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A Novel Substrate of Receptor Tyrosine Phosphatase
PTPRO Is Required for Nerve Growth Factor-Induced
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The receptor protein tyrosine phosphatase PTPRO may be involved in axon guidance both as a ligand and as a neuronal receptor. We have
begun to characterize signaling by PTPRO as a receptor by screening for proteins interacting with the intracellular domain of PTPRO. In
a yeast-two hybrid screen, we identified a novel class of protein, which we named neuronal pentraxin with chromo domain (NPCD), as a
PTPRO-interacting protein. We have shown recently that NPCD has multiple cytoplasmic isoforms as a result of alternative splicing and
that these proteins are present in many neurons, mainly associated with the inner side of the plasma membrane. Through additional
two-hybrid experiments, cotransfection and reciprocal coprecipitation, glutathione S-transferase pulldown, and immunoprecipitation
in vivo, we confirm that NPCD isoforms interact with the catalytic phosphatase domain of PTPRO. We also find that at least one NPCD
isoform is tyrosine phosphorylated in vivo and can serve as a substrate for PTPRO in vitro. Analysis of PTPRO knock-out mice demon-
strates that normal localization of NPCD at the plasma membrane requires PTPRO expression, suggesting a physiological role for the
NPCD/PTPRO interaction. NPCD is likely to be relevant to axon growth and/or guidance, because RNA interference mediated knock-
down of NPCD expression in pheochromocytoma cells inhibits NGF-induced neuronal process outgrowth without affecting NGF-
dependent survival or initial NGF signaling.
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Introduction
At least two major classes of receptor protein tyrosine phospha-
tases (RPTPs), type IIa and type III, play important roles in axon
patterning during embryogenesis (Bixby, 2000; Johnson and Van
Vactor, 2003). Of the five vertebrate type III RPTPs, only PTPRO
is selectively expressed in neurons and has been implicated in
axon growth and guidance. The recombinant extracellular do-
main of PTPRO inhibits neurite outgrowth, collapses growth
cones, and is a repulsive guidance cue for retinal axons (Stepanek
et al., 2001). Knock-down of PTPRO in developing motor neu-
rons causes aberrant motor axon guidance (L. Stepanek, A.
Stoker, E. Stoeckli, and J. L. Bixby, unpublished observations).
Thus, PTPRO may guide axons both as a ligand and as a receptor.

The signaling mechanisms through which type III RPTPs act
are primarily unknown. A promising approach to this issue is the
identification of substrates and other intracellular interacting
proteins. Substrates for the hematopoietic type III RPTP, density-
enhanced phosphatase-1 (DEP-1)/CD148, include the PDGF re-
ceptor, the hepatocyte growth factor (HGF) receptor, and
p120 ctn (Kovalenko et al., 2000; Holsinger et al., 2002; Palka et al.,
2003). At present, there are no known substrates for PTPRO
(Beltran et al., 2003). To identify PTPRO-related signaling pro-
teins, we have used the intracellular domain of PTPRO as bait in
a yeast two-hybrid screen. In this screen, we identified a fragment
of the gene previously known as the neuronal pentraxin receptor
(NPR), which we have renamed neuronal pentraxin with chromo
domain (NPCD). NPCD has a number of different isoforms,
formed by alternative splicing, with an unusual motif structure
combining a chromatin organizer modifier (chromo) domain
and a neuronal pentraxin domain (Chen and Bixby, 2005).

Neuronal pentraxins are selectively expressed in the nervous
system and have been suggested to be involved in synaptic func-
tions. NP2/Narp, apparently in a complex with NP1, is involved
in the clustering of AMPA-type glutamate receptors at the exci-
tatory CNS synapse (Kirkpatrick et al., 2000; O’Brien et al., 2002).
In general, neuronal pentraxins act outside of cells either as se-
creted proteins or as type II transmembrane proteins (Dodds et
al., 1997; O’Brien et al., 2002). Because NPCD has numerous
cytoplasmic isoforms, possesses a chromo domain, and appears
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to interact with the cytoplasmic domain of PTPRO, it is likely to
mediate unique activities compared with other pentraxins.

We have now begun to investigate the interaction of NPCD
with PTPRO and to examine potential functions of NPCD in
neuronal differentiation. Here, we report that (1) NPCD proteins
interact with the catalytic domain of PTPRO, (2) PTPRO expres-
sion is required for appropriate NPCD localization, and (3)
NPCD is tyrosine phosphorylated in vivo and can be dephospho-
rylated by PTPRO in vitro. Interestingly, NPCD is required for
NGF-induced process outgrowth in pheochromocytoma (PC12)
cells, suggesting that it may be involved in regulation of axon
growth by PTPRO.

Materials and Methods
Antibody sources. Affinity-purified antibodies to the chromo domain
(anti-CD) and to the pentraxin domain (anti-Ptx) of NPCD have been
described (Chen and Bixby, 2005). MAP2 monoclonal antibody and
actin monoclonal antibody were from Sigma (St. Louis, MO), GFAP
polyclonal antibody was from DakoCytomation (Carpinteria, CA), L1
polyclonal antibody was a generous gift from Dr. Vance Lemmon (Uni-
versity of Miami, Miami, FL), anti-phosphotyrosine (4G10) was from
Upstate Biotechnology (Lake Placid, NY), and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) monoclonal antibody was from
Ambion (Austin, TX). Phospho-ERK (extracellular signal-regulated ki-
nase) 1/2, phospho-p90RSK (ribosomal S6 kinase), phospho-Akt, and
phospho-S6 ribosomal protein antibodies were from Cell Signaling
Technology (Beverly, MA). Antibodies were diluted according to
manufacturers’ instructions. An antibody to NPR (NPCD pentraxin
domain) was a generous gift from Dr. Mark Perin (Lerner Institute,
Cleveland, OH).

Yeast two-hybrid screen. A 1.1 kb cDNA encoding the entire intracel-
lular domain of PTPRO was fused to the GAL4 DNA-binding domain in
bait vector pGBKT7. The yeast two-hybrid screen (Matchmaker Sys-
tem3; Clontech, Cambridge, UK) was based on the mating of two yeast
strains: AH109 transformed with pGBKT7-bait and Y187 pretrans-
formed with an embryonic day 17 (E17) mouse embryonic cDNA library.
Library screening and subsequent confirmation of interactions were per-
formed under high-stringency selection, with positive clones identified
surviving double nutritional deficiency SD/-His/-Ade. X-gal was added
to the plate for the colorimetric detection of the melibiase (MEL1) re-
porter gene product �-galactosidase.

Site-directed mutagenesis and glutathione S-transferase pull-down assay.
A catalytically inactive mutant of PTPRO was created by site-directed
mutagenesis of two invariant residues (Xie et al., 2002) of the wild-type
intracellular domain of PTPRO (GeneEditor; Promega, Madison, WI).
cDNAs encoding the wild-type and the mutant PTPRO were inserted in
frame into pGEX6P vector (Amersham Biosciences, Arlington Heights,
IL) to make glutathione S-transferase (GST)-PTPRO fusion proteins.
GST-PTPRO fusion proteins were purified from Escherichia coli BL21
lysates with glutathione columns. Equal amounts of purified GST and
GST-PTPRO fusion proteins were incubated with mouse brain lysates (5
mg/ml) overnight at 4°C and precipitated with glutathione Sepharose
beads (Amersham Biosciences). After extensive washing with the lysis
buffer, bound proteins were eluted with boiling electrophoresis sample
buffer and probed with anti-Ptx antibody on Western blots.

Immunoprecipitation and immunoblotting. Two micrograms of anti-
body were added to 500 �g of 1 mg/ml protein lysates (lysis buffer: 1%
Triton X-100, 150 mM NaCl, 20 mM Tris, pH 7.4, 1 mM EDTA, 1 mM

EGTA, 1 mM sodium orthovanadate, and various protease inhibitors).
Mixed lysates were incubated on ice for 30 min. Twenty microliters of
Gammabind Plus Sepharose beads (Amersham Biosciences) were added
to each sample and incubated at 4°C overnight with agitation. Beads were
washed three times with lysis buffer and boiled in electrophoresis sample
buffer. Eluted immunoprecipitates were resolved in 10% SDS-PAGE
gels, transferred to nitrocellulose membranes, and probed with appro-
priate antibodies. HRP-conjugated secondary antibodies were visualized
with ECL (Amersham Biosciences).

Immunohistochemistry and imaging. Fresh-frozen tissue sections were
fixed in freshly prepared 4% paraformaldehyde for 5 min at room tem-
perature. For double immunolabeling, two primary antibodies from dif-
ferent species were allowed to bind to the 5% goat serum-blocked sec-
tions overnight at 4°C. The sections were rinsed with PBS, and 1:200
dilutions of goat anti-primary Alexa 594 and Alexa 488 (Molecular
Probes, Eugene, OR) were added. Images were scanned using a Zeiss
(Oberkochen, Germany) LSM510 confocal microscope (Miami Project
to Cure Paralysis Core Imaging Facility, Miami, FL).

Dephosphorylation assay. The 41 kDa NPCD protein was isolated by
immunoprecipitation with the affinity-purified anti-Ptx antibody from
mouse brain lysates. Equal amounts of the 41 kDa NPCD protein were
mixed with 5 �g of purified GST, GST-PTPRO, or GST-PTPRO* (inac-
tive mutant) and incubated at 37°C for 1 h in a buffer containing 50 mM

Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% Triton X-100, 5% glycerol, and
protease inhibitor tablets (Roche Products, Welwyn Garden City, UK).
After incubation, NPCD was precipitated and subjected to anti-
phosphotyrosine immunoblotting.

RNA interference. NPCD short interfering RNAs (siRNAs) were de-
signed so as not to have significant sequence similarity with other known
mRNA sequences. Twenty-one-mer siRNAs with 19 complementary nu-
cleotides and 3� terminal noncomplementary dimers of uridine were
synthesized with the Silencer siRNA Construction kit (Ambion). Synthe-
sized siRNAs were screened for knock-down efficacy on the 41 kDa
NPCD protein expressed by a cotransfected 1.1 kb NPCD expression
construct in COS cells. These assays were done by transfecting COS cells
as described below for PC12 cells but with the inclusion of NPCD cDNA
with the siRNAs. Knock-down of NPCD species in transfected cells was
assessed by Western blot. One siRNA with the best knock-down efficacy
(90%) was used for later analysis in PC12 cells. Synthesized siRNAs were
fluorescently labeled with cyanine 3 (Cy3) using the Silencer siRNA La-
beling kit (Ambion). Cy3-labeled siRNAs were transfected into PC12
cells using Lipofectamine 2000 (Invitrogen, San Diego, CA). Twelve
hours later, transfection medium was replaced with the normal growth
medium. Transfected PC12 cells were maintained for 24 h and then
replated and treated with 100 ng/ml NGF (Sigma) for 3 d. In a second
series of experiments, PC12 cells were “primed” with NGF for 1 week,
treated with siRNAs for 3 d, and then replated in the presence of NGF for
12 h. Cells were fixed and incubated with the anti-Ptx antibody overnight
using goat anti-chicken Alexa 488 as a secondary antibody. Hoechst
33342 dye (Molecular Probes) was coapplied with the secondary anti-
body to visualize the cell nuclei. Cells were counted as having neurites if
the neurite length exceeded one cell body diameter. Neurite growth was
quantified in three independent experiments; between 250 and 500 cells
were examined in each experiment.

Signaling scan of ERK and Akt pathway activation. PC12 cells were
treated with either control or NPCD siRNAs for 3 d and changed to fresh
growth medium (without NGF) for 2 h before being treated with 100
ng/ml NGF. NGF-stimulated cells were lysed with protein sample buffer
and boiled. Cell lysates were probed immediately on Western blots with
phospho-specific antibodies to detect activation and with anti-Ptx anti-
body to confirm NPCD knock-down.

Results
A yeast two-hybrid screen identifies the neuronal pentraxin
receptor as an interacting protein with the intracellular
domain of PTPRO
As a first step in elucidating the intracellular signaling mecha-
nisms initiated from PTPRO, the entire intracellular domain of
PTPRO was used as bait in a yeast two-hybrid screen of an E17
mouse embryonic cDNA library. We screened 4 � 10 6 cDNA
clones and identified a total of 53 positive clones. Of these, 27
were strongly interacting clones as assessed by intense blue color
(MEL1); all 27 represented a 1.1 kb partial cDNA clone of the
neuronal pentraxin receptor (Dodds et al., 1997; Chen and Bixby,
2005).
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The PTPRO phosphatase domain
interacts with the conserved neuronal
pentraxin domain
NPR is a member of a family of neuronal
pentraxins consisting of NP1, NP2/Narp,
and NPR. As discussed previously, these
proteins have multiple suggested func-
tions in neuronal development. NPR
mRNA is strongly expressed in neurons in
which PTPRO expression is detected, such
as the CA1 and CA3 pyramidal neurons of
the hippocampus, and multiple layers of
the cerebral cortex (Dodds et al., 1997;
Beltran et al., 2003), suggesting that the
interaction we observed could be physio-
logically relevant. The postulated mem-
brane topology for NPR is entirely extra-
cellular (Dodds et al., 1997), though, and
other neuronal pentraxins are secreted
proteins. Although this argues against a
relevant interaction between NPR and the
intracellular domain of PTPRO, we have
discovered recently that NPR is a splice
variant of the extended NPCD gene, alter-
native splicing of which produces multiple
isoforms encoding intracellular pentrax-
ins fused to an N-terminal chromatin organization modifier
(chromo) domain. These NPCD proteins are localized in the
cytoplasm and can be associated with the plasma membrane
(Chen and Bixby, 2005). The 1.1 kb cDNA from the two-hybrid
screen encodes a fragment of NPCD comprising aa 136 – 494 of
the published sequence. Because the conserved pentraxin do-
main is included in this sequence, we tested whether the Ptx
domain is necessary and sufficient to render a full interaction
with PTPRO. In fact, the Ptx domain interacted with PTPRO as
well as the original NPCD fragment (supplementary Fig. 1A,
available at www.jneurosci.org as supplemental material). Nei-
ther the N-terminal half nor the C-terminal half of the Ptx do-
main was sufficient for this interaction (supplementary Fig. 1A,
available at www.jneurosci.org as supplemental material). In re-
ciprocal experiments, we found that the PTPRO catalytic phos-
phatase domain, and not the alternatively spliced juxtamem-
brane domain, conferred binding to the Ptx domain of NPCD
(supplementary Fig. 1B, available at www.jneurosci.org as sup-
plemental material).

NPCD interacts with PTPRO in mammalian cells
All NPCD isoforms are predicted to be able to interact with
PTPRO, because they contain the neuronal pentraxin domain
that is necessary and sufficient for conferring a full-strength
interaction with PTPRO. However, the two-hybrid interac-
tion could be an artifact of the yeast system. To test protein
interactions in a mammalian cell system, we coexpressed the
PTPRO intracellular domain and the 41 kDa NPCD protein
(Chen and Bixby, 2005) in COS cells. Immunoprecipitation of
PTPRO brought down NPCD, and immunoprecipitation of NPCD
brought down PTPRO (supplementary Fig. 1C, available at
www.jneurosci.org as supplemental material). Thus, the NPCD/
PTPRO interaction is robust even in mammalian cells, because
the majority of either protein expressed in COS cells can be found
complexed with the other (supplementary Fig. 1C, available at
www.jneurosci.org as supplemental material).

PTPRO interacts with multiple NPCD isoforms and is
complexed with NPCD in brain
Our initial studies demonstrated that PTPRO and NPCD can
interact when overexpressed in heterologous cells. We next used
GST pulldown assays to investigate the interaction of native
NPCD protein species with PTPRO. The NPCD gene encodes
multiple alternatively spliced mRNA isoforms, and protein spe-
cies corresponding to most of these (41, 52, 55, 65, 76 kDa) can be
detected in mouse brain lysates (Chen and Bixby, 2005). A GST
fusion protein containing the full-length intracellular domain of
PTPRO was used to precipitate proteins from mouse brain ly-
sates, and the precipitated complexes were probed with an NPCD
antibody that recognizes a common epitope in the Ptx domain
(Dodds et al., 1997). Multiple bands of sizes predicted from cloned
NPCD cDNAs (41, 52, 55–60 kDa) were specifically precipitated by
GST-PTPRO (but not control GST) from either neonatal or adult
brain (Fig. 1A). In addition, two Ptx-immunoreactive bands of �76
kDa were seen in the GST pulldowns; these matched the predicted
size of proteins encoded by the 2.0 kb NPCD cDNA, which appears
as a doublet in brain (Chen and Bixby, 2005). The 41 kDa NPCD
protein comigrates with the NPCD protein marker produced in
COS cells transfected with the 1.1 kb NPCD cDNA (Fig. 1A, lane 1).
These experiments demonstrate that multiple native NPCD iso-
forms can specifically associate with PTPRO. This result is predicted
from our yeast experiments demonstrating that the neuronal pen-
traxin domain is responsible for the interaction with the PTPRO
intracellular domain.

As final confirmation of the association of NPCD and PTPRO
in native tissue, we performed coimmunoprecipitations from
brain lysates. Anti-Ptx antibody was used to immunoprecipitate
NPCD proteins from either neonatal or adult brain, and the pre-
cipitates were examined on Western blots for the presence of
PTPRO. PTPRO (170 kDa) was specifically coprecipitated with
NPCD from neonatal but not adult brain (Fig. 1B). The lack of
discernible PTPRO in the adult brain immunoprecipitates is con-
sistent with the dramatic downregulation of PTPRO in adult
brain (Bodden and Bixby, 1996; Beltran et al., 2003). Thus,

Figure 1. PTPRO interacts with multiple NPCD isoforms and is present in a complex with NPCD in neonatal brain. A, The
intracellular domain of PTPRO was produced as a GST fusion protein. Pulldowns were performed with GST-PTPRO (lanes 2, 4) or GST
alone (lanes 3, 5) using either neonatal (lanes 2, 3) or adult (lanes 4, 5) mouse brain lysates. NPCD proteins were detected in the
pulldowns by immunoblotting with an antibody recognizing a common epitope present in the NPCD pentraxin domain (a gener-
ous gift from Dr. Mark Perin). Multiple bands (41, 52, 55, 76 kDa) of sizes predicted from NPCD cDNAs (labeled arrows) were
specifically precipitated by GST-PTPRO from either neonatal or adult brain. The 41 kDa NPCD protein produced in COS cells
transfected with the 1.1 kb NPCD cDNA (lane 1) comigrates with one precipitated band. B, Immunoprecipitations were performed
using our Ptx antibody (lanes 1, 3) or preimmune serum (lanes 2, 4) from the soluble fraction of either neonatal (lanes 1, 2) or adult
(lanes 3, 4) brain lysates. Western blotting (WB) with anti-PTPRO revealed that PTPRO specifically coprecipitates from neonatal
brain with NPCD. PTPRO could not be detected in the NPCD precipitates from adult brain (lane 3), although similar amounts of
NPCD were precipitated. This result is likely attributable to downregulation of PTPRO expression in the adult brain. Note that the
spectrum of NPCD species apparent in the anti-Ptx precipitate is a subset of those pulled down by the GST-PTPRO fusion protein.
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PTPRO and NPCD are present in a complex in native tissue.
Together with the yeast two-hybrid data and the interaction seen
in heterologous cells, these data strongly suggest that PTPRO and
NPCD are binding partners in vivo.

NPCD colocalizes with PTPRO in brain and kidney
To obtain evidence regarding the physiological function of
NPCD/PTPRO interactions, we examined the colocalization of
NPCD and PTPRO in vivo. PTPRO expression is strongly devel-
opmentally regulated in the brain, peaking around the time of
birth (Bodden and Bixby, 1996; Beltran et al., 2003); we therefore
examined localization in neonatal brain. Colocalization was as-
sessed by double immunostaining with anti-PTPRO and the anti-
Ptx NPCD antibody, followed by confocal microscopy. In the
neonatal hippocampus, NPCD (Ptx epitope) immunoreactivity
was mostly at or near the plasma membrane (Fig. 2A) (Chen and
Bixby, 2005). PTPRO immunoreactivity was highly punctate and
as expected, also plasma membrane associated (Fig. 2B). The two
proteins were colocalized to some extent, but colocalization was
not extensive (Fig. 2C). In particular, there were many regions of
NPCD (Ptx) staining not associated with PTPRO. The only non-
neuronal tissue known to express PTPRO is the kidney, in which
expression is restricted to the glomerular epithelial cells (Thomas
et al., 1994; Beltran et al., 2003). Staining for NPCD was also at or
near the plasma membrane in glomeruli of the adult kidney (Fig.
2D–I). Although colocalization of NPCD with PTPRO could be

seen, there again were extensive regions
of NPCD staining not associated with
PTPRO (Fig. 2F). These results suggest
that there are both PTPRO-dependent and
PTPRO-independent functions of NPCD
isoforms.

PTPRO expression is required for
appropriate localization of NPCD
The cellular distribution of NPCD in hip-
pocampal neurons is closely associated
with the plasma membrane at the neonatal
stage but is more diffusely cytosolic in
adulthood (Chen and Bixby, 2005). If in-
teractions with PTPRO served to tether cy-
tosolic NPCD to the inner plasma mem-
brane, the developmental downregulation
of PTPRO might contribute to this altered
expression pattern. To test the idea that
PTPRO expression regulates NPCD local-
ization, we compared the distribution of
NPCD immunoreactivity in neonatal hip-
pocampus from wild-type and PTPRO
knock-out mice (Wharram et al., 2000).
Sections from postnatal day 0 (P0) hip-
pocampus were immunostained with the
anti-Ptx antibody, and NPCD localization
was examined by confocal microscopy.
Consistent with our hypothesis, the highly
organized localization of NPCD was dis-
rupted in the PTPRO knock-out hip-
pocampus. Extended projections of 18 �m
image stacks showed a more diffuse pat-
tern of NPCD distribution in the PTPRO
knock-out hippocampus (Fig. 3B) com-
pared with that in the wild-type hip-
pocampus (Fig. 3A). When 0.5 �m optical

sections were examined, Ptx staining in the wild-type hippocam-
pus (Fig. 3C) could be seen to be evenly distributed and primarily
restricted to domains at or near the cell membrane, as assessed by
the distribution of the neural cell adhesion molecule NCAM (Fig.
3E). In contrast, Ptx staining was more punctate and spread into
the cytosol in the PTPRO knock-out neurons (Fig. 3D). This
change in Ptx membrane staining was not the result of generally
altered neuronal plasma membranes in the PTPRO knock-out,
because staining of NCAM was unaltered in the knock-out (data
not shown). As a result, the general codistribution of NPCD with
NCAM was disrupted in the PTPRO knock-out (Fig. 3F). Com-
parison of PTPRO knock-out tissue and wild-type tissue stained
with anti-PTPRO also demonstrated that the punctate PTPRO
staining we observed in the hippocampus was specific (Fig.
3G,H). It should be noted that a proportion of NPCD appeared
to be membrane associated even in the PTPRO knock-out. This
suggests that at least some NPCD isoforms are localized to neu-
ronal plasma membranes by PTPRO-independent mechanisms.

The 41 kDa NPCD protein is a PTPRO substrate
The interaction of NPCD with PTPRO suggests the possibility
that NPCD could be a PTPRO substrate. We first examined
whether NPCD proteins could be tyrosine phosphorylated in
vivo. NPCD proteins were immunoprecipitated from mouse
brain lysates with the anti-Ptx antibody, and the precipitates were
probed on Western blots with an anti-phosphotyrosine antibody.

Figure 2. NPCD colocalizes with PTPRO in brain and kidney. P0 mouse hippocampal sections (A–C ) and adult kidney sections
(D–F ) were doubly immunostained with anti-Ptx (A, D) and anti-PTPRO (B, E), and confocal analysis (0.5 �m optical sections) was
performed. Overlays are shown in C and F. Ptx-containing isoforms of NPCD appear localized mainly to the plasma membrane in
CA3 hippocampal pyramidal neurons, where there is clear overlap (arrowheads, yellow; C ) but not complete colocalization with
PTPRO. Coexpression is present in the kidney, but there is extensive NPCD staining not associated with PTPRO (arrow, F ). Conven-
tional fluorescence microscopy of adult kidney sections (G–I ) shows that both NPCD staining (red; G) and PTPRO staining (green;
H ) are confined to glomeruli (bordered by arrowheads in phase-contrast image; I ) in adult kidney (Beltran et al., 2003). Scale bars:
A–C, 20 �m; F, I, 50 �m.
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The 41 kDa NPCD protein precipitated
with the Ptx antibody was tyrosine phos-
phorylated and was also recognized by the
CD antibody (Fig. 4A). Thus, at least some
fraction of the 41 kDa NPCD protein is
tyrosine phosphorylated in brain. Phos-
phorylation of NPCD in neurons appears
to be tightly regulated, because no detect-
able phosphotyrosine was found on the 41
kDa NPCD protein precipitated from
transfected COS cells (data not shown).
Recombinant NPCD expressed in COS
cells was not detectably tyrosine phos-
phorylated even when cells were cotrans-
fected with constitutively active v-Src, a
procedure that led to a large increase in
phosphorylation of a number of other cel-
lular proteins (data not shown). Because
this transfected NPCD can interact effi-
ciently with PTPRO (supplementary Fig.
1C, available at www.jneurosci.org as sup-
plemental material), the interaction is evi-
dently not dependent on tyrosine phos-
phorylation of NPCD.

When the 41 kDa NPCD protein was
precipitated from brain using our fusion
protein containing the intracellular domain of PTPRO (GST-
PTPRO), it was poorly tyrosine phosphorylated compared with
immunoprecipitated NPCD (Fig. 4A,B). This suggests that
NPCD can be dephosphorylated by PTPRO. To test this idea, we
performed GST pulldowns with a catalytically inactive form of
GST-PTPRO (Flint et al., 1997; Xie et al., 2002). A quantitatively
similar amount of the 41 kDa NPCD protein associated with the
mutant PTPRO as with wild-type PTPRO, as assessed by anti-Ptx
Western blotting. However, the NPCD associated with the cata-
lytically inactive protein was strongly tyrosine phosphorylated
(Fig. 4B), confirming that NPCD/PTPRO interactions are not
regulated by tyrosine phosphorylation of NPCD and suggesting
that PTPRO dephosphorylates NPCD. To confirm that NPCD is
a direct substrate for PTPRO, we performed in vitro dephosphor-
ylation experiments (detailed in Materials and Methods) using
purified PTPRO-GST and purified NPCD. Tyrosine-
phosphorylated NPCD protein immunoprecipitated from brain
with anti-Ptx antibody was incubated with GST alone, wild-type
PTPRO-GST, or catalytically inactive PTPRO–GST. After 1 h at
37°C, wild-type PTPRO-GST, but not the inactive mutant, ap-
preciably dephosphorylated the 41 kDa NPCD protein (Fig. 4C).
These results, coupled with our interaction and colocalization
data, strongly suggest that NPCD is a physiological substrate for
PTPRO.

NPCD is required for NGF-induced neurite extension in
PC12 cells
The association of NPCD with PTPRO, combined with the ex-
pression of NPCD on neurites and growth cones (Chen and
Bixby, 2005), suggests the possible involvement of NPCD in axon
growth and/or other aspects of neuronal differentiation. Because
both NCPD and PTPRO are expressed in PC12 cells (Chen and
Bixby, 2005; P. Beltran, unpublished observations), we used this
well-studied model of neuronal differentiation to test the role of
NPCD in neuronal differentiation. We used doubled-stranded
RNA (dsRNA) interference (Elbashir et al., 2001; Sharp, 2001) to
knock down NPCD expression in PC12 cells undergoing NGF-

induced neuronal differentiation. In initial experiments, siRNAs
corresponding to four different locations within the Ptx domain
were produced and tested for efficacy in a COS cell cotransfection
assay (see Materials and Methods). In these experiments, one
siRNA knocked down expression of the 41 kDa NPCD protein
(produced from a transfected cDNA) by 90% (data not shown);
this siRNA was chosen for the PC12 experiments. We devised a
transfection procedure that reliably transfected �90% of PC12
cells, as assessed by transfection of Cy3-labeled dsRNA (data not
shown). When this procedure was used to transfect dsRNAs,
NPCD siRNAs, but not control siRNAs, were capable of knock-
ing down expression of NPCD isoforms within 24 h after trans-
fection. The 55 kDa NPCD expression was almost eliminated,
and the 41 kDa NPCD expression was knocked down by �40%
(Fig. 5A). The relative lower efficiency of knock-down of the 41
kDa NPCD isoform at this early time may be attributable to a
slower turnover rate. By 72 h after transfection, the 41 kDa NPCD
isoform was knocked down by at least 60 –75% (Figs. 5, 6 and
data not shown).

PC12 cells were transfected with control or NPCD siRNAs and
were then replated and treated with 100 ng/ml NGF for 3 d. Cells
treated with siRNAs capable of knocking down GAPDH (Ambion)
or with “scrambled” siRNAs (not related to known mRNAs)
grew long neurites over the 3 d period (Fig. 5B,C). However,
neurite growth was essentially abolished in cells treated with
NPCD siRNAs (Fig. 5D). Quantitative assessment of the percent-
age of cells with neurites showed a significant inhibition of neu-
rite growth in cells treated with NPCD siRNA (46 � 5.3% with
neurites, untreated cells; 44 � 7.6%, scrambled siRNA; 43 �
5.4%, GAPDH siRNA; 1.5 � 5.3%, NPCD siRNAs; p � 0.001).
Staining of the treated cells demonstrated that NPCD expression
was decreased with NPCD siRNA after the 3 d treatment period
(Fig. 5F) compared with control RNAs (Fig. 5E). Importantly,
PC12 cells treated with NPCD siRNAs were as numerous as con-
trol cells and showed no signs of apoptosis as assessed by nuclear
staining with Hoechst dye (Fig. 6 and data not shown).

NGF induces a sympathetic-like neuronal differentiation in

Figure 3. PTPRO expression is required for appropriate localization of NPCD. A–F, Hippocampal sections from the CA3 region of
P0 wild-type (A, C, E) and PTPRO null (B, D, F ) mice were stained with anti-Ptx (A–D) or double stained with anti-Ptx and
anti-NCAM (E, F ) and examined by confocal fluorescence microscopy. A, B, Extended projections of 18 �m image stacks show that
NPCD staining is less organized and appears less tightly associated with cell borders in PTPRO knock-out hippocampus ( B) than in
the wild type ( A). Single optical sections show that NPCD is at or near the neuronal plasma membrane in wild-type hippocampus
(C ) but becomes more punctate and less tightly localized in the neurons of the PTPRO knock-out mice ( D). The membrane
association of NPCD in wild-type tissue can be assessed by general overlap with NCAM staining (green) in the same sections (E, F ).
Staining of wild-type ( G) and PTPRO null hippocampus ( H ) with anti-PTPRO demonstrates the specificity of the punctate PTPRO
staining in Figure 3. Arrowheads, Pyramidal layer. Scale bars: (in C, D) C–F, 20 �m; H, 100 �m.
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PC12 cells over a period of 7–10 d. In addition, acute addition
of NGF to differentiated (primed) PC12 cells induces rapid
neurite growth. Because NPCD knock-down in our initial ex-
periments took place before any addition of NGF, it was not

clear whether initial neuronal differenti-
ation or neurite growth per se was pri-
marily affected by the loss of NPCD. We
addressed the issue by using primed
PC12 cells, which were differentiated
before NPCD knock-down. Primed
PC12 cells were treated with control or
NPCD siRNAs for 3 d before replating in
the presence of NGF. Knock-down of
NPCD expression in these cells was
striking, leading to almost complete loss
of NPCD immunoreactivity (Fig. 6 A–
F ). Whereas primed PC12 cells treated
with control siRNAs extended long neu-
rites within 12 h after replating, acute
neurite extension was significantly in-
hibited when NPCD expression was
knocked down (Fig. 6 J–L). Quantitative
analysis showed a significant inhibition
of neurite growth in differentiated PC12
cells treated with NPCD siRNA (11 �
5.3% with neurites) compared with con-
trols (61 � 6.3%, untreated cells; 56 �
7.6%, scrambledsiRNA; 53 � 4.2%,
GAPDH siRNA; p � 0.001). Similarly, no
signs of apoptosis were observed as as-
sessed by nuclear Hoechst staining (Fig.
6G–I ). Together, the results indicate
that intracellular NPCD proteins are re-
quired for NGF-induced neurite exten-
sion in PC12 cells. It will be important to
test the degree to which this requirement
is shared by NPCD-expressing primary
neurons.

NPCD knock-down does not affect
initial NGF signaling
The results with differentiated PC12 cells
indicate that NPCD is important in NGF-
induced neurite extension independent of
any potential effects on initial neuronal dif-
ferentiation. However, this does not rule out
additional roles for NPCD in NGF-induced
differentiation. To assess whether NPCD is
required for initial signaling responses to
NGF, we analyzed the activation of signaling
proteins in the ERK and Akt pathways, two
pathways known to be important in the NGF
response (Ashcroft et al., 1999; Zhang et al.,
2000). In control cells (treated with scram-
bled siRNAs), a strong activation of ERK1/2,
p90RSK (downstream target of ERK), Akt,
and S6 ribosomal protein (downstream tar-
get of Akt) was achieved 15 min after NGF
stimulation; this activation was attenuated
but still evident 1 h after stimulation (Fig. 7).
Treatment with siRNAs that knocked down
expression of NPCD (and that were previ-
ously shown to inhibit neurite extension at

this time) did not affect activation of any of these signaling proteins
(Fig. 7). These results suggest that the role of NPCD in NGF-induced
neurite extension is downstream of these initial signals or is part of a
distinct signaling pathway (Burry, 2001).

Figure 4. The 41 kDa NPCD protein is a PTPRO substrate. A, Immunoprecipitations were performed using the Ptx antibody (Ptx)
or preimmune serum (Pre) from adult brain. The precipitates were probed with anti-phosphotyrosine (anti-pY) and were then
stripped and reprobed with the CD antibody. An NPCD band at 41 kDa that is precipitated by the Ptx antibody and recognized by the
CD antibody is tyrosine phosphorylated in vivo. B, GST pulldowns were performed from mouse brain lysates using GST-PTPRO
(GST-RO), a catalytically inactive mutant of GST-PTPRO (GST-RO*), or GST alone. Precipitates were probed successively with a
phosphotyrosine antibody, the Ptx antibody, and the CD antibody. Similar amounts of the 41 kDa NPCD protein were specifically
associated with either the wild-type or inactive form of PTPRO. However, phosphotyrosine levels were much lower when the
wild-type PTPRO was used, indicating that the 41 kDa NPCD isoform is a PTPRO substrate. C, Native 41 kDa NPCD protein was
isolated from brain by immunoprecipitation using the Ptx antibody and was then incubated at 37°C for 1 h with 5 �g of purified
GST, catalytically inactive GST-PTPRO, or GST-PTPRO. After incubation, NPCD was immunoprecipitated and probed successively
with a phophotyrosine antibody and the Ptx antibody. NPCD is directly dephosphorylated by GST-PTPRO but not by the inactive
mutant. WB, Western blot; IP, immunoprecipitation.

Figure 5. NPCD proteins are required for NGF-induced neuronal differentiation in PC12 cells. A, PC12 cells were transfected with siRNAs
directed against NPCD (dsNP), GAPDH (dsGAP), or scrambled siRNAs (dsSc), and after 24 h, cell lysates were run on SDS-PAGE and sequen-
tially blotted with anti-Ptx and anti-�-actin as a loading control. NPCD siRNAs severely reduced expression of the 55 kDa NPCD protein
doublets (�90%) and caused a 40% reduction in expression of the 41 kDa NPCD protein compared with controls at this early time. B–F,
PC12 cells were transfected with siRNAs that were scrambled so as not to match known sequences ( B), siRNA capable of knocking down
GAPDH (C, E), or siRNA for NPCD (D, F ) and were then replated and grown in NGF for 3 d. Cells were examined by phase contrast (B–D) or
fixed and stained for NPCD (E, F ). Knock-down of NPCD was demonstrable after 4 d ( F) and led to a lack of neurite growth ( D). Hoechst
staining of transfected cells revealed no apoptosis induced by NPCD siRNA (data not shown). These experiments were performed five times
with similar results. Note that NPCD staining in PC12 cells requires permeabilization and is therefore cytosolic; the “ring” staining pattern
suggests membrane association (Chen and Bixby, 2005). WB, Western blot.
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Discussion
This major conclusions from this study
are that cytoplasmic isoforms of the novel
pentraxin NPCD interact with the cata-
lytic phosphatase domain of PTPRO in
brain neurons, that PTPRO expression is
required for appropriate localization of
NPCD in brain, that NPCD is a phospho-
protein in vivo and a likely PTPRO sub-
strate, and that NPCD is required for
NGF-induced process outgrowth in PC12
cells. These findings identify NPCD as the
first known substrate of PTPRO in any cell
type and simultaneously implicate NPCD
in important processes of neuronal
differentiation.

RPTPs comprise a major class of pro-
teins regulating axon growth and guid-
ance. In particular, type III RPTPs
(PTP99A, PTP10D, PTP52F) have been
shown to regulate motor axon guidance as
well as guidance of CNS axons in Drosoph-
ila (Sun et al., 2000; Schindelholz et al.,
2001). Although less is known concerning
the involvement of vertebrate type III
RPTPs in axon growth, the pattern of ex-
pression of PTPRO and the known func-
tions of PTPRO in axon growth and
growth cone steering in vitro make it a
strong candidate to regulate vertebrate
axon guidance (Bodden and Bixby, 1996;
Stepanek et al., 2001; Beltran et al., 2003).
In support of this idea, we have recently
used in ovo electroporation and dsRNA
interference to show that knock-down of
PTPRO expression during chick embryo-
genesis interferes with appropriate motor
axon guidance (Stepanek, Stoker, Stoeckli,
and Bixby, unpublished observations). A
mouse knock-out of PTPRO has been
made; it has a kidney phenotype (Wharram et al., 2000), but its
neural phenotype has not been examined in detail.

RPTPs are likely to interact with a variety of intracellular pro-
teins to exert their functional activities. A large number of poten-
tial physiological substrates have now been identified, including
growth factor receptors, intracellular tyrosine kinases of the Src
and Abl families, adhesion-related proteins such as catenins and
p130 Cas, and regulators of small GTP proteins such as GIT-1, an
Arf-GAP, and Trio, a Rho-guanine nucleotide exchange factor
(Bixby, 2001; Beltran and Bixby, 2003). In the case of type III
RPTPs, the PDGF receptor, the HGF receptor, and p120 ctn have
been identified as substrates for the hematopoietic RPTP known
as DEP-1/CD148 (Kovalenko et al., 2000; Holsinger et al., 2002;
Palka et al., 2003). NPCD is the first substrate identified for
PTPRO, although it is possible that tropomyosin-related kinase
(Trk) receptors comprise relevant substrates (Beltran et al., 2003;
Beltran, unpublished observations). The fact that the catalytic
phosphatase domain of PTPRO, which is conserved among
RPTPs, is responsible for NPCD interaction leaves open the pos-
sibility that other RPTPs may also bind NPCD. Potential binding
of NPCD to other membrane receptors is consistent with our
finding that NPCD, although mislocalized, can still be found at or

near the plasma membrane in PTPRO null mice. Although no
pentraxin has previously been shown to reside at the cytoplasmic
membrane face, it has been reported recently that another, pri-
marily nuclear, chromo domain protein called Eed can be re-
cruited to the plasma membrane from the nucleus. Like NPCD,
Eed is likely to be recruited by multiple transmembrane receptors
(Witte et al., 2004).

Most proteins identified as interacting with the intracellular
domains of RPTPs are common components of adhesion-related
signaling systems and appear to be transiently associated with
RPTPs in a phosphotyrosine-dependent manner (Beltran and
Bixby, 2003; Johnson and Van Vactor, 2003). Such results have
led investigators interested in signaling to search for proteins
whose binding to RPTPs depends on phosphorylation. Although
NPCD is a phosphoprotein and can serve as a substrate for
PTPRO, the association between NPCD and PTPRO does not
depend on the phosphorylation state of NPCD. In this last re-
spect, NPCD is similar to members of the liprin-� family, a group
of proteins that interact with type IIa RPTPs (Serra-Pages et al.,
1998). Genetic experiments in flies and worms, along with recent
experiments in mammalian neurons, demonstrate that liprin-�
homologs are critical for assembly of both presynaptic and
postsynaptic elements of the synapse (Zhen and Jin, 1999; Kauf-

Figure 6. NPCD proteins are required for neurite outgrowth of differentiated PC12 cells. Primed PC12 cells were treated with
siRNAs for 3 d and were then replated onto poly-D-lysine-coated coverslips for an additional 12 h culture in the presence of NGF
(100 ng/ml). Cells were treated with scrambled siRNAs (A, D, G, J ), siRNAs directed against GAPDH (B, E, H, K ), or siRNAs directed
against NPCD (C, F, I, L). Staining of permeabilized cells with anti-Ptx (A–C ) or anti-CD (D–F ) demonstrates that NPCD protein
expression is greatly reduced by NPCD siRNAs. Whereas primed PC12 cells treated with control siRNA extended neurites within 12 h
exposure to NGF (J, K ), those treated with siRNAs directed against NPCD showed a minimum neurite growth response to NGF ( L).
Neurites were both shorter and less numerous after NPCD knock-down. There was no sign of apoptosis from siRNA treatment as
shown by Hoescht-stained nuclei in the treated cells (G–I ).
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mann et al., 2002; Wyszynski et al., 2002). Presumably, the liprins
act to organize RPTPs together with functionally important sig-
naling proteins. This idea may provide a clue as to the role of
NPCD in PTPRO function.

Our results using dsRNA interference demonstrate the func-
tional requirement for NPCD in NGF-induced PC12 cell differ-
entiation, but the isoform(s) involved is not clear. The siRNAs we
used to target NPCD knocked down a number of NPCD isoforms
in PC12 cells. Because we did not detect cell-surface (transmem-
brane) NPCD in these cells, it is unlikely that this form (NPR)
mediates the activity we have identified. However, it is not possi-
ble to implicate any one isoform as being important in NGF-
induced neurite outgrowth. Similarly, we do not know the rela-
tionship between NPCD function in neurite growth and its
interaction with the receptor tyrosine phosphatase PTPRO.
PTPRO appears to be involved in axon growth and guidance
(Stepanek et al., 2001; Stepanek, Stoker, Stoeckli, and Bixby, un-
published observations). Because the pentraxin domain is the
PTPRO binding domain, most NPCD isoforms are predicted to
bind PTPRO. Current investigations include analysis of the pos-
sible link between PTPRO and NPCD function. In this regard, it
will be of interest to determine both the tyrosine kinase(s) re-
sponsible for NPCD phosphorylation and the NPCD residues
phosphorylated. Because we have been unable to obtain NPCD
phosphorylation by Src overexpression in cotransfected COS
cells, a specialized neuronal tyrosine kinase may be involved.

One aspect of NPCD function appears to be linked to neurite
growth itself. NGF-dependent neurite outgrowth in PC12 cells
was severely reduced with knock-down of NPCD, whether this
was done in naive cells or in primed, differentiated cells. Thus,
NPCD is required in the neurite growth pathway independent of
any involvement in initial neuronal differentiation. Whether
NPCD is also involved in initial differentiation cannot be deter-
mined from our results. Examination of proximal NGF-induced
signaling events, however, suggests that NPCD action is down-
stream of the major early signals through TrkA and is consistent
with the idea that initial differentiation is unaffected. In line with
this idea, NGF-dependent survival of primed PC12 cells is not
dependent on NPCD function.

In summary, our studies on NPCD provide the first example
of a predominantly cytoplasmic localization for a pentraxin or a
chromo domain-containing protein; the linkage between these
two protein interaction domains strongly suggests a novel func-
tion. NPCD is also the first protein shown to bind to, and be
dephosphorylated by, the catalytic domain of PTPRO and seems
likely to be important in PTPRO function. Finally, NPCD is re-
quired for NGF-dependent process outgrowth in PC12 cells. In
vivo, PTPRO expression strongly overlaps with that of the NGF
receptor TrkA and with the NT3 receptor TrkC in various neu-
ronal populations (Beltran et al., 2003). The PC12 results there-
fore suggest a functional link between PTPRO and the Trk recep-
tors. Our results so far suggest that NPCD does not regulate initial
signaling through TrkA; additional studies will be required to
determine the level at which NPCD could interact with signaling
pathways regulated by Trks.
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