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a,-Macroglobulin (a,M) is a plasma protease inhibitor,
which reversibly binds growth factors and, in its activated form,
binds to low density lipoprotein receptor-related protein (LRP-
1), an endocytic receptor with cell signaling activity. Because
distinct domains in a,M are responsible for its various func-
tions, we hypothesized that the overall effects of a,M on cell
physiology reflect the integrated activities of multiple domains,
some of which may be antagonistic. To test this hypothesis, we
expressed the growth factor carrier site and the LRP-1 recogni-
tion domain (RBD) as separate GST fusion proteins (FP3 and
FP6, respectively). FP6 rapidly and robustly activated Akt and
ERK/MAP kinase in Schwann cells and PC12 cells. This
response was blocked by LRP-1 gene silencing or by co-incuba-
tion with the LRP-1 antagonist, receptor-associated protein.
The activity of FP6 also was blocked by mutating Lys'3”° and
Lys'®”4, which precludes LRP-1 binding. FP3 blocked activation
of Akt and ERK/MAP kinase in response to nerve growth fac-
tor- 3 (NGF-) but not FP6. In PC12 cells, FP6 promoted neurite
outgrowth and expression of growth-associated protein-43,
whereas FP3 antagonized the same responses when NGF-f3 was
added. The ability of FP6 to trigger LRP-1-dependent cell sig-
naling in PC12 cells was reproduced by the 18-kDa RBD, iso-
lated from plasma-purified a,M by proteolysis and chromatog-
raphy. We propose that the effects of intact a,M on cell
physiology reflect the degree of penetration of activities associ-
ated with different domains, such as FP3 and FP6, which may be
regulated asynchronously by conformational change and by
other regulatory proteins in the cellular microenvironment.

a,-Macroglobulin (a,M)? is a 718-kDa homotetrameric gly-
coprotein, found in the plasma and extracellular spaces, which
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was first recognized as a broad spectrum protease inhibitor (1).
Reaction with proteases induces a major conformational
change in a,M so that the protease is physically trapped (2, 3).
The same conformational change reveals a cryptic recognition
site for low density lipoprotein receptor-related protein
(LRP-1) (4, 5). Because of the function of LRP-1 as an endocytic
receptor, a, M-protease complexes are rapidly cleared from the
bloodstream and probably other sites of generation (6).

In addition to its role as a protease inhibitor, ,M is an
important carrier of specific growth factors, including trans-
forming growth factor- 3 (TGE-3), platelet-derived growth fac-
tor-BB (PDGF-BB), nerve growth factor-B (NGF-B), and neu-
rotrophin-4 (7, 8). a,M-carrier interactions are principally
reversible in nature (7). As a result, «,M may inhibit growth
factor activity (9, 10) or stabilize the growth factor for potential
delivery to cell signaling receptors (11). There also is evidence
that a,M, which is “activated” by reaction with proteases, ini-
tiates cell signaling by binding to LRP-1 (12-15) or other recep-
tors, such as glucose-regulated protein-78 (Grp 78) (16, 17).
However, in studies with intact a,M, the possibility that cell
signaling results from growth factors that are carried by a,M
must be considered (11, 18).

A structural model of &,M has been developed, based on the
crystal structure of complement component C3, which is
homologous to a,M (19). This model describes a,M as a mod-
ular structure, consisting of multiple independently folded
domains. To localize «,M domains that are responsible for var-
ious activities, our laboratory generated a library of glutathione
S-transferase (GST) fusion proteins, containing overlapping
segments of the a,M subunit (20-22). Fusion protein-3 (FP3)
includes residues 591-774 and contains the sequence in a,M
responsible for binding growth factors. FP6 contains amino
acids 1242-1451 and the LRP-1-binding site, in which a single
a-helix that includes Lys'3”® and Lys'?”* plays a central role (23,
24). Assignment of a,M activities to specific fusion proteins,
such as FP3 and FP6, has been validated by mutagenesis of
full-length recombinant a,M (25, 26). Thus, the a,M fusion
proteins provide an opportunity to assess activities assigned to
different a,M domains independently.

Given the modular structure of a,M and the important activi-
ties assigned to various domains, it is not surprising that c.,M gene
knock-out mice demonstrate abnormal responses to a variety of
exogenous challenges (27-31). It is also not surprising that in vitro
studies of a,M and its homologues, using closely related experi-
mental model systems, have yielded differing results. For example,
in cultures of rat PC12 pheochromocytoma cells and mouse cor-
tical neurons, a,M and related proteins have been reported to
either promote or inhibit neurite outgrowth (13, 32, 33).
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In this study, we examined cell signaling in response to o, M-
peptide fusion proteins, in which different a,M activities have
been isolated, in Schwann cells and PC12 cells. We also studied
neuritogenesis and expression of growth-associated protein
(GAP-43), a neuronal differentiation marker (34), in PC12 cells.
Our results show for the first time that different regions of a,M
demonstrate antagonistic activities. How these activities are
integrated in the intact protein may be regulated by a,M con-
formational change and by the presence of other regulatory
molecules in the cellular microenvironment.

EXPERIMENTAL PROCEDURES

Proteins and Reagents—a,M was purified from human
plasma by the method of Imber and Pizzo (35). a,M was acti-
vated for binding to LRP-1 by dialysis against 200 mm methyl-
amine-HCl in 50 mm Tris-HCI, pH 8.2, for 12 h at 22 °C and
then exhaustively against 20 mm sodium phosphate, 150 mm
NaCl, pH 7.4. Modification of a,M by methylamine in the final
preparation (a,M-MA) was confirmed by demonstrating the
characteristic increase in a,M electrophoretic mobility by non-
denaturing PAGE (2). The 18-kDa receptor-binding domain
(RBD) of a,M was generated by treating o, M-MA with papain
and purified by chromatography, as previously described (4).
Receptor-associated protein was expressed as a GST fusion
protein (GST-RAP) in bacteria and purified as previously
described (37). GST-RAP binds to LRP-1 and blocks the bind-
ing of all other LRP-1 ligands (38). As a control, we expressed
GST in bacteria transformed with the empty vector, pGEX-2T.
Purified GST-RAP and GST were subjected to chromatography
on Detoxi-Gel endotoxin-removing columns (Pierce). Rabbit
polyclonal antibodies specific for phosphorylated Akt, phos-
phorylated extracellular signal-regulated kinase-1/2 (ERK/
MAP kinase), total ERK/MARP kinase, and horseradish peroxi-
dase-conjugated secondary antibodies were purchased from
Cell Signaling Technologies (Santa Cruz, CA). Monoclonal
antibody specific for B-actin and p-nitrophenyl p-guanidine-
benzoate (pNPGB) were from Sigma. NGF-3 was purchased
from Invitrogen (San Diego, CA). Recombinant rat PDGF-BB
was from R&D Systems (Minneapolis, MN). Recombinant
human erythropoietin (Epo) was purchased from Johnson &
Johnson (San Diego, CA). Polyclonal a,M-specific antibody
was from Dako (Carpinteria, CA).

a,M  Peptide-GST Fusion Proteins—Three previously
described GST fusion proteins that include segments of the
human «,M sequence were expressed in BL-21 cells (20-22).
These include: FP3 (amino acids 591-774), FP4 (amino acids
775-1059), and FP6 (amino acids 1242—-1451). FP3 includes the
characterized binding site for growth factors (20, 21, 25). FP6
contains the LRP-1 recognition sequence (22). A construct
encoding FP6, in which Lys'*”° and Lys'3"* are mutated to Ala
(FP6(K — A)), was previously described (22). These mutations
abrogate a,M binding to LRP-1 (23, 24). All of the fusion pro-
teins were partially purified from induced bacterial suspensions
by selective detergent extraction (20). FP3, FP4, FP6, and
FP6(K — A) were then further purified to homogeneity by chro-
matography on glutathione-Sepharose. The resulting prepara-
tions yielded clearly defined bands, with the correct molecular
masses when assessed by Coomassie Blue staining of SDS gels or
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FIGURE 1. Sequences of a,M peptide-GST fusion proteins. The amino acid
numbering is based on the mature a,M subunit. The fusion protein FP3-(591-
774) includes the characterized binding site for growth factors. FP4 has no

known activity. FP6 includes the a-helix and two Lys residues (Lys'>”° and

Lys'3”4), which are essential for LRP-1 binding. In FP6(K — A), Lys'3*”® and
Lys'®”* are mutated to Ala. MG6 and MGS8 are predicted domains within the
structure of a,M, which contain the growth factor-binding site and the RBD,
respectively.

immunoblot analysis with GST-specific antibody (20, 22). All of
the GST fusion proteins were subjected to endotoxin decon-
tamination. Fig. 1 shows the a,M sequences encoded by the
fusion proteins studied here, and the relationship of these
fusion proteins to the predicted domains in «,M, as described
by Doan and Gettins (19). The growth factor-binding site,
expressed in FP3, is contained within the MG6 domain and the
LRP-1 recognition site, which is encoded in FP6, is part of the
MGS8 domain.

Cell Culture—The rat pheochromocytoma cell line, PC12,
was cultured in Dulbecco’s modified Eagle’s medium (DMEM,;
high glucose; Invitrogen, Grand Island, NY) containing 10%
fetal bovine serum (FBS; Hyclone, Logan, UT), 5% heat-inacti-
vated horse serum (Omega Scientific Inc., Tarzana, CA), 100
units/ml penicillin, and 100 mg/ml streptomycin at 37 °C.
Schwann cells were isolated from the sciatic nerves of 1-day-old
Sprague-Dawley rats and further selected from fibroblasts
using fibronectin-specific antibody and rabbit complement, as
previously described (39). The final preparations consisted of
95-99% Schwann cells, as assessed by immunofluorescence for
$100, which is a specific Schwann cell marker. Primary cultures
of Schwann cells were maintained in DMEM containing 10%
FBS, 100 units/ml penicillin, 100 pg/ml streptomycin, 21 ug/ml
bovine pituitary extract, and 4 um forskolin (complete medium)
at 37 °C under humidified 5.0% CO,. Schwann cell cultures
were passaged no more than four times before conducting
experiments.

Murine embryonic fibroblasts (MEFs) that are genetically
deficient in LRP-1 (MEF-2 cells), and control LRP-1-expressing
MEFs (PEA-10 cells) were obtained from the ATCC. PEA-10
and MEF-2 cells were cloned from the same culture, heterozy-
gous for LRP-1 gene disruption, and selected with the LRP-1-
selective toxin, Pseudomonas exotoxin A (PEA) (40). MEFs
were cultured in DMEM with 10% FBS.

LRP-1 Gene Silencing—A previously characterized rat LRP-
1-specific siRNA (L2): CGAGCGACCUCCUAUCUUUUU
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(41) and pooled non-targeting control (NTC) siRNA were pur-
chased from Dharmacon (Chicago, IL). Primary cultures of
Schwann cells (1 X 10°) were transfected with LRP-1-specific
siRNA or with NTC siRNA (25 nm) by electroporation using the
Rat Neuron Nucleofector kit (Amaxa, Gaithersburg, MD) (41).
The degree of LRP-1 gene silencing, at the mRNA level, was
88-95%, 48-72-h post-electroporation as determined by
quantitative PCR (qPCR) (41). LRP-1 gene silencing was con-
firmed by immunoblot analysis. Cell signaling experiments
were performed 48 h after introduction of siRNAs.

FP6 Activity Assay—The a,M sequence in FP6 includes the
LRP-1 recognition site (22). To confirm that FP6 binds to
LRP-1, FP6 was radioiodinated using Iodobeads, according to
the manufacturer’s instructions (Roche Applied Sciences). The
specific activity was 2.5 uCi/pug. LRP-1-expressing PEA-10 cells
and LRP-1-deficient MEF-2 cells were plated in 24-well plates
and cultured until almost confluent. The cells then were
washed twice with Earle’s Balanced Salts Solution (EBSS) con-
taining 10 mm Hepes, pH 7.4, and 1.0 mg/ml bovine serum
albumin (EHB) and equilibrated in the same solution. **°I-FP6
was incubated with the cells for 4 h at 4 °C in the presence and
absence of non-radiolabeled FP6 (50 nm) or 0.2 um GST-RAP.
The cultures were then washed twice with EHB and once with
EBSS. Cell extracts were prepared in 0.1 M NaOH and 1.0% SDS.
Cell-associated radioactivity was determined in a PerkinElmer
Wizard 1470 Automatic Gamma Counter.

Activation of Akt and ERK/MAP Kinase—Primary cultures of
Schwann cells and PC12 cells were plated in 60-mm wells at a
density of 2 X 10” cells/well in serum-containing medium and
cultured until ~70% confluent. The cultures then were trans-
ferred to serum-free medium and maintained for 5 h (PC12
cells) or for 1 h (Schwann cells) prior to adding candidate stim-
ulants, including a,M peptide-GST fusion proteins, NGF-f3,
PDGEF-BB, or Epo. Incubations with these agents were con-
ducted for 10 min unless otherwise described. The cells then
were rinsed twice with ice-cold phosphate-buffered saline. Cell
extracts were prepared in radioimmune precipitation assay
buffer (phosphate-buffered saline with 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% SDS, protease inhibitor mixture,
and sodium orthovanadate). The protein concentration in cell
extracts was determined by bicinchoninic acid assay. An equiv-
alent amount of cellular protein (40 ng) was subjected to 10%
SDS-PAGE and electrotransferred to nitrocellulose mem-
branes. The membranes were blocked with 4% nonfat dry milk
in 20 mM Tris-HCI, 150 mm NaCl, pH 7.4 with Tween 20 and
incubated with primary antibodies. The membranes then were
washed and treated with horseradish peroxidase-conjugated
secondary antibodies for 1 h. Immunoblots were developed by
enhanced chemiluminescence (Amersham Biosciences).

Neurite Outgrowth—PC12 cells were plated at 2 X 10° cells/
well and maintained in serum-containing medium for 24 h. The
medium then was replaced with serum-free medium, supple-
mented with FP6, FP3, NGF-3, FP3+NGF-, or vehicle. Cul-
turing was continued for 48 h. Axodendritic process formation
was assessed by phase contrast microscopy, using a Leica
microscope equipped with a DFC 300 digital camera and Open
Laboratory software.
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FIGURE 2. Specific binding of FP6 to LRP-1. A, LRP-1-expressing PEA-10 cells
and LRP-1-deficient MEF-2 cells were incubated with 5 nm '?°I-FP6 for 4 h at
4°C, in the presence and absence of non-radiolabeled FP6 (50 nm) or 0.2 um
GST-RAP. Cell-associated radioactivity was determined. The results show the
mean = S.D., n = 3. B, FP6 was treated with 0.5 um trypsin for the indicated
times. The trypsin was rapidly inactivated with pNPGB, and the sample sub-
jected to SDS-PAGE and Coomassie Blue staining. The time 0 point was
treated with pNPGB prior to trypsin. The lane labeled C shows the initial prep-
aration of FP6. The arrow shows the band at 24 kDa, referred to in the text.

RNA Isolation and Real-time gPCR—PC12 cells were plated
in 60-mm wells at a density of 2 X 10° cells/well in serum-
containing medium and cultured until ~60% confluent. The
cultures then were transferred to serum-free medium for 5 h
prior to adding various reagents, including NGF- 3, NGF- plus
FP3 (100 nm), FP3 alone (100 nm), FP6 (100 nMm), or vehicle. At
the indicated times, DNA-free total RNA was extracted using
Trizol (Invitrogen) and treated with Turbo DNA-free DNase.
c¢DNA was synthesized using the ProSTAR first-strand
RT-PCR kit (Stratagene). Expression of GAP-43 was deter-
mined by qPCR using Tagman primers and probes purchased
from Applied Biosystems Inc. The one-step program included 2
min at 50 °C, 10 min at 95 °C, followed by 40 cycles of: 95 °C for
15's; 60 °C for 1 min, using an ABI 7300 instrument. Rat cyclo-
philin mRNA was measured in each sample as a housekeeping
gene (41). Samples without cDNA were analyzed as “no-tem-
plate” controls. GAP-43 mRNA levels were measured in dupli-
cate, in four separate experiments, and normalized against the
Ct value for the housekeeping gene.

RESULTS

Specific Binding of FP6 to LRP-1—FP6 contains the a,M
sequence known to mediate binding to LRP-1 (22-24). To con-
firm that FP6 binds to LRP-1, '*’I-labeled FP6 (0.1 nm) was
incubated with LRP-1-expressing PEA-10 cells and with LRP-
1-deficient MEF-2 cells at 4 °C. Fig. 24 shows that '**I-labeled
FP6 bound mainly to the LRP-1-expressing cells. Unlabeled FP6
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FIGURE 3. FP6 activates Akt and ERK/MAP kinase in Schwann cells and
PC12 cells. Schwann cells (A) and PC12 cells (B) were treated with vehicle
(serum-free medium, SFM), a,M-MA (50 nm) or with increasing concentra-
tions of FP6 (50-200 nm) for 10 min as indicated. Schwann cells also were
treated with PDGF-BB (0.1 wg/ml) or Epo (1 nm) as positive controls and with
50 nm FP4 as a negative control. PC12 cells were treated with NGF-B (50
ng/ml) or 50 nm FP4. Protein extracts were subjected to SDS-PAGE and immu-
noblot analysis to detect phosphorylated Akt (pAKT), phosphorylated ERK/
MAP kinase (pERK), total ERK/MAP kinase, total Akt, and B-actin. The blots
shown are representative of three independent studies.

inhibited binding of '**I-labeled FP6 to PEA-10 cells by >85%,
indicating that the majority of the binding was specific; the
residual binding observed in the presence of unlabeled FP6 was
equivalent to that observed with MEF-2 cells. GST-RAP inhib-
ited the binding of '**I-labeled FP6 to PEA-10 cells by about
85%, confirming that the specific binding was due to LRP-1.
GST-RAP did not significantly affect FP6 binding to the LRP-
1-deficient MEF-2 cells. These results demonstrate that the
LRP-1-binding site is functional in FP6.

By SDS-PAGE, the apparent mass of FP6 was 53 kDa, as
anticipated (Fig. 2B). Treatment of FP6 (20 um) with 0.5 um
active trypsin revealed a single new major band, migrating with
an apparent mass of 24 kDa. This mass is consistent with that
predicted for the a,M sequence in FP6 as well as isolated GST.
Further degradation of the 24-kDa product(s), to form more
rapidly migrating species, was not apparent in the gel, arguing
against large areas of disordered structure in FP6, which tend to
be susceptible to proteolysis. Intact FP6 and the 24-kDa band,
generated by trypsin, were both detected by immunoblot anal-
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FIGURE 4. Activation of cell signaling by FP6 requires LRP-1. Schwann cells
(A) and PC12 cells (B) were treated with vehicle (serum-free medium, SFM),
a,M-MA (50 nm), FP6 (100 nm), FP6(K — A) (100 nm), or FP4 (100 nm) for 10 min.
PDGF-BB, Epo, or NGF-B were added as positive controls. Protein extracts
were subjected to immunoblot analysis to detect pAKT, pERK, and total ERK/
MAP kinase (total ERK). Schwann cells (C) and PC12 cells (D) were treated with
FP6 (50 or 100 nm), Epo (1 nm), a,M-MA (50 nm), GST (100 nm), NGF-B (50
ng/ml), or vehicle (SFM) for 10 min. In the last three lanes of each panel, the
indicated agent was introduced 15 min after adding GST-RAP (100 nm). Immu-
noblot analysis was performed to detect pAKT, pERK, total ERK, and B-actin.
The blots shown are representative of at least three independent studies.

ysis using polyclonal a,M-specific antibody; purified GST was
immunonegative (results not shown), confirming that a peptide
derived from the sequence of a,M was present in the 24-kDa
band.

FP6 Activates Cell Signaling in Schwann Cells and PC12 Cells—
LRP-1 gene silencing decreases the basal level of Akt activation
in Schwann cells, presumably by inhibiting autocrine cell sig-
naling pathways involving endogenously produced LRP-1
ligands (41). In this study, we sought to determine whether o, M
activates Akt and ERK/MAP kinase in Schwann cells by binding
to LRP-1. Because intact a,M may activate cell signaling by
delivering growth factors to the cell, such as PDGF-BB and
NGEF-B (21), we compared activated a,M (a,M-MA) with FP6,
which lacks growth factor-carrier activity (23). As shown in Fig.
3A, FP6 and a,M-MA activated Akt in Schwann cells. Akt also
was activated by Epo and PDGF-BB, as anticipated (42). FP4,
which does not carry growth factors or bind to LRP-1 and thus
represents a negative control, had no effect on Akt activation.
Similar results were obtained when we probed for activation of
ERK/MAP kinase. Again, FP6, a,M-MA, Epo, and PDGF-BB
activated ERK/MAP kinase in Schwann cells, whereas FP4 did
not.

Next, we examined PC12 cells. These cells are frequently
studied as a model system to assess neuronal differentiation in
response to NGF-B and other growth factors (43, 44). Fig. 3B
shows that FP6 activated Akt and ERK/MAP kinase in PC12
cells. a,M-MA also activated these cell signaling proteins, as
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FIGURE 5. LRP-1 gene silencing in Schwann cells. Schwann cells were trans-
fected with rat LRP-1-specific siRNA L2 (A) or with pooled NTC siRNA (B). After
48 h, cells were treated with PDGF-BB, Epo, FP6(K — A) (100 nm), or FP6 (100
nm). Protein extracts were subjected to immunoblot analysis to detect pAKT,
PERK, and total ERK/MAP kinase. The blots shown are representative of four
independent studies.

did NGF-B, which served as a positive control. FP4 had no effect
on Akt or ERK/MAP kinase.

LRP-1 Is Essential for FP6-initiated Cell Signaling—Previous
studies suggest that activated a,M may initiate cell signaling
independently of LRP-1, by binding to Grp 78 or the NGF
receptor, TrkA (16, 32). To test whether LRP-1 is necessary for
FP6-initiated cell signaling in Schwann cells and PC12 cells, we
applied a number of distinct strategies. First, we assessed cell
signaling in response to FP6(K — A). Mutation of two Lys res-
idues in this derivative precludes binding to LRP-1 (23, 24).
FP6(K — A) failed to activate Akt and ERK/MAP kinase in
Schwann cells (Fig. 44) and PC12 cells (Fig. 4B). Next, we stud-
ied cell signaling in response to FP6 in the presence of the
LRP-1 competitive antagonist, GST-RAP. When added to cul-
tures of Schwann cells alone, GST-RAP had no effect on cell
signaling (Fig. 4C), confirming results obtained by other inves-
tigators (12, 45). However, when added 15 min in advance,

19908 JOURNAL OF BIOLOGICAL CHEMISTRY

{,\
/
2 Q“’& g
X & sz(‘ @”’J &
h \ s i ’
b oo & & &
SR EELEL S
e — e pAKT
- = - pERK
R EEEEEEE TotlERK

FIGURE 6. FP3 inhibits activation of Akt and ERK/MAP kinase in response
to NGF-3 but not FP6. PC12 cells were treated with vehicle (serum-free
medium, SFM), NGF- (50 ng/ml), FP4 (100 nm), FP6 (100 nm), FP6(K — A) (100
nm), or FP3 (100 nm) for 10 min. In the last two lanes, FP3 was preincubated
with NGF- or FP6 for 15 min at 37 °C and then added to the cell cultures.
Protein extracts were subjected to immunoblot analysis to detect pAKT,
PERK, and total ERK/MAP kinase. The blot shown is representative of four
independent studies.

GST-RAP blocked cell signaling in response to FP6 in both
Schwann cells (Fig. 4C) and PC12 cells (Fig. 4D). GST-RAP also
blocked the response to a,M-MA in PC12 cells.

As a third test of the role of LRP-1 in FP6-initiated cell sig-
naling, we applied LRP-1 gene silencing, which is highly effi-
cient in Schwann cells (41). LRP-1-specific siRNA blocked acti-
vation of Akt and ERK/MAP kinase by FP6 in Schwann cells
(Fig. 5A). Cell signaling in response to Epo and PDGF-BB were
unaffected, demonstrating that the effects of the siRNA on FP6
are specific. In cells that were transfected with NTC siRNA, FP6
activated Akt and ERK/MARP kinase, as did Epo and PDGF-BB
(Fig. 5B). Taken together, our results with FP6(K — A), GST-
RAP, and LRP-1 gene silencing demonstrate that FP6 activates
Akt and ERK/MAP kinase by a mechanism that requires LRP-1.

FP3 Inhibits Activation of Akt and ERK/MAP Kinase—Next,
we assessed the activity of FP3, which includes the sequence in
a,M responsible for binding neurotrophins and other growth
factors (20, 21). Availability of the growth factor-binding site in
intact a,M is regulated by a,M conformational change (7). Fig.
6 shows that FP3 did not independently regulate the activity of
Akt or ERK/MAP kinase in serum-starved PC12 cells. How-
ever, FP3 blocked activation of both cell signaling proteins in
response to NGF-B. The ability of FP3 to antagonize the
response to NGF- was specific. FP3 had no effect on cell sig-
naling in response to FP6.

ERK/MAP kinase and Akt have been implicated in neuronal
differentiation/neurite extension in PC12 cells (46 —49). Thus,
we examined the effects of FP3 and FP6 on PC12 cell neurite
extension. Fig. 7 shows that FP6 robustly supported neuritic
outgrowth in PC12 cells maintained in serum-free medium for
48 h. A comparable response was detected in cells that were
treated with NGF-B. FP3 did not independently regulate neu-
rite outgrowth but instead, entirely blocked the response to
NGE-B. Thus, the effects of FP3 and FP6 on neurite outgrowth
paralleled their effects on cell signaling in the PC12 cell culture
model system.
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FIGURE 7.FP3 and FP6 have opposite effects on PC12 cell neuritogenesis.

PC12 cells were cultured for 48 h in serum-free medium alone (A), or supple-
mented with 100 nm FP6 (B), 50 ng/ml NGF-B (C), 100 nm FP3 (D), or

JULY 18, 2008« VOLUME 283 +NUMBER 29

Domain-specific Activities of a,M

GAP-43 mRNA

(fold increase compared to control)

SFM NGF-f FP6 FP3 NGF-p SFM NGF-f FP6 FP3 NGF-f
+FP3 +FP3

4hr 8hr

FIGURE 8.FP3 and FP6 differentially regulate expression of GAP-43.PC12
cells were cultured in serum-free medium for 5 h and then treated with vehi-
cle (SFM), NGF- (50 ng/ml), NGF-B + FP3 (100 nm), FP3 (100 nm), or FP6 (100
nm). Incubations were conducted for 4 or 8 h. Total RNA was isolated. GAP-43
mMRNA expression was determined by qPCR (mean = S.D., n = 4; *, p < 0.05,
one-way analysis of variance with Tukey's posthoc for each time period).

Our neurite extension results were supported by separate
experiments in which we examined expression of mRNA for
GAP-43, a neuronal differentiation marker (34). Fig. 8 shows
that FP6 significantly increased GAP-43 expressionat4and 8 h
(p < 0.05). The magnitude of the response was as great or
greater than that observed with NGF-B. FP3 had no independ-
ent effect on GAP-43 expression, but instead completely
blocked GAP-43 mRNA expression in response to NGF-f.

The 18-kDa o,M RBD and FP6 Activate Cell Signaling
Equivalently—GST fusion proteins may be expressed as dimers
(50). For FP6, dimeric structure might allow cell signaling to
occur by cross-linking of LRP-1 to a co-receptor such as Grp 78
or by cross-linking of LRP-1 into homodimers. To test whether
the o, M RBD activates cell signaling as a monomer, we isolated
the 18-kDa RBD from plasma-purified a,M (4). Fig. 94 shows
SDS-PAGE analysis of the final, purified product. The 18-kDa
RBD activated both Akt and ERK/MAP kinase in PC12 cells,
mimicking the results obtained with FP6 (Fig. 9B). GST-RAP
blocked the response to the 18-kDa RBD, indicating an essen-
tial role for LRP-1.

DISCUSSION

Although a number of reports indicate that activated a,M
initiates cell-signaling, questions remain regarding this activity.
First, in some cell culture model systems, LRP-1 does not
appear to be necessary for the response (16, 32). Furthermore,
the relationship between a,M-initiated cell signaling, and its
ability to carry growth factors has not been addressed. In this
study, we show that the isolated LRP-1-binding domain of a, M,
expressed as a GST fusion protein or isolated from the plasma
protein, robustly activates Akt and ERK/MAP kinase in

NGF-B+FP3 (E). Axodendritic process formation was assessed by phase con-
trast microscopy. Representative fields are shown (n = 3).
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FIGURE 9. FP6 and the RBD from purified a,M activate cell signaling
equivalently. A, the 18-kDa RBD, isolated from a,M-MA by proteolysis and
purified by chromatography, was subjected to SDS-PAGE and stained with
Coomassie Blue. B, PC12 cells were cultured in SFM or treated with FP6 (50 nm)
or the 18-kDa RBD from a,M-MA (50 nm) for 10 min. In some lanes, the cells
were pretreated with GST-RAP (100 nm) for 15 min, as indicated. Protein
extracts were subjected to SDS-PAGE and immunoblot analysis to detect
PAKT, pERK, and total ERK/MAP kinase. The blot shown is representative of
triplicate independent experiments.

Schwann cells and PC12 cells. We provide three separate lines
of evidence indicating that LRP-1 is necessary. First, the
response was blocked by GST-RAP. LRP-1 gene silencing neu-
tralized the response to FP6. Finally, mutating two amino acids
in FP6, which are known to function in LRP-1 binding, elimi-
nated the ability of FP6 to trigger cell signaling. The mutation in
FP6(K — A) also may block binding to Grp 78 (24); however, the
three lines of evidence only may be interpreted as indicating an
essential role for LRP-1.

The ability of FP6 and the 18-kDa RBD of a,M to trigger
robust cell signaling to Akt and ERK/MAP kinase by binding to
LRP-1 justifies clustering a,M with other LRP-1 ligands, such
as tissue-type plasminogen activator and apolipoprotein E,
which also activate cell signaling by binding LRP-1 (45, 51). The
consequences of these LRP-1-initiated cell signaling events
remain to be fully elucidated. We previously demonstrated that
in Schwann cells, regulation of the basal level of activated Akt
by LRP-1 may by important for Schwann cell survival (41). In
peripheral nerve injury, Schwann cell survival is essential for
nerve regeneration (42). In this study, we assessed neurite for-
mation in PC12 cells. FP6 robustly promoted neurite out-
growth and increased expression of GAP-43, matching the
magnitude of the response observed with NGF-f. This result
was consistent with the demonstrated ability of FP6 to activate
ERK/MAP kinase and Akt in PC12 cells. These cell signaling
factors have been linked to neuronal differentiation (46 —49).
Because FP6 functions via an LRP-1-dependent mechanism,
our results are consistent with a model in which LRP-1-initi-
ated cell signaling may promote neuronal differentiation.

Availability of the LRP-1 recognition site in «,M is depend-
ent on the a,M conformation (1, 6). In the native form of a,M,
which circulates in the plasma, the LRP-1 recognition sequence
is completely cryptic. In the activated conformation, the LRP-1
recognition sequence is fully available. Chemically modified
forms of a,M, which have undergone partial conformational
change, bind to LRP-1 but with decreased efficiency compared
with a,M-MA (6). Thus, as the structure of o,M moves toward
the fully transformed state, the LRP-1 recognition site is
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increasingly exposed and available. The effects of a,M confor-
mational change on availability of the growth factor-binding
site are more complicated. The growth factor-binding site is
partially available in the native form of «,M (7), accounting for
the function of native a,M as the principal carrier of TGF-B1 in
the plasma (11, 53). Fully activated a,M binds most growth
factors with increased affinity (7, 8); however, there is evidence
that the growth factor binding site may be most available in
intermediate a,M conformations (52, 54, 55). Thus, penetra-
tion of the activities associated with FP3 and FP6 may vary
asynchronously in a,M conformational change.

In the studies presented here, FP3 demonstrated activities
that oppose those of FP6. In the presence of NGF-S, FP3 inhib-
ited activation of Akt and ERK/MAP kinase, blocked PC12 cell
neurite outgrowth, and inhibited expression of GAP-43. We
propose that the effects of FP3 on cell physiology, demonstrated
here, are due to the previously demonstrated ability of FP3 to
bind NGF-B (8). FP3 did not antagonize the activity of FP6. In
the presence of FP3, FP6-induced cell-signaling to Akt and
ERK/MAP kinase was unchanged. We think this result explains
why intact a,M-MA activates Akt and ERK/MAP kinase simi-
larly to FP6. In the intact protein, in the absence of concomi-
tantly added growth factors, the function of FP6 is dominant.
However, our model predicts that if activated a,M and NGF-f3
were added to cultures of Schwann cells or PC12 cells together,
the effects would not be additive because of the inhibitory
effects of the FP3 region of a,M on NGF- activity. The FP3
region within full-length-activated a,M also may regulate
growth factors produced endogenously by cells.

Although native a,M binds NGF- with lower affinity than
activated a,M, according to our model, because the LRP-1 rec-
ognition site is entirely cryptic in native a,M, the FP3 site is
dominant and the overall effects of intact, native a,M are
expected to mimic FP3. Similarly, the FP3 region may dominate
in a,M conformational intermediates, which are reported to
exist in vivo (36, 54). Understanding the balance between func-
tional sites contained within different domains of a,M is a goal
for future investigation.
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