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Abstract :

To determine the role of Dp71 in neuronal cells, we generated PC12 cell lines in
which Dp71 protein levels were controlled by stable transfection with either antisense or
sense constructs. Cells expressing the antisense Dp71 RNA (antisense-Dp71 cells)
contained reduced amounts of the two endogenous Dp71 isoforms. Antisense-Dp71 cells
exhibited a marked suppression of neurite outgrowth upon the induction with NGF or
dibutyryl cyclic AMP. Early responses to NGF-induced neuronal differentiation, such as
the cessation of cell division and the activation of ERK1/2 proteins, were normal in the
antisense-Dp71 cells. On contrary, the induction of MAP2, a late differentiation marker,
was disturbed in these cells. Additionally, the deficiency of Dp71 correlated with an
altered expression of the dystrophin-associated protein complex (DAPC) members a and h
dystrobrevins. Our results indicate that normal expression of Dp71 is essential for neurite
outgrowth in PC12 cells and constitute the first direct evidence implicating Dp71 in a
neuronal function. D 2004 Elsevier Inc. All rights reserved.
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Introduction:

Duchenne muscular dystrophy (DMD) is an X-linked recessive disorder caused by
mutations in the dystrophin gene [1]. Dystrophin is a 427-kDa rod-shaped protein
consisting of four major domains [1,14,25,26].The N-terminal domain interacts with actin
filaments, while the cysteine-rich and C-terminal domains associate with a complex of
transmembrane glycoproteins and cytoplasmic proteins known collectively as the
dystrophin-associated protein complex (DAPC) [16,41,44].

Analysis of dystrophin gene expression has led to the identification of several C-
terminal dystrophin isoforms named according to their molecular weight [9,10,15,20,31].
A 70-to 75-kDa dystrophin protein (designed Dp71) has a unique seven residues N-
terminus fused to the cysteine-rich and C-terminal domains and is the most abundant
dystrophin in a wide range of non-muscle tissues [5,17,28].In addition, Dp71 transcripts
are alternatively spliced for exons 71-74 and 78 in several tissues; then multiple Dp71
protein products of 70-78 kDa are generated [2,3]. Recently, we determined that
alternative splicing regulates the cytoplasmic or nuclear localization of Dp71 [19,34].

Although Dp71 is the major DMD gene product expressed in adult human brain
tissue [21], its function is poorly understood. We have previously adopted the PC12 cell
line as an in vitro neuronal model for studying Dp71 cellular function [12]. These cells
express two Dp71 splicing isoforms; both of them spliced out for exon 71 and with exon
78 either present (Dp71d) or spliced out (Dp71f) [34]. Both Dp71 protein isoforms are up-
regulated during NGF-induced PC12 neuronal differentiation, Dp71f increases 9fold in
total extracts, while Dp71d augments up to 7-fold in nuclear extracts; additionally, Dp71
isoforms showed distinct subcellular distributions from each other: Dp71f isoform

Table 1 Antibodies

Antibody Position of antigen Nature Specificity Reference/resource
Dys2 peptide 3669 — 3685 Monoclonal Dp71d isoform Novacastra
2166 C-ter 17 aa Polyclonal Dp71d isoform [32]
5F3 alternative C-ter 31-aa  Monoclonal Dp71f isoform [17]
JAF C-ter 7 aa Polyclonal B-dystroglycan [37]
B-521 peptide 521 — 738 Polyclonal B-dystrobrevin [32]
BCT-FP peptide 459 — 465 Polyclonal B-dystrobrevin, [32]
a-dystrobrevin-1/2
MAP2 fragment of MAP2 Polyclonal microtubule-associated [29]
protein 2
p-ERK (E4) Erklpep P-Tyr-204 Monoclonal phosphorylated Santa Cruz
Erkl and Erk2 Biotechnology, Inc.
URD40 Rod domain of Polyclonal Utrophin and Up116 [7]
mouse utrophin
v2 syntrophin Polyclonal v2 syntrophin Mornet, D.
trk P-Tyr-680/681 of TrkA  Polyclonal phosphorylated TrkA, Santa Cruz
of human origin TrkB and TrkC Biotechnology, Inc.
actin Monoclonal all isoforms of actin Hermadez, M.
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Fig. 1. Immunolocalization of Dp71 isoforms in PC12 cells stably transfected with Dp71 sense or antisense
expression vectors. PC12 parental cells and the indicated stable clones were cultured on glass coverslips for
confocal microscopy analysis. Cells were immunostained with monoclonal antibodies5F3 (A) and Dys2 (B)
for the detection of Dp71f and Dp71d isoforms, respectively (green color). In (A), nuclei of antisense Dp71
cells, treated with antibody 5F3, were counter-stained with propidium iodine (red color). In (B), cytoplasmic
actin of antisense-Dp71 cells, treated with antibody Dys2, was counter-stained with Texas red-phalloidin
(red color). Dp71f staining was observed through the cytoplasm and cell periphery whereas that of Dp71d
was concentrated in the nucleus. Note the immunostaining reduction of Dp71f and Dp71d protein isoforms
in the antisense-Dp71 cells.

Dp71f

localizes in the cell body and neurites while Dp71d accumulates mainly in the nucleus
[34]. These results suggest that each Dp71 variant may perform specific tasks in neuronal
differentiation.

As an attempt to define the functional role that Dp71 plays in PC12 neuronal cells,
we generated cell lines stably transfected with vectors expressing the Dp71 coding
sequence in sense or antisense orientation. Antisense-Dp71 cells contain significantly less
amount of Dp71f and Dp71d isoforms. The antisense-Dp71 cells showed impairment in
their ability to display neurite outgrowth when induced to differentiate with NGF or
dibutyryl cyclic AMP. The initial events in the neuronal differentiation pathway, such as
the cessation of cell division and the activation of ERK1/2 proteins were unaltered in the
antisense-Dp71 cells, however, the expression of the late marker MAP2 was disturbed.
The deficiency in Dp71 protein levels had different effect on dystrophin-associated
proteins expression; protein levels of p-dystroglycan, and y2-syntrophin remained
unchanged, while those of o and 3 dystrobrevins were disturbed.
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Materials and methods
Plasmid constructions

Expression vectors were prepared using human Dp71 cDNAs from pGFP-Dp71
plasmids [19]. The full-length (1.9 kb) Dp71 cDNA fragments, corresponding to Dp71f or
Dp71d splicing isoforms were removed from the corresponding pGFP-Dp71 vectors with
EcoRI and ligated into the same restriction enzyme site in pDGFP. After plasmid
amplification, the orientation of Dp71 fragments was ascertained by restriction enzyme
analysis. Hence, vectors generating sense (pDP71f and pDp71d) or antisense (pDp71As)
Dp71 RNA were obtained. An additional vector expressing in antisense orientation the
first 392 bp from 5Vend of the Dp71 cDNA was constructed by digestion of pDp71As
with BamHI and further vector ligation. Expression vector pDGFP, which contains the
early CMV promoter and the neomycin resistance gene was constructed by deleting the
GFP coding sequence from pQBI25 plasmid (Quantum Biotechnologies) with Sacll and
Clal digestion, filling the restricted enzyme sites with T4 DNA polymerase and
recircularizing with T4 DNA ligase. Plasmid pDGFP with no Dp71 insert was used as
control vector.
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Fig. 2. Expression of Dp71 protein isoforms in the stable PC12 clones. Protein extracts obtained from PC12
parental and the indicated stably transfected PC12 clones were subjected to immunoblot analysis. (A)
Immunodetection of Dp71f isoform was carried out with the monoclonal antibody 5F3. (B)
Immunodetection of Dp71d isoform was performed using the rabbit antisera 2166. Membranes were stripped
and reprobed with monoclonal antibody anti-actin. Migrations of Dp71 isoforms and actin are indicated at
the right. Positions of protein marker are shown at the left. (C) Protein levels of Dp71 isoforms were
normalized with respect to actin protein levels. Three different clones from each group of stable cell lines
(control-vector, antisense-Dp71, sense-Dp71f, and sense-Dp71d) were analyzed separately in duplicate
experiments, and the average value F SD obtained from each one is presented in the graph. Asterisks denote
significant differences (P < 0.05) from control-vector cells. Antisense-Dp71 cells exhibited a significant
decrease in the expression of Dp71d and Dp71f isoforms.
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Cell culture and generation of stable transfectans

PC12 cells were grown in RPMI-1640 medium supplemented with 10% horse
serum, 5% fetal bovine serum, 100 U/ml penicillin and 0.1 mg/ml streptomycin, and
maintained at 37jC in a humidified incubator with a 5% CO2 atmosphere. For stable
transfection, PC12 cells were grown to 60% confluence onto collagen-coated 100-mm
dishes, transfected with 5 Ag of plasmid DNA pre-mixed with 5 AlofPlusreagent and8 Al
of lipofectamine (Gibco) in serum-free Opti-MEM medium (Gibco). After a 5-h
incubation period, the transfection mixture was removed by washing with Opti-MEM and
cells were maintained in RPMI-1640 supplemented with sera. Selection of stable
transfectans was initiated 48 h after transfection with 500 Ag/ml of G418 (Invitrogen), a
neomycin analog.

Cell differentiation assay

To induce differentiation, 2x104 cells were seed onto collagen-coated 6-well plates,
and treated with50 ng/ml2.5S nerve growth factor (NGF, Gibco) or with 1 mM dibutyryl
cyclic AMP (Sigma). Medium containing NGF or dibutyryl cyclic AMP was changed
every third day. To determine neurite outgrowth, the number of neurites per cell and the
relative length of the neurite, in designated microscopic fields, were measured at 6 days of
differentiation. The differentiation score was defined as follows: 0 = no change (round or
polygonal cells),1 =any extension of one or more neurites, each less than one body
length,2 = extension of one or more neurite between one and two cell body length,3 = at
least one neurite of more than two body length in size [4,13].

B
Control Vector Antisense-Dp71

Fig. 4. Scanning electron microscopic analysis of control-vector and antisense-Dp71 clones. After6 days of
NGF treatment, control-vector cells present many large neurites (A), while antisense-Dp71 cells displayed
only very short stubby processes (B).
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Cell proliferation assay

Untreated and NGF-treated cells were plated onto collagen-coated 6 well plates at

4
2x10 densities. Cell number was determined by direct counting of the cells at various
times using a Neubauer chamber.

Immunofluorescence assays

For single immunofluorescence staining, cells plated onto poly-D-lysine-coated
glass coverslips were fixed and permeated for 5 min with 3% paraformaldehyde/0.5%
tritonX100 in Cytoskeleton Buffer (10 mM MES, 150 mM NaCl, 5 mM EGTA, 5 mM
MgCI2, 5 mM glucose) and then incubated 15 min with 3% paraformaldehyde.

A 12
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S . —- —Sense-Dp71d
¥ --3é--Antizsense-Dp71
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_§ ------- Antisense-Dp71+NGF
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Days of NGF treatment

Fig. 3. Growth rates of undifferentiated and NGF-treated PC12 stable clones. Cultures of parental PC12 cells
5
and stably transfected clones were plated onto collagen-coated 24-well plates at density of8x 10 /dish

without NGF (A) or at density of3x 103 cells/dish with NGF (B). The cell numbers were determined by direct

counting at the indicated days, as described in Material and methods. Three different clones from each group
of stable cell lines (control-vector, antisense-Dp71, and sense-Dp71f) were analyzed separately in duplicate
experiments, and the mean value obtained from each one is presented in the graph. In the absence of NGF,
the cellular growth of the stably transfected clones was not significantly different from that of the parental
PC12 clone (A). NGF-treated cultures from stably transfected and parental clones stopped dividing
sincelday after NGF addition, while untreated parental PC12 cells continued growing (B).

Fixed cells were blocked 20 min with 0.5% gelatin and incubated overnight at 4jC
with primary antibodies (Table 1). The day after, coverslips were incubated in PBS for 1 h
with a fluorescein-conjugated secondary anti-mouse antibody. For counter staining, cells
were incubated for 20 min at room temperature with Texas Red-phalloidin (Molecular
Probes) or during 5 min with Propidium iodine (Sigma). After washing once with PBS,
coverslips were mounted with VectaShield (\VVector Laboratories Inc) and observed in an
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epifluorescence Nikon microscope coupled with a confocal system BIO-RAD MRC600.
From each image, 9 to 12 optical Z-sections (0.2-0.5 Am thick) were scanned using the
laser confocal microscope dual channel imaging system.

Immunoblotting assays

Cells were centrifuged and resuspended in complete protease inhibitor cocktail
(Boehringer) containing 50 mM Tris— HCI (pH 8.0) and 0.1% DNasel. Homogenates were
sonicated and protein concentrations were determined by the Bradford method. Aliquots
(40 Ag) were resolved on denaturing 3— 10% gradient SDS-PAGE and electrotransferred
to nitrocellulose membranes. Immunoblots were probed with either monoclonal antibodies
or rabbit antisera (Table 1), and were developed using the ECL Plus kit (Amersham
BioSciences). Quantitative analysis of immunoblots was performed on a digital Science 1D
system (Kodak).

Sense-Dp71d Antisense-Dp71
B 35 =

30 =

25 =

2.0 o

1.5

Differentiation index

#

_

PCil2 Control Vector Sense-Dp71f Sense-Dp71d Antisense-Dp71

0.5 =

0.0

Fig. 5. Effect of Dp71 antisense treatment on NGF-induced neuronal differentiation of PC12 cells. Parental
and stably transfected PC12 clones were grown on collagen-coated dishes in the presence of NGF. (A) Phase
contrast micrographs illustrating typical cell morphologies of the indicated cultures were obtained at day 6 of
NGF exposure. (B) Differentiation scores were calculated as described in Material and methods. Five
different clones from each group of stable cell lines (control-vector, antisense-Dp71, sense-Dp71f, and
sense-Dp71d) were analyzed separately in duplicate experiments, and the mean value F SD obtained from
each one is shown in the graph. Asterisks denote significant differences (P < 0.05). Neurite outgrowth
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induced by NGF is impaired in the antisense cells while that of the sense-Dp71 cells is enhanced.

Scanning electron microscopy

Cell samples were fixed in 2.5% glutaraldehyde, dehydrated in ethanol, and dried
at critical point with CO2 (maximum temperature 39jC; maximum pressure 110 psi) in a
SAMDRY-780 dryer (Tousimis Research, Rockville, MD). The cells were then covered
with gold ions in a JEOL JFC-110 ion sputtering (Tokyo, Japan) and analyzed in a JEOL
35-C scanning electron microscope.

Statistics

Statistical analyses were performed using a two-tailed Student’s t test.

Results
Establishment and characterization of stable PC12 clones

To begin our assessment of Dp71 protein function in rat PC12 cells, we established
stable clones by transfecting PC12 cells with derivative pQBI25 vectors that contained no
Dp71 insert (control-vector clones) or either the full-length Dp71 cDNA or the first 392 bp
from its 5V-end in antisense orientation relative to the CMV promoter (antisense-Dp71
clones). For comparison, we also created stable clones overexpressing each of the two
Dp71 isoforms that are naturally expressed in PC12 cells; a variant lacking the amino acids
encoded by exons 71 and 78 (sense-Dp71f clones) and an isoform lacking amino acids
encoded by exon 71 but preserving those encoded by exon 78 (sense-Dp71d clones).
Stable clones were maintained in culture for about 3 months and for each construct a total
of five, randomly chosen, isolated colonies were selected to continue their
characterization. Stably transfected cell lines were characterized by resistance gene
expression, genomic integration of the DNA vector and expression of exogenous sense or
antisense Dp71 RNA (data not shown). Given that similar phenotypic responses were
observed between the stable clones expressing in antisense orientation the full-length
cDNA or the first 5V-end 392 bp, representative images or an average of the data obtained
from the different antisense clones analyzed are shown herein.

Antisense-Dp71 cells show decreased Dp71 protein expression

The effectiveness of the antisense-Dp71 constructs at reducing Dp71
concentrations in the antisense-Dp71 cells was evaluated by immunofluorescence confocal
microscopy and Western blot analyses. To differentiate between Dp71 isoforms, several
antibodies raised against the C-terminal domain of Dp71 were utilized; Dys2 and 2166 that
recognize Dp71d, and 5F3 for the detection of Dp71f (Table 1). In parental and control-
vector cells, immunostaining of Dp71f revealed a scattered signal throughout the
cytoplasm, being stronger in the cell periphery (Fig. 1A) whereas the staining of Dp71d
accumulated in the nucleus and to lesser extension in the cytoplasm (Fig. 1B), as
previously reported [34].In the antisense-Dp71 cells, cytoplasmic staining of Dp71f and
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the nuclear signal of Dp71d were dramatically reduced (Figs. 1A and B). On the other
hand, the stronger staining of Dp71d and Dp71f observed in the sense-Dp71d and Dp71f
cell lines, respectively, confirmed the exogenous overexpression of these isoforms (Figs.
1A and B).

A typical immunodetection of the Dp71f isoform using the 5F3 antibody is shown
in Fig. 2A. A band with an apparent molecular mass of 70 kDa was observed in the protein
extracts of untrasfected and control-vector cells. The intensity of this band clearly
increased in the senseDp71f cells, confirming its specificity. On contrary, Dp71f
immunoreactivity was practically absent in the antisense-Dp71 clones. By using the
antibody 2166, a single band at the 68-kDa marker, which must correspond to Dp71d, was
observed in the parental and control-vector cells (Fig. 2B). As expected, Dp71d
immunoreactivity was strongly diminished in the antisense-Dp71 clones and

PC12 Control vector Antisense-Dp71
B 1.2 -

b |

% 1.0

-= 0.8 -

=

S 0.6 -

5

5 04 -

?Ei *%*

A 02 - -

0.0

PC12 Control Vector Antisense-Dp71

= ItFig. 6. Effect of Dp71 antisense treatment on neurite outgrowth in dibutyryl cyclic AMP-treated stable
clones. (A) Phase contrast micrographs illustrating typical cell morphologies of the indicated cell lines were
obtained at day 6 of dibutyryl cyclic AMP exposure. (B) Differentiation scores were calculated as described
in Material and methods. Five different clones from each group of stable cell lines (control-vector and
antisenseDp71) were analyzed separately in duplicate experiments, and the average value F SD obtained
from each one is shown in the graph. Asterisks denote significant differences (P < 0.05). Neurite outgrowth
is inhibited in the dibutyryl cyclic AMP-treated antisense-Dp71 cells.
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substantially increased in the sense-Dp71d cells. Fig. 2C shows the quantitative analysis of
Dp71 protein isoforms expression in the stable clones; antisense-Dp71 clones exhibited an
average reduction of 70% and 48% in the protein levels of Dp71f and Dp71d, respectively,
while sense-Dp71f and -Dp71d clones presented a 2-fold average increase in the protein
expression of the respective overexpressed Dp71 isoform.

Cellular proliferation is not affected by the altered expression of Dp71 protein
isoforms

To ascertain whether the perturbation in Dp71 protein expression affects cellular
growth, the proliferation rates of the different stably transfected clones were quantified
during a time period of 10 days. Fig. 3A shows that the rates at which the antisense or
sense-Dp71 clones proliferate were not significantly different than those of the parental or
control vector-transfected clones.

Decreased expression of Dp71 disturbs neurite outgrowth of PC12 cells

To determine whether diminished levels of Dp71 affect neuronal phenotype of PC12 cells,
we examined the morphology of stable clones at light (LM) and electron microscopic
(EM) levels. In the absence of NGF, the parental PC12 cells as well as all the stably
transfected clones showed normal growth under the LM analysis, characterized by the
presence of rounded cells growing in small clumps (data not shown). After 6 days of NGF
treatment, we found by the LM and EM analyzes that the antisense-Dp71 cells did not
respond to NGF with the features that accompanied the neuronal differentiation of parental
PC12 cells, such as flattening, increase in cell body, and outgrowth of neurites (Figs. 4A
and 5A); instead, these cells exhibited only very short stubby processes (Figs. 4B and 5A),
which failed to elongate even with longer NGF exposures (data not shown). Interestingly,
the cell line overexpressing the Dp71d isoform showed an enhanced response to NGF, the
length, density, and branching patterns of its processes appeared to be greater than those
observed in parental PC12 cells (Fig. 5A). Measurement of neurite outgrowth confirmed
these observations; relative to untransfected cells, an average reduction of 69% in the
differentiation score was observed in the antisense-Dp71 clones whereas sense-Dp71d cell
lines exhibited an average increase of 49% in this parameter (Fig. 5B). Control-vector and
sense-Dp71f stably transfected clones displayed differentiated morphologies (Fig. 5A)
with differentiation scores that were statistically similar to that found in parental cells (Fig.
5B).

To evaluate the extent of the defect in differentiation observed in the antisense-Dp71
clones, we analyzed the response of these cells to dibutyryl cyclic AMP, an agent that also
induces a neurite outgrowth signaling pathway [23,43]. After 6 days of treatment, we
observed that antisense-Dp71 clones displayed an absence of neuritic processes (Fig. 6A),
rendering an average reduction of 75% in their differentiation score (Fig. 6B).
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Fig. 7. Expression of MAP2, a late differentiation marker, is disrupted in the antisense-Dp71 cells. Western
blot analyses of parental PC12 cells and stable transfectans showing the abundance of phospho ERK1/2 and
MAP2 proteins before (-) and after (+) NGF induction. Cell cultures were exposed to NGF
during40minforthe detection of phospho ERK1/2(A),or7days for the detection of MAP2(B). Lanes:1and5,
PC12 cells;2and6, control-vector cells;3 and7, sense-Dp71d cells;4and8, antisense-Dp71 cells.(C) Relative
protein levels are expressed as fold increase over protein values of untreated cells at time Omin. Anti-actin
monoclonal antibody was used to normalize the amount of protein input in the gels. Three different clones
from each group of stable cell lines (control-vector, antisense-Dp71, and sense-Dp71d) were analyzed
separately in duplicate experiments, and the mean value F SD obtained from each group is shown in the
graph. Asterisks denote significant differences (P < 0.05). The activation of ERK1/2 proteins was unaltered
in the antisense-Dp71 cells while the expression of MAP2 was disturbed.

Analysis of the NGF-induced neuronal differentiation pathway in the antisense-Dp71
cells

To identify events in the PC12 neuronal differentiation pathway that could be
affected in the antisense-Dp71 cells, we undertook an analysis of molecular markers of
early and late stages of NGF-induced PC12 neuronal differentiation. The activation of the
two closely related MAP kinases (ERK1/ERK2), detected by their phosphorylation,
occurred at statistically similar rate between the antisense-Dp71 clones and the control-
vector cell lines (Figs. 7A and C). Another of the immediate responses of PC12 cells to
NGF treatment is the cessation of cell division to begin differentiation program. Hence, we
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Fig. 8. Expression of DAPC in the antisense-Dp71 cells. (A)Total protein extracts from control-vector and
antisense-Dp71 cell lines were subjected to Western blot analyses using specific antibodies against a and h
dystrobrevins, y2-syntrophin, h-dystroglycan, and utrophin. Membranes were stripped and reprobed with
monoclonal antibody anti-actin. (B) Three different clones from each group of stable cell lines (control-
vector and antisense-Dp71) were analyzed separately in duplicate experiments, and the average value +/- SD
of the protein levels obtained from each group is shown in the graph. Since two different utrophin expression
patterns were observed among antisense-Dp71 clones, a representative clone from each expression pattern
was selected to be shown. Asterisks denote significant differences ( P < 0.05) from control-vector cell line.
Antisense-Dp71cells exhibited an altered expression of o and B dystrobrevins, while that of B-dystroglycan
and y2-syntrophin remained unchanged. In addition, elevated utrophin protein levels were found in one of
the antisense-Dp71 clones analyzed (panels A and B).

quantified the proliferation rate of antisense-Dp71 and control cultures after NGF-
induction. Fig. 3B shows that all the stably transfected clones stopped dividing since 1 day
after NGF addition and displayed close similar growth rates. Untreated parental PC12 cells
continued growing with a doubling time of 62 h. Regarding the expression of the late
differentiation marker MAP2, the control cultures as well as the sense-Dp71d clones
displayed a substantial 7-to 9-fold increase in the average levels of this protein after NGF
treatment; in contrast, its expression appeared to be clearly disturbed in the antisense Dp71
cells, as judged by its modest response to NGF induction, 1.5-fold increase (Figs. 7B and
C).

Expression of the DAPC in the antisense-Dp71 cells

To determine whether the perturbation in Dp71 expression alters the stability of the
dystrophin-associated protein complex (DAPC), total protein levels of DAPC’s members
were analyzed from control and antisense-Dp71 cultures (Fig. 8). In the antisense-Dp71
clones, the average expression of h-dystroglycan, and g2-syntrophin was similar to that
observed in control-vector transfected clones (panels A and B). On contrary, protein
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expression of dystrobrevins was altered in the antisense cell lines: whereas protein levels
of a-dystrobrevin were 70% diminished those of h-dystrobrevin exhibited an average
increase of 75% (panels A and B). We also examined utrophin expression in the antisense-
Dp71 clones, a dystrophin homologue expressed in PC12 cells [39]. Compared with
control culture, we found significantly higher utrophin levels in one of the antisense-Dp71
clones analyzed (panels A and B).

Discussion

We generated stably transfected PC12 cell lines that express either reduced or
increased levels of Dp71d and Dp71f isoforms. Deficiency in Dp71 protein levels resulted
in an impairment in the ability of PC12 cells to extend neuritis when induced to
differentiate with NGF or dibutyryl cyclic AMP. Given that all antisense-Dp71 clones
exhibited similar phenotypic response and that none of the clones expressing the control
vector showed this alteration, it seems unlikely that our results were attributable to
selecting G418-resistant PC12 clones that were simply defective in neurite outgrowth.

To begin to understand the mechanism by which the deficiency of Dp71 obstructs
PC12 neuritogenesis, we tried to identify events in the differentiation pathways that could
be affected. On the one hand, it is well known that NGF activates receptor tyrosine kinases
thereby initiating a cascade of events involving activation of the small GT-binding protein
ras, which stimulates a kinase cascade consisting of Raf-1, B-raf, MAP kinase, MEK, and
extracellular-signalregulated kinases (ERK1 and ERK2), whose sustained activation by
NGF is sufficient for neuritogenesis in PC12 cells [18,24]. The phosphorylated ERK1/2
translocates to the nucleus and activates new gene expression leading to neurite outgrowth
[24]. On the other hand, dibutyryl cyclic AMP activates protein kinase A (PKA) which
also leads to neurite outgrowth.

Immediate responses to NGF treatment, such as cessation of cell division and
induction of ERK1/2, are unaltered in the antisense-Dp71 cells. On contrary, NGF-induced
expression of MAP2, a late marker of PC12 neuronal differentiation [8] was markedly
inhibited in the antisense cells. Taken together, our results strongly suggest that native
Dp71 is required for late stages of NGF-induced PC12 neuronal differentiation, wherein
the hallmark is the outgrowth of neurites. Supporting this interpretation, we have observed
that endogenous isoforms of Dp71 augment their levels in PC12 cells over a time course of
days after NGF treatment [34], an expression pattern characteristic of genes associated
with the acquisition of neuronal phenotype [24].

With respect to the role of Dp71 on dibutyryl cyclic AMP-induced neuronal
differentiation, since this pathway is quite less characterized than NGF signaling, it is hard
to envisage at what step this protein participates. In fact, a lasting discussion has taken
place in the literature regarding the potential relationship between the differentiation
mechanisms of these two agents. Early reports established clear differences between the
responses of PC12 cells to NGF and cyclic AMP; the latter causes a rapid, but unstable
reorganization of the cytoskeleton by a RNA synthesis-independent event, while NGF
achieves a more stable cytoskeleton reorganization by an RNA synthesis-dependent
mechanisms [23,43]. In addition, it has also observed that cyclic AMP and NGF have
complementary effects on these cells, together producing an enhanced response over that
with either agent alone [23]. These results suggest that cyclic AMP and NGF can act to
initiate neurite outgrowth by different mechanisms. However, an activation of ERK
kinases by cyclic AMP/PKA signaling through a Braf/Rafl-dependent pathway has been
reported [42], which indicates that both differentiation routes may converge. Supporting
this hypothesis, it has been observed in primary neurons that cyclic AMP/PKA-mediated
signaling and ERK pathway act independently at the initiation of neuritogenesis but
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become coupled during later stages of neuronal development [43]. Therefore, the question
of distinct versus common final signaling pathways remains open.

At the present stage, it is difficult to establish a role for each Dp71 isoform in
neuritogenesis. On the one hand, since a retrograde actin flow is generated by actin poly-
merization and myosin motors during neurite outgrowth [36,38], it is possible that Dp71f,
the predominant cytoplasmic isoform, may modulate the architectural changes occurring in
the cytoskeletal network during the NGF or cyclic AMP signaling, through its direct
interaction with both actin [27] and h-dystroglycan [11]. On the other hand, several
findings suggest that Dp71d, the predominant nuclear isoform, is also implicated in neurite
outgrowth. First, transfected clones overexpressing Dp71d isoform exhibited an enhanced
extension of neurites, while those overexpressing Dp71f variant did not. Second, we have
observed that nuclear accumulation of Dp71d occurred during the late stages of PC12 cell
differentiation when development of neurites is evident [34]. Finally, we have found
Dp71d associated with the PC12 nuclear matrix (unpublished results), a subnuclear
structure involved in RNA processing and chromatin remodeling [33]. Therefore, it is
temping to speculate that Dp71d may mediate nuclear responses, which in turn account for
the ability of this isoform to participate in the regulation of differentiation signaling.
Currently, antisense strategies directed to reduce specifically the expression of each Dp71
isoform are underway in our laboratory.

It is has been observed that Dp71 is necessary for the formation and/or stabilization
of the DAPC in brain [22]. We showed here that decreased expression of Dp71 in the
antisense-Dp71cells correlated with altered protein levels of dystrobrevins, while protein
expression of h-dystrobrevin increased that of oa—dystrobrevin showed a reduction. These
results suggest that two alternative dystrobrevin-containing DAPC are present in PC12
cells, as previously observed in several tissues [6,32], and that Dp71 is necessary for the
stability of the a-dystrobrevin-containing DAPC. Consistent with this interpretation, we
have found by immunofluorescence assays that Dp71 and a-dystrobrevin distribute to-
gether in the cytoplasm and nucleus of PC12 cells (unpublished results). Further
experiments are necessary to ascertain if the altered expression of dystrobrevins takes part
in the neurite outgrowth impairment displayed by the antisense-Dp71 cells. The protein
expression of h-dystroglycan and g2-syntrophin was unaltered in the Dp71-antisense cells
suggesting that besides Dp71, other proteins, such as utrophin, are able to stabilize the
DAPCs in PC12 cells.

Overall, our results indicate that native Dp71 is essential for neurite outgrowth in
PC12 cells and to our knowledge constitute the first direct evidence indicating a role for
Dp71 in neuronal function and development. Supporting our results, it has been observed
that Dp71 protein expression increased in parallel with brain development [30]. Further-
more, C-terminal mutations in dystrophin, which would adversely affect Dp71 expression,
are associated with mental retardation [35], indicating that Dp71 plays a role in central
nervous system development. Nevertheless, preliminary examination on Dp71-null mice
has not yet detected conspicuous morphological or histological abnormalities in central
nervous system development when compared with wild type mice [40]. A possible
explanation for this discrepancy is that in Dp71 null mice, the lack of Dp71 is at least
partially compensated for by another product of the DMD gene or by a dystrophin-related
protein (i.e., utrophin), whereas in the Dp71-antisense cells, such possibility seems unlike
because we have previously established that PC12 cells, besides Dp71, do not express any
other DMD gene product [34,39]. Furthermore, a functional compensation by utrophin
appears unlikely too because all antisenseDp71 clones displayed very similar phenotypic
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response; however, we observed elevated utrophin levels in only one of the antisense-
Dp71 clones analyzed. Hence, it appears that elevated utrophin expression is related to the
genetic background of a particular clone rather than to a compensatory mechanism for the
deficiency of Dp71.
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