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Nerve growth factor (NGF) is produced as a precursor called
pro-nerve growth factor (proNGF), which is secreted by many
tissues and is the predominant form of NGF in the central nerv-
ous system. In Alzheimer disease brain, cholinergic neurons
degenerate and can no longer transport NGF as efficiently, lead-
ing to an increase in untransported NGF in the target tissue. The
protein that accumulates in the target tissue is proNGF, not the
mature form. The role of this precursor is controversial, and
both neurotrophic and apoptotic activities have been reported
for recombinant proNGFs. Differences in the protein structures,
protein expression systems, methods used for protein purification,
and methods used for bioassay may affect the activity of these pro-
teins. Here, we show that proNGF is neurotrophic regardless of
mutations or tags, and no matter how it is purified or in which
system it is expressed. However, although proNGF is neurotrophic
under our assay conditions for primary sympathetic neurons and
for pheochromocytoma (PC12) cells, it is apoptotic for unprimed
PC12 cells when they are deprived of serum. The ratio of tropo-
myosin-related kinase A to p75 neurotrophin receptor is low
in unprimed PC12 cells compared with primed PC12 cells
and sympathetic neurons, altering the balance of proNGF-
induced signaling to favor apoptosis. We conclude that the
relative level of proNGF receptors determines whether this
precursor exhibits neurotrophic or apoptotic activity.

Nerve growth factor (NGF)® regulates neuronal survival,
neurite outgrowth, and differentiation in the peripheral and
central nervous systems (1). The mature form of NGF forms a
non-covalent homodimer and binds with high affinity (k, ~
10~ m) to tropomyosin-related kinase A (TrkA) and with low
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affinity (k, ~ 10~° M) to the common neurotrophin receptor
p75N"™® (p75 neurotrophin receptor) (2). NGF promotes cell
survival and growth in cells expressing TrkA through activation
of the phosphatidylinositol 3-kinase/AKT pathway and the
Ras/mitogen-activated protein kinase (MAPK) pathway (3, 4).
p75NT® plays diverse roles, ranging from cell survival to cell
death depending on the cellular context in which it is expressed.
Through activation of the NF-«B pathway, p75™"® can contrib-
ute to cell survival in sensory neurons (5), it is involved in axonal
growth via regulation of Rho activity (6), and it can interact with
Trks to enhance neurotrophin affinity (at low concentration of
ligand) and specificity of binding to Trks (7-9). High levels of
p75NT®R expression can induce apoptosis when there are low
levels of Trk or when Trk is absent (10, 11). Apoptosis occurs
through increased ceramide production (12), activation of
c-Jun N-terminal kinase (JNK1), and p53 (10, 13). p75"'®
requires a co-receptor called sortilin to induce cell death (14).
NGF is produced as a precursor called pro-nerve growth fac-
tor (proNGF) (15). ProNGF is secreted by many tissues such as
prostate cells, spermatids, hair follicles, oral mucosal keratino-
cytes, sympathetic neurons, cortical astrocytes, heart, and
spleen (16 —20). ProNGF is the predominant form of NGF in the
central and peripheral nervous systems, whereas little or no
mature NGF can be detected (21-24). In Alzheimer disease
brain, retrograde transport from the cortex and hippocampus
to basal forebrain cholinergic neurons is reduced as these neu-
rons degenerate, with concomitant proNGF accumulation in
the cortex and hippocampus (21, 23). This suggested that
proNGF mediates biological activity besides its prodomain
function of promoting protein folding and regulation of neuro-
trophin secretion (25-28). To study the role of proNGF protein
in vitro, point mutations were inserted at the cleavage site used
by furin, a proprotein convertase known to cleave proNGF (29),
to minimize the conversion of proNGF to mature NGF. The
resulting recombinant, cleavage-resistant proNGFs reportedly
exhibit either apoptotic activity (30, 31) or neurotrophic activ-
ity (32, 33). These recombinant proteins differ in several ways
(Table 1). Cleavage-resistant proNGFhis with apoptotic activ-
ity contains multiple amino acid substitutions at —2 and —1
(RRto AA), 118 and 119 (RR to AA), and carries a histidine tag
at the carboxyl terminus. This proNGF was expressed in mam-
malian cells and was purified using nickel column chromatog-
raphy. ProNGF123 with apoptotic activity is another cleavage-
resistant proNGF containing several mutationsat —73 and —72
(RR to AA), —43 and —42 (KKRR to KAAR), and —2 and —1
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TABLE 1
Characteristics of proNGF constructs used in this study

ProNGF(R—-1G) ProNGFhis

ProNGFE

ProNGF123 WT-NGFhis

Mutations -1 (Rto G) —2and —1 (RR to AA), 118

and 119 (RR to AA)
Tag No tag Histidine tag No tag
Expression system  Insect cells Insect cells, mammalian Bacteria

cells

Purification No purification ~ Nickel column

—1land +1 (RS to AA)

Refolded from inclusion
bodies, FPLC

—73 and —72 (RR to AA),
—43 and —42 (KKRR to KAAR),
—2and —1 (KR to AA)

No tag

Insect cells

None: cleavable proNGF

Histidine tag

Insect cells, mammalian
cells

Cation exchange chromatography,  Nickel column

immunoaffinity chromatography

(KR to AA) expressed in a baculovirus/insect cell system.
ProNGF123 was purified using cation exchange chromatogra-
phy and immunoaffinity column chromatography. Cleavage-
resistant proNGF(R—1G) with neurotrophic activity contains a
single amino acid substitution at —1 (Arg to Gly) and carries no
tags. This proNGF was expressed in insect cells using a baculo-
virus expression system. A fourth cleavage-resistant proNGF
(proNGEFE) with neurotrophic activity contains two amino acid
substitutions at —1 and +1 (RS to AA) but no histidine tag and
was expressed in bacteria. Each of these differences may affect
the activity of the expressed proteins in such a way that one is
apoptotic and the other is neurotrophic. To investigate the
determinants of proNGF biological activity, these recombinant
proNGFs were expressed in baculovirus, mammalian, or bacte-
rial expression systems and were purified by nickel column,
immunoaffinity chromatography, or renaturation from inclu-
sion bodies before testing by several different bioassays. Rela-
tive levels of TrkA and p75™™® receptors of the cells used in
these bioassays were determined by Western blotting.

EXPERIMENTAL PROCEDURES

Expression of ProNGF in a Baculovirus/Insect Cell System—
Cleavage-resistant mouse proNGF carrying a histidine tag
(proNGFhis) in pcDNA3 was obtained from Dr. B. Hempstead
(Weill Medical College of Cornell University, New York).
ProNGFhis was subcloned into the baculovirus transfer vector,
pVL1393 (BD Biosciences, Mississauga, Canada). The direction
of insert was verified by double restriction enzyme digestion
and the insert sequence was confirmed by sequencing both
strands. Linearized baculovirus DNA and pVL-proNGFhis
were cotransfected into Sf9 insect cells according to the manu-
facturer’s protocol (BD Biosciences). Recombinant proNGFhis
baculovirus was plaque-purified and a high titer viral stock was
produced through virus amplification in Sf9 cells. ProNGFhis
protein was produced in Sf9 cells infected by recombinant
proNGFhis baculovirus at a multiplicity of infection of 0.5.
Wild type NGF (WT-NGF) (cleavable proNGF with no muta-
tion and no histidine tag), wild type NGFhis (WT-NGFhis)
(cleavable proNGF carrying a histidine tag), cleavage-resistant
proNGF(R—1G) (32), and wild type (empty) baculovirus (BD
Biosciences) were expressed in Sf9 cells at a multiplicity of
infection = 0.5 in parallel with proNGFhis expression. All pro-
tein expressions were carried out in Sf-900 serum-free medium
(Invitrogen) in a 27 °C shaking incubator at 120 rpm, and super-
natants were harvested by centrifugation at 300 X gfor 5 min on
day 3 after infection.

Prior to use, samples were dialyzed overnight at 4 °C against
RPMI 1640 (Invitrogen). Concentrations were determined by
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enzyme-linked immunosorbent assay as described (32). Values
were determined by comparison to a standard curve of purified
2.5S NGF prepared by us from mouse salivary glands (21, 34,
35). For all experiments, 2.5S NGF and/or cleavable proNGF
(WT-NGF) served as a positive control, and conditioned
medium from insect cells infected with wild type (empty) bacu-
lovirus (WT-baculovirus) was used as a negative control.

Expression of ProNGFhis in a Mammalian Cell System—One
day prior to transfection, human embryonic kidney (HEK) 293
cells were plated at 90% confluence in antibiotic-free minimal
essential medium/F11 (Invitrogen) with 2% fetal bovine serum
(EBS). Cells were transiently transfected with pcDNA3 contain-
ing proNGFhis or WT-NGFhis using Lipofectamine™" 2000
(Invitrogen) at a ratio of 1:2.5. DNA was applied to the cells and
incubated for 6 h before changing the medium. The medium
was harvested after 24 h.

Supernatants harvested from the protein expression sys-
tems (baculovirus or mammalian) were dialyzed against
phosphate buffer (50 mm NaPO,, 0.5 m NaCl, pH 8) at 4 °C
overnight. Dialyzed material was bound to nickel beads
(Invitrogen) with shaking for 1 h at room temperature. Beads
were washed 4 times with 20 mm imidazole in phosphate
buffer, followed by elution with 250 mm imidazole in phos-
phate buffer. 1.5-ml fractions were collected and fractions
containing proNGFhis or WT-NGFhis were pooled. West-
ern blotting using antibodies against both the histidine tag
and NGF confirmed the correct size for purified proNGFhis
(34 kDa). Samples were dialyzed against RPMI and quanti-
fied by NGF enzyme-linked immunosorbent assay as
described above before use.

Expression and Purification of ProNGF in a Bacterial
System—Cleavage-resistant human recombinant proNGF
(proNGFE), carrying two amino acid substitutions and no tag,
was expressed in Escherichia coli. Inclusion bodies were iso-
lated from cell pellets, solubilized, and protein was refolded as
described (27, 33). Refolded protein was purified by fast protein
liquid chromatography and eluted in 50 mm sodium phosphate,
pH 7, 1 mm EDTA, 2 M NaCl. The concentration of purified
proNGFE was determined by absorbance at 280 nm using an
extinction coefficient of 1.6 absorbance units/mg/ml. Molarity
was calculated using 26 kDa for the molecular mass of NGF and
49.7 kDa for the molecular mass of proNGFE.

ProNGF123—Cleavage-resistant mouse proNGF containing
several mutations was constructed as previously published (31)
and quantified by absorbance at 280 nm. Molarity was calcu-
lated using 26 kDa for the molecular mass of NGF and 68 kDa
for the molecular mass of proNGF123.
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Montreal, Quebec) in RPMI 1640
containing 10% horse serum, 5%
FBS, and 1% penicillin/streptomy-
cin for 48 h as described by Greene
(36). Cells were rinsed and then
incubated with proNGFhis, WT-
NGF, 2.55 NGF or baculovirus-con-
ditioned medium in RPMI, 1% pen-
icillin/streptomycin, 0.1% BSA,
0.5% N2 supplement (Invitrogen),
30 um aprotinin (Calbiochem, CA),
100 nM MMP-II inhibitor (Calbio-
chem), and 30 uM furin inhibitor
(decanoyl-RVKR-CMK, Calbio-
chem) for 48 h.

PC12 cells were primed in RPMI

» proNGFhis
«2.5S NGF

X Conditioned
medium

Percentage of cells bearing
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Log concentration (nM)

1640 containing 10% horse serum,
5% FBS, and 50 ng/ml 2.5S NGF for
11 days as described (32). Cells were

E. proNGFhis 2.5S NGF Ei washed in medium free of serum
PE— and NGF and were plated and
% Neurons dt trobhi f
Sample % Apoptotic cells bearing neurites expo.se 0 neurotrophins as for
34kDa unprimed PC12s.
2.5S NGF 27+/-6 91+/-2 Cells were rinsed with phos-
' (0.2nM) phate-buffered saline, pH 7.4 (PBS),
- and fixed in 4% paraformaldehyde
pJ;NGFhIS 32+/-8 80+/-8 for 1 h at room temperature. Cells
(uanil) were incubated with permeabiliza-
B o -‘ Conditioned 70+/-6 0 tion solution (0.1% Triton X-100 in
13kDa ‘ medium 0.1% sodium citrate) for 2 min on ice
_ and then were rinsed with PBS and

FIGURE 1. Neurotrophic activity of proNGFhis in SCG neurons. Mouse SCG neurons were plated as
described under “Experimental Procedures” and cultured in serum-free medium containing 2.5S NGF (0.4
nm) (A), proNGFhis (0.4 nm) (B), or baculovirus-infected insect cell-conditioned medium (C) for 36 h. Fixed
cells were stained with TUJ-1 antibody (red) and Hoechst (blue). The scale bar is 40 um. Yellow arrows show
representative live cells and white arrows show representative dead cells. D, dose-response curve for
neurite outgrowth assay. R* = 0.96 for both proNGFhis and 2.5S NGF. Error bars represent mean = S.E.
E, Western blotting of conditioned medium using NGF antibody (MC51). There was less than 2% cleavage
of proNGFhis after the neurite outgrowth assay. F, there was no significant difference between proNGFhis
and 2.5S NGF in inducing apoptosis at 0.2 nm concentration (p > 0.05, Student’s t test). Results were

obtained from three independent experiments.

Neurite Outgrowth and Apoptosis Bioassay—ProNGF is
prone to cleavage in the presence of serum, and therefore bio-
assays were carried out using serum-free medium. Mouse supe-
rior cervical ganglion (SCG) neurons from 1-day-old pups were
prepared as previously described (32). Approximately 3000
SCQG cells were cultured in collagen-coated 96-well plates (Fal-
con, BD Biosciences) in Dulbecco’s modified Eagle’s medium/
F12 (Invitrogen) containing 10% FBS, 0.7% L-glutamine, 0.5%
penicillin/streptomycin, 10™> M uridine (Sigma), and 10> m
5-fluoro-2-deoxyuridine (Sigma) for 2—4 h at 37 °C and 5%
CO,. Attached cells were rinsed with Dulbecco’s modified
Eagle’s medium/F12 and then incubated with proNGFhis or
2.55 NGF diluted in serum-free medium (the same medium as
above but with 1% N2 supplement (Invitrogen) instead of FBS
and glutamine) for 36 h. For assays using proNGF123, cells were
plated in the same medium with 250 ng/ml cytosine arabino-
side (Sigma) instead of uridine and 5-fluoro-2-deoxyuridine.

For unprimed rat pheochromocytoma cells (PC12, ATCC),
3 X 10* cells/well were plated in Cell+ 96-well plates (Sarstedt,
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blocked with 3% goat serum in 1%
BSA/PBS for 30 min at room temper-
ature. After washing with PBS, cells
were incubated with a 1:500 dilution
(in 1% BSA/PBS) of neuronal anti-
BIlI-tubulin (TUJ1, Covance, CA)
overnight at room temperature,
rinsed in PBS, incubated in a 1:100
dilution (in 1% BSA/PBS) of Texas Red-labeled anti-mouse IgG
(Cedarlane, Burlington, ON, Canada) for 1 h at 37 °C, rinsed with
PBS, and then incubated with 1 pg/ml bis-benzimide H33342 tri-
hydrochloride (Hoechst, Sigma) in PBS for 5—15 min at room tem-
perature. Photographs were taken using a high-resolution wide
field fluorescent microscope (Leica DMI 3000B) at X 20 magnifi-
cation attached to a Hamamatsu Orca ER-AG camera. The acqui-
sition software used by this system was Volocity 4 (Improvision,
Waltham, MA) and the filters were 377/50 and 628/40 for Hoechst
and TUJ, respectively.

TUJ+ cells exhibiting outgrowth twice the length of their cell
body diameter were counted as neurite-bearing cells using a
Leica DMI L fluorescent microscope (X-Cite® 120 Fluores-
cence illumination system) at X10 magnification. TUJ+ cells
with condensed and/or fragmented nuclei (stained with
Hoechst) were considered as dead cells. At least 100 cells were
counted per well.

TrkA-MAPK Activation Assay—The assay was carried out as
previously described (32). 1 X 10° PC12 cells/well were plated
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proNGF123

Medium

2.5S NGF

proNGFhis (0.2nM) | 2.5S NGF (0.2nM)
% Outgrowth 60 65
% Cell Death 33 35
proNGF123 (50nM) | 2.5S NGF (50nM)
% Outgrowth 70 61
% Cell Death 30 24

D.

FIGURE 2. Neurotrophic activity of proNGF123 in SCG neurons. SCG neurons were cultured as described under “Experimental Procedures” in serum-free
medium containing proNGF123 (0.2 nm) (A), 2.5S NGF (0.2 nm) (B), or medium (C) for 48 h. Fixed cells were stained with TUJ-1 antibody (red) and Hoechst (blue).
The scale baris 40 wm. Yellow arrows show representative cells bearing neurites and white arrows show representative dead cells. D, at the same concentrations,
the effects on neuronal survival and neurite outgrowth are comparable for proNGF123 and 2.5S NGF.

in Cell+ 6-well plates (Sarstedt) in RPMI 1640 containing 10%
horse serum and 5% FBS (complete medium) for 24 h, then
medium was switched to RPMI with no serum for 2-24 h.
Serum-free medium was changed 2 h before stimulation. Cells
were stimulated by serial dilutions of wild type (cleavable)
proNGF (WT-NGF), proNGFhis (unpurified or purified),
proNGF expressed in E. coli or mammalian HEK-293 cells, or
mouse submandibular gland 2.5S NGF for 5 min at 37 °C and
5% CO.,. Cells were lysed using 150 ul/well of lysis buffer con-
taining 50 mm Tris-HCl, pH 7.4, 1% Nonidet P-40, 0.25%
sodium deoxycholate, 150 mm NaCl, 1 mm EGTA, 1 mMm phen-
ylmethylsulfonyl fluoride, 1 mm NazVO,, 1 mMm sodium fluo-
ride, and 1 pg/ml each of aprotinin, leupeptin, and pepstatin,
and chilled on ice for 15 min. Lysates were centrifuged at
13,000 X g for 10 min at 4 °C. Supernatant was collected and
total protein concentration was measured using the DC protein
assay (Bio-Rad). 30 ug of total protein was loaded per lane on
10% SDS-PAGE gels for Western blotting.

In some experiments as indicated, serum-free medium was
supplemented with 50 M furin inhibitor for 1-2 h before stim-
ulation to prevent intracellular cleavage of proNGF by furin.
Cells were stimulated with either proNGF or WT-NGF in 50
M furin inhibitor for either 5 min or 1 h and lysed as above.

Determination of ProNGF Cleavage after Each Bioassay—For
all bioassays including neurite outgrowth, apoptosis, and TrkA-
MAPK activation assays, the level of proNGF cleavage in con-
ditioned medium (and cell lysates as indicated) was monitored
after each experiment by Western blotting. There was little to
no detectable cleavage in all bioassays reported here, which
supports the role of unprocessed proNGF in each assay.

Western Blotting—W estern blotting was performed as previ-
ously described (32) using affinity-purified rabbit anti-NGF IgG
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(MC-51), rabbit polyclonal NGF IgG (H-20, Santa Cruz Bio-
technology, Santa Cruz, CA), rabbit anti-histidine tag antibody
(Invitrogen), anti-proNGF (a generous gift from Dr. Xin-Fu
Zhou, Flinders University, Adelaide, Australia), phosphoryla-
ted p140TrkA, phosphorylated p44/42 MAPK (anti-extracellu-
lar signal-regulated kinase (ERK) 1/2, Thr*°*/Tyr***), and total
p44/42 MAPK (all from Cell Signaling Technology, Inc., Mis-
sissauga, Ontario, Canada), total TrkA and p75N TR (Chemicon,
Mississauga, Canada), and neuronal BIII-tubulin (TUJ1,
Covance). The secondary antibody was horseradish peroxi-
dase-conjugated donkey anti-rabbit IgG (Amersham Bio-
sciences) for anti-NGF, anti-histidine tag, pMAPK, pTrkA,
total MAPK, total TrkA, and p75™"® primary antibodies, and
horseradish peroxidase-conjugated donkey anti-sheep IgG
(Sigma) for antibody against proNGF. A chemiluminescence
system (ECL™, Amersham Biosciences) was used to detect
immunoreactive protein. In some experiments, the secondary
antibody was IRDye® 680-conjugated goat polyclonal anti-rab-
bit IgG (LI-COR Biosciences, Lincoln, NE). The membrane was
scanned at the appropriate wavelength using an Odyssey™
infrared imaging system (LI-COR Biosciences). All antibodies
were used according to the manufacturer’s protocols.
Determination of Relative TrkA and p75~™ Levels—Relative
levels of TrkA and p75™™ protein were determined in primary
SCG neurons cultured in Dulbecco’s modified Eagle’s medium
containing 10% FBS for 4 h, in unprimed PC12 cells cultured in
RPMI, 10% horse serum, and 5% FBS, and in primed PC12 cells
cultured in serum plus 50 ng/ml NGF for 11 days. Cells were
harvested in 40 ul of lysis buffer (50 mm Tris, pH 8, 150 mm
NaCl, 1% Nonidet P-40, 5 mm EDTA, 1 mMm phenylmethylsul-
fonyl fluoride, 1 mm sodium fluoride, and 1 pg/ml each of apro-
tinin, leupeptin, and pepstatin) for primary SCG neurons, or in
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the same lysis buffer used in TrkA-MAPK activation assays for
PC12 cells, and analyzed by Western blotting using the TrkA
and p75™"® antibodies described above (Chemicon).
Statistical Analysis and Programs—The pixel values of
immunoreactive bands in chemiluminescent Western blots
were determined by densitometry of films using a Hewlett-
Packard Scanjet scanner and Scion Image 34.01 software with
local background subtracted. Integrated intensities of infrared
bands were determined using Odyssey software version 1.2 (LI-
COR) with median background subtraction. Samples were ana-
lyzed 3 times in independent experiments. Prism 3 (GraphPad
Software, Inc., San Diego, CA) was applied to create dose-re-
sponse curves for neurite outgrowth and TrkA-MAPK activa-
tion assays. Student’s ¢ test or one-way analysis of variance with
post hoc Tukey’s test was applied as indicated to determine
differences among experimental groups (SPSS 16.0.1 software).

RESULTS

Baculovirus/Insect Cell Expression of ProNGFhis—Previ-
ously, cleavage-resistant proNGF with a single amino acid sub-
stitution and neurotrophic activity was expressed in a bacu-
lovirus/insect cell system and used without further
purification (32), whereas proNGFhis with multiple substi-
tutions, a histidine tag, and apoptotic activity was expressed
in mammalian cells and purified over a nickel column prior
to use (30). To determine whether these structural or proce-
dural differences could account for the reported differences
in activity, we expressed proNGFhis in a baculovirus system
and tested its activity before and after purification over a
nickel column. We also tested proNGF123, an apoptotic
proNGF expressed in baculovirus (31) and purified by
immunoaffinity chromatography.

Western blotting of cleavage-resistant proNGFhis expressed
in an insect cell/baculovirus expression system using an anti-
NGF antibody demonstrated intact material at the expected
molecular mass for proNGFhis (34 kDa, Fig. 1E). Western blot-
ting using an antibody against proNGF or the histidine tag con-
firmed the correct size band for proNGFhis and verified that
the expressed protein was proNGF carrying a histidine tag.
There was negligible cleavage of proNGFhis. No band was
detected for either 2.5S NGF using proNGF antibody or WT-
NGF (no histidine tag) using the histidine tag antibody, which
confirmed the specificity of the antibodies for proNGFhis. No
immunoreactivity was detectable for wild type baculovirus-
infected insect cell-conditioned medium using any of the
antibodies mentioned above; therefore there is no proNGF pro-
duction in baculovirus/insect cells, and the antibodies do not
cross-react with any protein produced by the baculovirus/in-
sect cell system alone (data not shown). Western blotting using
NGF and histidine tag antibodies showed that proNGFhis
remained intact after nickel column chromatography, and
proNGF123 was intact after immunoaffinity chromatography
(data not shown).

ProNGFhis and ProNGF123 Promote Neurite Outgrowth
but Not Apoptosis in Primary Sympathetic Neurons—Both
2.5S NGF (Fig. 1A) and proNGFhis (Fig. 1B) were able to
promote outgrowth from SCG neurons in serum-free
medium, whereas there was no outgrowth detected for bacu-
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FIGURE 3. Both unpurified and purified proNGF activate TrkA-MAPK
phosphorylation. PC12 cells were treated as described under “Experimental
Procedures” with different dilutions of proNGFhis (unpurified and purified),
cleavable proNGF (WT-NGF), or conditioned medium from insect cells
infected with wild type (empty) baculovirus. Concentrations of all samples
were determined using enzyme-linked immunosorbent assay and values
were determined by comparison to a standard curve of purified 2.5S NGF
prepared by us from mouse salivary glands. There was no immunoreactive
NGF in conditioned medium, and so a range of volumes of conditioned
medium between the highest and lowest volumes used for WT-NGF and
proNGFhis were used as negative controls. A, representative Western blot
showing unpurified and purified proNGFhis induces TrkA-MAPK phosphoryl-
ation, whereas total TrkA and MAPK remain unchanged. B, dose-response
curve for TrkA activation: R? was 0.98, 0.94, and 0.96 for WT-NGF, purified
proNGFhis, and unpurified proNGFhis, respectively. C, dose-response curve
for MAPK activation: R> was 0.96, 0.97, and 0.99 for WT-NGF, purified proNGF,
and unpurified proNGF, respectively. Results shown are from 24 h of serum
deprivation; the same results were observed after 2 h of serum removal.
Results were obtained from 3 independent experiments. Error bars represent
mean * S.E.

Log concentration (nM)

lovirus-infected insect cell-conditioned medium (Fig. 1C).
The EC;, for proNGFhis was 0.08 nm (log EC;, = —1.1 =
0.15) compared with 0.03 nm (log EC,, = —1.5 * 0.13) for 2.5S
NGF (Fig. 1D), consistent with previous data published by Fah-
nestock et al. (32) for proNGF(R—1G) compared with 2.5S
NGF. There was no cleavage of proNGFhis during the assay
(Fig. 1E), supporting proNGF rather than mature NGF as the
active species in promoting neurite outgrowth.

SCG neurons incubated with 0.2 nm proNGFhis for 24 h
showed 32 * 8% dead cells by Hoechst staining (confirmed by
the TdT-mediated dUTP nick-end labeling assay (data not
shown)), which was not significantly different from 0.2 nm 2.5S
NGF showing 27 = 6% dead cells (p > 0.05, Student’s ¢ test)
(Fig. 1F). Therefore proNGFhis, like proNGF(R—1G) (32),
exhibits neurotrophic activity, and structural differences
between proNGFhis and proNGF(R—1G) are not responsible
for their differing activities in vitro.

ProNGF123 also induced neurite outgrowth (Fig. 24), which
was comparable to mature NGF (Fig. 2B), whereas cells in the
absence of neurotrophic support failed to survive (Fig. 2C).
At the same concentrations, the effects on neurite outgrowth
and neuronal survival were comparable for proNGFhis,
proNGF123, and 2.5S NGF (Fig. 2D).
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Both Purified and Unpurified ProNGF Promote TrkA-MAPK
Phosphorylation—ProNGFhis expressed in insect cells (unpu-
rified and purified) promoted both TrkA and MAPK phospho-
rylation of PC12 cells without changing the levels of total TrkA
or total MAPK (Fig. 34). The EC,, for TrkA activation was 0.2
nM (log EC,, = —0.6 = 0.07), 0.6 nm (log EC,, = —0.2 £ 0.2),
and 0.7 nm (log EC;, = —0.16 * 0.2) for WT-NGF, purified
proNGFhis, and unpurified proNGFhis, respectively (Fig. 3B).
For MAPK activation, the EC;,was 0.08 nm (log EC,, = —1.1 =
0.1), 0.4 nm (log EC,, = —0.4 = 0.2), and 0.1 nm (log EC,, =
—0.87 £ 0.05) for WT-NGF, purified proNGF, and unpurified
proNGF, respectively (Fig. 3C). As previously reported (32),
proNGF was less active than mature NGF for both TrkA and
MAPK activation.

44KkDa
42kDa

44kDa
42kDa

Blocking

antibody \+ - O "

WT-NGF proNGFhis

FIGURE 4. A blocking antibody specific for proNGF prevents MAPK acti-
vation. There was a 36% reduction in MAPK phosphorylation when cleavage-
resistant proNGF was blocked with an antibody specific for proNGF (lane 3)
compared with proNGF without antibody (lane 4). Cleavable material (WT-
NGF) expressed in insect cells was completely converted to mature NGF
according to our Western blots. Therefore, as expected, we saw no change in
the activity of this protein before and after treating with proNGF blocking
antibody. There was no difference in the activity of WT-NGF in the presence
(lane 1) or absence (lane 2) of proNGF antibody. There was no change in total
MAPK with any treatment.

Intracellular Cleavage of ProNGF Is Not Required to Activate
MAPK  Phosphorylation—No extracellular cleavage was
detected for proNGFhis after the MAPK assay (data not
shown). Blocking proNGF using an antibody specific for
proNGF reduced proNGF-induced MAPK phosphorylation
(Fig. 4), confirming the role of unprocessed proNGF in the
assay. The proNGF antibody did not block MAPK activation
induced by mature NGF (WT-NGF expressed in insect cells,
which was all processed to the mature form).

It has been reported that proNGF requires intracellular pro-
teolysis to activate TrkA (37). Therefore, we carried out a
MAPK activation assay in the presence of the cell-permeable
furin inhibitor, Dec-RVKR-CMK. There was no reduction in
the ability of either cleavage-resistant proNGFhis or cleavable
WT-NGFhis to activate the MAPK signaling pathway in the
presence of a furin inhibitor (Fig. 54). In fact, prevention of
cleavage by the furin inhibitor caused a slight increase in WT-
NGF-induced MAPK phosphorylation. Therefore, cleavage of
proNGF is not required for MAPK activation.

To demonstrate the effectiveness of the furin inhibitor, we
exposed cells to WT-NGFhis (cleavable proNGFhis) for 1 h as
described by Boutilier et al. (37). This is a longer time period
than usual for this assay and is sufficient to allow proNGF
uptake and cleavage. In this case, the furin inhibitor reduced
cleavage of WT-NGFhis in cell lysates (Fig. 5C) and decreased
cleavable WT-NGFhis-induced MAPK activation while having
no effect on cleavage-resistant proNGFhis-induced activation
(Fig. 5B). Even after 1 h incubation, cleavage-resistant
proNGFhis activation of MAPK was not reduced by the furin
inhibitor, further confirming that intracellular cleavage of
proNGF is not required for MAPK activation.

ProNGFs from Different Expression Systems Are Neurotrophic—
Western blotting shows dose-dependent activation of MAPK
by proNGFhis expressed in mammalian cells, with no change in

Baculovirus  proNGFhis WT-NGFhis
A Baculovirus proNGFhis ~ WT-NGFhis B. condit.ioned (0.15nM) (0.15nM)
’ conditioned (0.2nM) (0.2nM) me(&um R R
medium A N 7 N " r N Ve N
p-MAPK L — — — —  44KDa p-MAPK — — — e J4kDa
| —— — _— -_ 42kDa — 42kDa
— e C— S— — 14kDa
Total MAPK — A W W e (L Da  Total MAPK s S :;g:
.+ - + - +
H FI: - + - + - +
C. WT-NGFhis

Mature 13kDa
NGF

FI: -

+

FIGURE 5. Intracellular cleavage of proNGF is not required for MAPK phosphorylation. PC12 cells were incubated with 50 um furin inhibitor (F/) 1 h before
treating them with either cleavage-resistant proNGF or WT-NGF as described under “Experimental Procedures.” Controls were treated similarly but without
furininhibitor. Cells were treated with proNGFhis or WT-NGFhis for 5 min (A) or 1 h (B) before harvesting and Western blotting for p-MAPK and MAPK. C, Western
blotting for NGF showed less processing of cleavable WT-NGF to mature NGF in cells treated with Fl than in cells not treated with FI.
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A. B.
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FIGURE 6. ProNGFhis expressed in mammalian cells induces MAPK phos-
phorylation. PC12 cells were treated as described under “Experimental Pro-
cedures” with proNGFhis or WT-NGFhis expressed in HEK-293 cells. A, West-
ern blotting for phosphorylated MAPK and total MAPK. B, proNGFhis remains
unprocessed after the MAPK assay.
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FIGURE 7. ProNGF expressed in E. coli activates the TrkA-MAPK pathway.
PC12 cells were treated as described under “Experimental Procedures” with
proNGFE expressed in bacteria or 2.55S NGF purified from mouse submandib-
ular glands. A, representative Western blot showing proNGFE induces TrkA
and MAPK phosphorylation, whereas total TrkA and MAPK remain
unchanged. B, TrkA phosphorylation: R? = 0.8 and 0.9 for proNGFE and 2.5S
NGF, respectively. C, MAPK activation: R? = 0.9 for both proNGFE and 2.55
NGF. Results were obtained from three independent experiments. Error bars
represent mean * S.E. D, Coomassie Blue staining for proNGFE before the
assay. E, proNGFE was intact after the TrkA-MAPK activation assay.

the level of total MAPK (Fig. 6A). This activation by proNGFhis
is ~2 times less than WT-NGFhis expressed in mammalian
cells, as determined by densitometry (data not shown). No
cleavage was detected for proNGFhis after the assay (Fig. 6B).
ProNGFE, human recombinant proNGF expressed in E. coli,
showed the same relative TrkA-MAPK activation activity com-
pared with mature NGF (Fig. 7A) as for proNGF(R—1G) and
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proNGFhis expressed in either insect or mammalian cells. For
TrkA activation, the EC, was 7.4 nm (log EC,, = 0.87 = 0.16)
for 2.5S NGF and 17.3 nm (log EC,, = 1.2 = 0.13) for proNGFE
(Fig. 7B). The EC,, for MAPK activation was 4.3 nm (log EC, =
0.6 = 0.2) and 8.9 nm (log EC, = 0.95 = 0.13) for 2.5S NGF and
proNGFE, respectively (Fig. 7C). Coomassie Blue staining for
proNGFE before the assay confirmed its purity (Fig. 7D), and a
Western blot on the material after the TrkA-MAPK assay
showed no cleavage during the assay (Fig. 7E).

ProNGF Is Neurotrophic after NGF Withdrawal from Primed
PCI12 Cells—It has been shown that PC12 cells primed with
NGF undergo apoptosis upon NGF withdrawal (38). Here we
show that both proNGFhis and proNGF(R—1G) (Fig. 8, A and
B) rescued primed PC12 cells after NGF withdrawal with activ-
ity that was comparable to WT-NGF (Fig. 8C). Significant apo-
ptosis was observed in cells treated with baculovirus-infected
insect cell-conditioned medium alone (Fig. 8, D and E).

ProNGF Is Apoptotic for Unprimed PC12 Cells after Serum
Deprivation—Unprimed PC12 cells are dependent on serum
for survival and undergo apoptosis when serum is removed. It
has been shown that NGF rescues PC12 cells after serum
removal (36). Here we found that proNGFhis induced more
apoptosis (1.7-fold) in PC12 cells deprived of serum than
medium alone (Fig. 9, A-D), whereas NGF rescued the cells
from death.

The Ratio of TrkA to p75N"® Determines the Biological Activ-
ity of ProNGF—The ratio of TrkA to p75™"® plays an important
role in activating different signaling pathways triggered by NGF
(39—-41). We hypothesized that the TrkA/p75™"® ratio may
have a similar role in activating different pathways (neurotro-
phic versus apoptotic) triggered by proNGF. Interestingly, we
observed that the ratio of TrkA to p75™ " was much higher in
primed PC12 cells (TrkA/p75N™™ = 2.4) compared with
unprimed PC12 cells (TrkA/p75N"™ = 0.6). In primary SCG
neurons there was ample TrkA, but the level of p75™"® was
below the detection limit of the assay (Fig. 10). Thus, proNGF is
neurotrophic in SCG neurons and in primed PC12 cells (high
level of TrkA compared with p75N"®), whereas it is apoptotic in
the serum removal assay using unprimed PC12 cells (low level
of TrkA compared with p75~*%).

DISCUSSION

ProNGF levels, not NGF, increase in Alzheimer disease (21)
and correlate with cognitive deficits (42). However, the mech-
anism of increased proNGF and its role in Alzheimer neurode-
generation is unclear. An increase in proNGF levels in Alzhei-
mer disease may cause neuronal degeneration if proNGF is
apoptotic, or, if proNGF is neurotrophic, neurons may degen-
erate due to the lack of neurotrophic support when TrkA
decreases and retrograde transport of proNGF is disrupted.
Here, we have shown that proNGF is neurotrophic under most
conditions for SCG neurons and for primed PC12 cells. How-
ever, conditions leading to a lower ratio of TrkA to p75™"F%,
such as in unprimed PC12 cells following serum withdrawal,
lead to apoptotic activity of proNGF.

To determine the biological activity of proNGF and therefore
its role in cell survival and death, several labs have produced
recombinant proNGFs carrying mutations that hinder cleavage

VOLUME 284 -NUMBER 27+JULY 3, 2009



TrkA and p75"™® Levels Determine ProNGF Biological Activity

proNGFhis

proNGF(R-1G)

Baculovirus

conditioned medium

E. 12
1 .

% "

2 0.8

[~

g 06

o

g 04 .

D

& 02 *

L

0

Medium NGF proNGFhis proNGF
(R-1G)

FIGURE 8. ProNGF rescues primed PC12 cells after NGF withdrawal. PC12 cells were primed with 50
ng/ml of 2.55 NGF for 11 days. After removing NGF and serum, cells were treated with 0.4 nm proNGFhis (A),
proNGF(R—1G) (B), WT-NGF (C), or baculovirus-infected insect cell conditioned medium (D). After 48 h,
cells were fixed and stained with TUJ-1 antibody and subjected to Hoechst staining. In contrast to medium
alone, proNGFhis, proNGF(R—1G), and WT-NGF rescued cells from death after NGF withdrawal. Yellow
arrows show representative live cells and white arrows show representative dead cells. Both NGF and
proNGF reduced apoptosis compared with medium alone after NGF withdrawal (). *, p < 0.05 compared
to medium, one way analysis of variance followed by post hoc Tukey’s test. Error bars represent S.E.forn =

3 per group except proNGF(R—1G) with n = 2.

to the mature form. ProNGFs produced by the Fahnestock and
Dawbarn groups (32, 33, 43) exhibit neurotrophic activity,
whereas proNGFs produced by the Hempstead and Neet
groups (14, 30, 31) are apoptotic. Differences in the number of
amino acid substitutions, addition of a histidine tag, purifica-
tion methods, expression systems, and different methods of
bioassay all were postulated to elicit the opposite biological
activities (neurotrophic versus apoptotic) (20).

Structural Modifications, Purification, and Expression Sys-
tems Do Not Affect ProNGF Biological Activity—Amino acid
substitutions may disturb the ability of a molecule to bind to its
receptor (44), whereas the presence of polyhistidine COOH-
terminal extensions may modify the active site of a protein (45),
disturb protein structure (46, 47), or alter biochemical proper-
ties such as dimerization/oligomerization (48). Here we show
that proNGF carrying four amino acid substitutions and a

JULY 3, 2009+VOLUME 284 -NUMBER 27

COOH-terminal histidine tag (30),
carrying two amino acid substitu-
tions and no tag (33), or carrying six
amino acid substitutions and no tag
(31) promoted neurite outgrowth or
elicited TrkA and MAPK phospho-
rylation with activity similar to
proNGF(R—1G) with only one
amino acid substitution and no tag
(32). These results rule out the idea
that structural differences (amino
acid substitutions or histidine tags)
influence the biological activity of
recombinant proNGF.

Nickel column chromatography
can cause oxidation and promote
proteolysis, change protein proper-
ties, or cause protein aggregation
(46,47,49). Here we show that puri-
fication over a nickel column does
not alter the neurotrophic activity
of proNGF.

Previously, proNGF with apop-
totic activity was expressed in
mammalian HEK-293 cells (30).
We show here that cleavage-resis-
tant proNGF expressed in E. coli,
HEK 293, or insect cells elicited
similar TrkA-MAPK phosphoryl-
ation activity. We demonstrate
that proNGF can exhibit neuro-
trophic activity no matter in which
expression system it is produced.
Because some of these proNGFs
are purified after expression, it is
unlikely that other neurotrophins
or chaperones from the expression
systems could be responsible for
neurotrophic activity.

Intracellular Cleavage Is Not
Required for ProNGF Neurotrophic
Activity—Here we have shown that
cleavage of proNGF is not required for its neurotrophic activity.
The ability of cleavage-resistant proNGF to activate MAPK
phosphorylation remains unchanged when a furin inhibitor is
used to prevent cleavage. Furthermore, a blocking antibody
specific for proNGF reduced the MAPK phosphorylation activ-
ity of proNGF, whereas there was no change in the activity of
NGF for activation of MAPK, confirming the role of unproc-
essed proNGF in the assay. Thus, the activation of MAPK that
occurs within 5-10 min (32, 43) is attributable to proNGF activ-
ity, whereas proNGF processed to mature NGF is likely respon-
sible for the activity detectable with longer incubations (1 h
(37)). How NGF triggers phosphorylation of MAPK from inside
the cell is unclear, although it is possible that during long incu-
bations, proNGF is internalized, processed, and then secreted
prior to TrkA-MAPK activation, as described by Althaus and
Kloppner (43).
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FIGURE 9. ProNGF induces cell death in unprimed PC12 cells after serum removal. Unprimed PC12 cells cultured as described under “Experimental
Procedures” were treated with 0.4 nm of either WT-NGF (A) or proNGFhis (B) in serum-free medium and stained with TUJ-1 antibody and Hoechst after 48 h
treatment. There were more dead cells in cultures treated with proNGFhis (B) compared with WT-NGF (A) and medium alone (C). ProNGFhis induced more
apoptosis compared with NGF and medium alone (D). Yellow arrows show representative live cells, and white arrows show representative dead cells. *, p < 0.05,
one way analysis of variance followed by post hoc Tukey's test. Error bars represent S.E. for n = 3 per group.
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FIGURE 10. The ratio of TrkA to p75N™® differs in unprimed PC12 cells
versus SCG and primed PC12 cells. PC12 cells, primed or unprimed, and
dissociated SCG neurons were cultured as described under “Experimental
Procedures,” and lysates were subjected to Western blotting to determine
relative levels of TrkA and p75N™®. The TrkA/p75N™ ratio was 0.6 in unprimed
PC12 cells compared with 2.4 in primed PC12 cells. There was ample TrkA in
SCG neurons, whereas the level of p75N™® was below the detection limit of the
assay.

Apoptotic Activity of ProNGF Depends on the TrkA/p75™ ™R
Ratio—ProNGF exhibits neurotrophic activity for primary
SCG neurons and for primed PC12 cells (32). However, in
unprimed PC12 cells deprived of serum (31, 36) we found that
proNGF promoted apoptosis. Interestingly, there was a lower
ratio of TrkA to p75™"® in unprimed PC12 cells compared with
primed PC12 cells or naive SCG neurons. This suggests that
previous demonstrations of proNGF with apoptotic activity
were carried out in cells grown under conditions favoring low
TrkA and/or high p75™™® levels. In favor of this hypothesis,
apoptotic activity of proNGF has been shown in unprimed
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PC12 cells or PC12 cells with low levels of TrkA (PC12nnr cells)
(31), corticospinal neurons and oligodendrocytes expressing
little or no TrkA (50, 51), and in corticospinal and hippocampal
neurons expressing increased levels of p75™"® following injury
(51, 52).

It has been shown that the ratio of TrkA to p75™"® is one of
the factors that can determine the signaling pathway (death or
survival) induced by NGF (39-41). Furthermore, because
proNGF has greater affinity than NGF for p75™"® (14, 30), it is
not surprising that proNGF induces greater apoptosis than
NGF when p75™"® levels are high compared with TrkA. Thus,
we conclude that the ratio of TrkA to p75™"® plays a role in
determining the signaling pathway induced by proNGF, and
therefore its biological activity. In vivo, increased proNGF pro-
motes apoptotic activity in cases of injury where p75™"® is pres-
ent or up-regulated (50 —52), whereas overexpressed proNGF is
neurotrophic in the uninjured animal with normal complement
of TrkA to p75™*® (53). We have shown here that the ratio of
TrkA to p75N™ is crucial for proNGF activity. We therefore
propose that in Alzheimer disease, neurons initially degenerate
due to lack of proNGF neurotrophic support, and that they later
undergo proNGF-induced apoptosis as TrkA is lost.

In summary, we have shown that the biological activity of
proNGF is not altered by amino acid substitutions, carboxyl-
terminal tag, the expression system, or the purification system.
However, different bioassay conditions may modulate the ratio
of TrkA to p75""®, resulting in neurotrophic or apoptotic
activity of proNGF. Thus, assay conditions, injury, or disease
may reduce levels of TrkA compared with p75~"® receptors,
altering the balance of proNGEF-induced signaling to favor
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apoptosis. We conclude that relative levels of TrkA to p75™"®
receptors determine whether proNGF exhibits neurotrophic or
apoptotic activity.
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