7 was de-
tected by immunofluorescence staining using anti-mouse Gas7
antiserum as described previously (Ju et al., 1998).

Cloning and Sequencing of rGas7 cDNA

rGas7 cDNA was isolated by screening a rat brain (neo-
cortex) expression library constructed in AZAP(II) (Stratagene,
La Jolla, CA) using mouse Gas7 as a probe. Cloned sequences
were determined by automated DNA sequencing (for a full-
length ¢cDNA sequence, 6,412 nucleotides (nt); see GenBank
accession No. AJ131902). Gas7-hybridizable DNA fragments
included a 2.1-kb 5’-end fragment (nt 514-2,489) and a 3.8-kb
3'-end fragment (nt 2,610—6,412). A 287-nt DNA between the
two fragments was isolated by PCR (Saiki et al., 1988) using a
forward primer (5'-ATG TGC AGA GTC TCA TGG CTG
TAG G-3', nt 2,421-2,445) and a reverse primer (5'-GCT
GCC CAA AGG TCC AAG ATT AGT A-3', nt 2,683—
2,707). The 5'-end upstream of the 2.1-kb fragment was iso-
lated from rat brain tissue by rapid amplification of cDNA ends
(RACE; Frohman, 1990), using an anchor primer (5'-CCA
TCC TAA TAC GAC TCA CTA TAG GGC-3'; Clontech,
Palo Alto, CA) and a gene-specific primer (5'-CGA TGT GGT
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GGT CGC ACT TT-3', nt 919-938). A full-length rGAS7
cDNA sequence containing an open reading frame was deduced
from overlapping cDNA clones. Standard methods for screen-
ing, molecular cloning, plasmid construction, and DNA and
probe preparations were performed as described elsewhere
(Sambrook et al., 1989).

Treatment of PC12 Cells With Oligonucleotides

Cultured PC12 cells were treated with phosphorothioated
rGas7 antisense oligonucleotide (rGas7-As: the nucleotide se-
quence of rGas7-As is 5'-TCT CCT GGT GGA GGG GGG
ACC ATC C-3") at a concentration of 6 pwg/ml cultures.
rGas7-As was predicted to hybridize to the most likely
translation-initiation region of rGas7 mRINA (nt 62—86). Con-
trol cultures were treated with the corresponding sense oligo-
nucleotide (rGas7-S; 5'-GGA TGG TCC CCC CTC CAC
CAG GAG A-3') under the same conditions. The sequences of
these oligonucleotides did not match any known rat sequences
in the GenBank database. Incubation of oligonucleotide-treated
cell cultures continued for 3 days before immunocytochemical
analysis, unless otherwise indicated in the figure legends.

Microscopic Evaluation of Neurite Outgrowths

PC12 cells were maintained according to supplier’s in-
structions (American Type Culture Collection). Differentiation
was stimulated by NGF (Upstate Biotechnology Inc.; catalog
No. 01-170; 50 ng/ml culture) in freshly split overnight cultures
grown on poly-L-lysine-precoated Petri dishes or microscopic
glass coverslips. Cells stained with fluorescence-conjugated an-
tibodies were examined under a fluorescence microscope. Cells
with one or more neurite extensions of more than two cell body
lengths were considered to be neurite positive. Precisely 300
cells from each dish were examined, and all experiments were
conducted in duplicate.

Detection of Endogenous rGas7 Expression in PC12
Cells by Western Blot Analysis

Western blotting was carried out using standard method-
ology (Harlow and Lane, 1988). Briefly, cells were washed with
ice-cold phosphate-buffered saline and resuspended in lysis
buffer (150 mM NaCl, 1% NP-40, 50 mM Tris, pH 8.0). After
centrifugation, the supernatant was heated for 5 min, separated
on 10% SDS-PAGE, and analyzed by immunostaining using
anti-mouse Gas7 antibody (Ju et al., 1998).

RESULTS

Production of Gas7 Alone in PC12 Leads to
Expanded Cell Shape With Spike-Like Cell
Processes

Previously, we reported that the overexpression of
mouse Gas7 (mGas7) in a neuroblastoma cell line (Neuro
2A) induces neurite-like outgrowths from the cells (Ju et
al., 1998). Here we investigate the effect of Gas7 in other
cell types. mGas7 was overexpressed in PC12 cells when
we used a plasmid expressing mGas7-EGFP recombinant
fusion protein to facilitate the detection of neurite out-
growths. The expression of mGas7-EGFP, as opposed to
solely EGFP, reproducibly promoted extensive neurite
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Fig. 1. Overexpression of Gas7-EGFP in PC12 cells. PC12 cells trans-
fected with pEGFP or pmGas7-EGFP and incubated for 36 hr in the
presence (B,D,F) or absence (A,C,E) of NGF were examined with
confocal microscopy. The formation of spike-like cell processes in
PC12 cells in the absence of NGF was associated with the overexpres-
sion of Gas7-EGFP (C,E) but not EGFP alone (A). NGF-treated PC12
cells overexpressing Gas7-EGFP (D,F) display more elaborated cell
processes than those overexpressing EGFP alone (B). Panels A—F are of
equal magnification and were detected by autofluorescence emitted
from the EGFP.

outgrowths in Neuro 2A cells (data not shown), indicating
that the fusion protein was as fully functional as mGas7.
Gas7 could be detected in PC12 cells at 24 hr following
transtection. However, neurite outgrowths were not seen
until 36 hr. Interestingly, expression of the fusion protein
in PC12 cells in the absence of NGF led to an expanded
cell shape and spike-like cellular processes (Fig. 1C,E).
These cellular processes were enhanced in both number
and length with the addition of NGF (compare Fig. 1D,F
with C,E). Furthermore, in all experiments shown, Gas7
localization was concentrated at the cell membrane where
elongated outgrowths, spikes, and spike-clusters protruded
(Fig. 1C=F), implicating Gas7 in the regulation of these
cell processes.

Endogenous rGas7 Induction in PC12 by NGF
Begins Prior to the Appearance of Neurite
Outgrowths

Woestern blot analysis of endogenous Gas7 produc-
tion in PC12 before and after the addition of NGF was
subsequently performed. After treatment of PC12 cells by
NGEF at concentrations normally used to induce PC12 cell
differentiation, a marked increase in rGas7 production was
noted within 3 hr posttreatment and lasted for at least
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Fig. 2. Transient induction of rGas7 by NGF in PC12 cells. A: In-
duction of Gas7 protein in PC12 cells by NGF. Fifty-microgram
protein extracts from cells treated with NGF for the indicated times
were analyzed by immunoblot staining. Only the major Gas7 band
(~60 kDa) is shown. Bottom panel shows the same gel stained with
B-actin antibody. Size markers (kDa) are indicated at left. B:) Fifty-
microgram protein extracts from PC12 cells treated with NGF
(50 ng/ml) for 24 hr analyzed by immunoblot staining using Gas7
antibody or preimmune serum. Size markers (kDa) are indicated.

24 hr (Fig. 2A, left; only the predominant Gas7 species is
shown, see Fig. 2B for other species). The level of rGas7
transiently increased by two- to four-fold on day 1 of
treatment and declined to a basal level or below by day 3
(Fig. 2A, right). The induction of rGas7 in PC12 cells by
NGF was specific and was not a result of variation in
protein loading (Fig. 2A, bottom; a similar level of B-actin
proteins was detected in each sample). In all experiments,
a predominant species of ~60-kDa Gas7 isoform was
detected; some lower level expression of other Gas7 iso-
forms was also detected by extended ECL detection (Fig.
2B; the protein sample was extracted from PC12 cells
treated with NGF for 24 hr). Preimmune serum substi-
tuted for anti-mGas7 serum in Western blots failed to give
any signal corresponding to rGAs7 (Fig. 2B).

Only trace amounts of endogenous rGas7 were de-
tected by using immunofluorescence in NGF-untreated
PC12 cells (Fig. 3B). However, immunofluorescent de-
tection of endogenous rGas7 in NGF-treated PC12 cells
revealed that intracellular induction of rGas7 occurs soon
after the addition of NGF: rGas7 was induced to its
maximum level of expression at 2-3 hr post-NGF treat-
ment and began to decline after 48—72 hr posttreatment
(Fig. 3D,F,H). The appearance of cellular neurite out-
growths was detected 24 hr, but not 2 hr, post-NGF
treatment. These results demonstrate that NGF-induced
PC12 differentiation leads to a significant increase in pro-
duction of rGas7 prior to the appearance of cellular neurite
outgrowths (Fig. 3D). Gas7 expression was not induced by
200 ng/ml EGF (see Appendix), a physiological concen-
tration that eftectively activated the ERK signal pathway
(data not shown). Collectively, these findings suggest that
rGas7 may play a key role in the early stage of neurite
formation in NGF-induced PC12 cell differentiation.

Requirement of rGas7 for Neurite Formation in
NGF-Induced PC12 Cell Differentiation

To assess whether rGas7 indeed plays a key role in
the neurite formation of NGF-treated PC12 cells, a spe-
cific rGas7 antisense oligonucleotide complimentary to
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Fig. 3. Immunofluorescence microscopy of endogenous rGas7 protein
in PC12 cells with or without addition of NGF. PC12 cells without
addition of NGF (B), with addition of NGF for 2-3 hr (D), 48 hr (F),
and 72 hr (H) were detected by anti-Gas7 antibodies. J: A duplicate
PC12 culture of that shown in C; instead of anti-Gas7 antiserum, the
preimmune serum for analysis. The endogenous production of rGas7
was positively revealed by the Gas7 antiserum but not preimmune
serum (compare D and J), demonstrating that positive staining of Gas7
was specific. The individual phase-contrast fields of the right panels are
also shown (A,C,E,G,I), respectively. Scale bar = 80 pm.
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the 5'-end terminus near the translation initiation region
was used to block rGas7 expression. To verify the nucle-
otide sequences, we cloned and characterized rGas7
cDNA from a neocortex expression library by DNA hy-
bridization using mouse Gas7 as a probe (see Materials and
Methods for details). A full-length rGas7 cDNA sequence
(EMBL/GenBank/DDB]J accession No. AJ131902) was
deduced from overlapping cDNA clones consisting of two
conserved Kozak domains: GCCATGA and GGGATGG,
located at nt 77 and 161 (the fourth in-phase AUG),
respectively, 28 amino acids (aa) apart. The hexanucle-
otide sequence AGAAGC, which is commonly present 5’
to the translation start site of mammalian cell mRINA
(Kozak, 1991), occurs only at the fourth in-phase AUG
codon. The c¢DNA also contains a polyadenylation
AATAAA domain 19 nt upstream of the poly-(A). The
protein sequence alignments of Gas7 from rat, mouse
(accession No. U19860), and human (accession No.
AB007854) show approximately 97% homology. The
amino-terminus of rGas7 has an 28 additional amino acids
compared with that of mouse Gas7 and 19 additional
amino acids compared with that of human GAS7. rGas7
also contains a glutamic acid at residue 295 that is absent
from both mouse and human Gas7.

To assess whether rGas7 is required in neurite for-
mation in NGF-treated PC12 cells, the specific rGas7
antisense oligonucleotide complimentary to the translation
initiation region (nt 62—86) of rGas7 cDNA was used to
block rGas7 expression in PC12 cells in experiments in-
volving the addition of NGF. Pretreatment of cells for
24 hr with 6 pg/ml of the antisense was sufficient to
inhibit the expression of all rGas7 isoforms in 24-hr NGF-
treated cells (Fig. 4A). Six micrograms per milliliter of
antisense oligonucleotide was used for subsequent exper-
iments. PC12 cells were pretreated with sense or antisense
rGas7 oligonucleotides for 24 hr prior to the addition of
NGF. Western blot analysis was carried out in parallel to
monitor the inhibition of Gas7 expression by the addition
of antisense oligonucleotide. We found that blockage of
rGas7 expression by rGas7 antisense was effective for at
least 4 days in experiments involving the addition of NGF
(Fig. 4B). Precisely 300 cells from each dish were exam-
ined, and all experiments were conducted in duplicate.
Eighty percent of PC12 cells treated with NGF but with-
out oligonucleotides, examined 4 days after the addition of
NGEF, displayed neuritis, with most of these cells display-
ing two or more neurites (Fig. 4Cb). In NGF-treated cells
pretreated with sense oligonucleotide for 24 hr, results
were very similar to those with cells treated with only
NGF (Fig. 4Cd vs. b). In NGF-treated cells pretreated
with antisense rGas7 for 24 hr, only about 50% of cells
displayed neurites (Fig. 4Cc). To show that antisense
oligos attenuate NGF eftects, the microscopic pictures are
included (Fig. 4D). These results demonstrated that pre-
treatment of NGF-treated cells with antisense rGas7
caused greater inhibition of neurite formation than did
pretreatment or no treatment with sense Gas7, suggesting
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Fig. 4. Inhibition of neurite outgrowths in PC12 cells by antisense
Gas7 oligonucleotide. A: Induction of Gas7 by NGF in the presence of
antisense or sense Gas7 oligonucleotide at the indicated concentrations.
Cells were treated with oligonucleotides for 24 hr before addition of
NGF. Top panel shows a typical immunoblotting. Bottom panel shows
the same gel stained with B-actin antibody. B: Inhibition of NGF-
induced Gas7 in the presence of antisense or sense Gas7 oligonucleo-
tides at indicated time periods. Gas7 antisense oligonucleotides (Gas7
As) or sense oligonucleotides (Gas7 S) at 6 pg/ml were used for

that rGas7 is required for efficient induction of NGF-
mediated neurite formation in PC12 cells.

DISCUSSION

Under normal culture conditions, the rat PC12 cell
line shows characteristics similar to those of endocrine
cells. When treated with NGF, these cells begin to differ-
entiate into neuron-like cells bearing prominent cell pro-

induction. C: Inhibition of NGF-induced neurite outgrowths in PC12
cells by antisense Gas7 oligonucleotides. PC12 cells were induced for
neurite outgrowths by NGF, with sense or antisense Gas7 oligonucle-
otides (6 pg/ml), incubated for 24 hr prior to the addition of NGF, and
detected 4 days after NGF addition. The data indicate the average (with
SD) of 300 cells from each dish conducted in duplicate. D: Cell
morphology. PC12 cells with indicated treatment were revealed by
phase-contrast microscopy. Scale bar = 80 pm.

cesses (Green et al., 1976). In the present study, we found
that production of one of the Gas7 isoforms alone in PC12
cells, without the addition of NGF, sufficiently promotes
an expanded cell shape with spike-like processes. Al-
though the spike-like outgrowths in PC12 cells with Gas7
alone were not as pronounced as those in Neuro 2A cells
(Ju et al., 1998), Gas7 still localized at the membrane
predominantly at points of protrusion. Overexpression of
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Fig. 5. Putative phosphorylation sites of rat Gas7 and regions that share sequence homology with

other genes.

Gas7 also induces spike-like outgrowths in NIH3T3 fi-
broblasts (She et al., 2002), suggesting that Gas7 involve-
ment in cell processes may be not limited to neural cell
types. The unique localization of Gas7 and its more spe-
cific role in cell processes remain to be investigated. How-
ever, we have found that Gas7 is required for NGF-
mediated neurite outgrowths by showing that Gas7 is
induced at an early stage of NGF-mediated PC12 differ-
entiation and that knockout of Gas7 production impedes
neurite formation. Collectively, these results suggest that
Gas7 most likely plays a role at an early stage of cell process
development in various cell types.

Gas7 isoforms in the range of 45—65 kDa were detected
in rat and mouse brain tissues (Ju et al., 1998), and preferential
expression of the isoforms has been observed in different
regions of mouse brain (Lazakovitch et al.,, 1999). In the
present study, a predominant species of Gas7 larger than other
Gas7 isoforms observed in brain tissues was detected in PC12
cells, suggesting a preferential expression of Gas7 in other
tissues as well as neural cells. Indeed, this larger Gas7 species
was also detected predominantly in an extract prepared from
mouse kidney with intact adrenal gland (data not shown). In
which cell type(s) and by what mechanisms this species is
produced predominantly in tissues other than brain tissues,
and the specific role(s) of Gas7 in those tissues, remain to be
investigated.

The sequence of rat Gas7 has been submitted to the
GenBank database (EMBL/GenBank/DDBJ accession
No. AJ131902). With a computer program (NiceProt
View of Swiss-Prot), a WW domain and an FCH domain
were predicted for the Gas7 protein sequence (055148;
Fig. 5). Mouse and human Gas7 share the same structural
features because of a 98% homology of the full-length
Gas7 open reading frame sequence. Many proteins con-
taining an FCH domain are involved in the regulation of
cytoskeletal rearrangement, for example, CIP4 and rapos-
tlin, which bind to microtubules (Tian et al., 2000; Fujita
et al,, 2002), and dystrophin, which consists of an
N-terminal actin-binding domain (Ilsley et al., 2002). The
physical assignment of the Gas7 to the analog of WW and
FCH domain proteins supports a potential involvement of
Gas7 in neurite plasticity and associated cytoskeleton re-

modeling. Additionally, Gas7 contains numerous potential
protein kinase sites. Because the WW domain frequently is
associated with other domains typical for proteins in signal
transduction processes (Ilsley et al., 2002), the role of Gas7
in cell process formation, particularly neurite outgrowth
can be regulated by phosphorylation during cytoskeletal
rearrangement.

NGF-induced neurite outgrowths in PC12 cells are
also known to be involved in the coordinated induction of
other cellular components, e.g., microtubule assembly and
assembly-promoting factors, including certain microtubule-
associated proteins (MAPs; Brugg and Matus, 1988; for re-
view see Kobayashi and Mundel, 1998). Overexpression of
some, but not all, MAPs alone can induce the formation of
microtubule-based cell processes in nonneuronal cells, such as
fibroblasts (Kanai et al. 1989). However, unlike the case with
Gas7, the expression of MAPs by themselves is not sufficient
for the induction of cell processes in PC12 cells, which
requires additional NGF-mediated intracellular signals (Cow-
ley et al., 1994; Kaplan and Miller, 1997) to initiate the
formation of cell processes. Interestingly, as in PC12 cells,
Gas7 overproduction in fibroblasts also causes pronounced
cell processes (She et al., 2002). Biochemical studies and
electron microscopy showed that both full-length Gas7 pro-
tein and its C-terminal region can promote actin assembly as
well as the cross-linking of actin filaments (She et al., 2002).
The relationship of Gas7 and MAPs and/or other cytoskeletal
elements activated by NGF is worthy of further study, and
the role of Gas7 in the cell differentiation of both neuronal
and nonneuronal cell types continues to be a fundamental
issue in understanding cell process development.
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