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Proper, graded communication between different cell types is
essential for normal development and function. In the nervous
system, heart, and for some cancer cells, part of this communi-
cation requires signaling by soluble and membrane-bound fac-
tors produced by the NRG1 gene. We have previously shown
that glial-derived neurotrophic factors activate a rapid, local-
ized release of soluble neuregulin from neuronal axons that can,
in turn promote proper axoglial development (Esper, R. M., and
Loeb, J. A. (2004) J. Neurosci. 24,6218 — 6227). Here we elucidate
the mechanism of this localized, regulated release by implicat-
ing the delta isoform of protein kinase C (PKC). Blocking the
PKC delta isoform with either rottlerin, a selective antagonist,
or small interference RNA blocks the regulated release of neu-
regulin from both transfected cells and primary neuronal cul-
tures. PKC activation also leads to the rapid phosphorylation of
the pro-NRG1 cytoplasmic tail on serine residues adjacent to the
membrane-spanning segment, that, when mutated markedly
reduce the rate of NRG1 activity release. These findings impli-
cate this specific PKC isoform as an important factor for the
cleavage and neurotrophin-regulated release of soluble NRG1
forms that have important effects in nervous system develop-
ment and disease.

The neuregulins (NRGs)? are a family of growth and differ-
entiation factors with a broad range of functions during devel-
opment and in the adult. NRGs are necessary for glial and car-
diac development and participate in a wide range of biologic
processes ranging from proper formation of peripheral nerves
and the neuromuscular junction to tumor growth (2-9). The
NRGs have also been implicated as both potential mediators
and therapeutic targets for a number of human diseases includ-
ing cancer, schizophrenia, and multiple sclerosis (10-12).
NRGs function as mediators of cell-to-cell communication
through a multitude of alternatively spliced isoforms arising
from at least four distinct genes that bind to and activate mem-
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bers of the epidermal growth factor receptor family HER-2/3/4
(ErbB-2/3/4) (13-19).

Although all known isoforms of the NRGI gene have an epi-
dermal growth factor-like domain sufficient to bind to and acti-
vate its receptors (20), products of this gene are divided into
three classes based on structurally and functionally different
N-terminal regions (21) The type I and II forms have a unique
N-terminal, heparin-binding Ig-like domain (22-26). This Ig-
like domain potentiates the biological activities of soluble
NRG1 forms and leads to their highly selective tissue distribu-
tions through its affinity for specific cell-surface heparan sul-
fates (12, 20, 27, 28). These forms are first expressed as trans-
membrane precursors (pro-NRG1) that undergo proteolytic
cleavage to release their soluble ectodomains. The type III
NRG1 forms, on the other hand, are not typically released from
cells, because their N-terminal domain consists of a cysteine-
rich domain that can serve as a membrane tether making this
form ideal for juxtacrine signaling. This form has been strongly
implicated to be important peripheral nerve myelination
(29-31).

While many of the biological functions of type I/II NRG1
forms are less clear, their ability to be released from axons in the
peripheral and central nervous systems in a regulated manner
provides the potential for long range cell-cell communication
not possible from membrane-bound forms. Studies examining
the regulation of type INRGL release from neuronal axons have
implicated protein kinase C (PKC) as a mediator of NRG1
release from pro-NRG1 in transfected cell lines (32). Subse-
quent studies in intact neurons found that PKC activation was
sufficient to release NRG1 from sensory and motor neuron
axons and that NRG1 could also be released by Schwann cell-
derived neurotrophic factors, such as BDNF and GDNF (1).
Recently, the 3-secretase protease BACE1 has been suggested
to cleave these NRG1 forms so that when it is knocked out in
mice, deficits similar to those seen in NRG1 knockouts are seen
(33, 34). These findings suggest that reciprocal communication
between NRG1s and neurotrophins could be an important
mechanisms for local axoglial communication that is critical for
normal peripheral nerve development. Consistently, PKC has
been implicated as a key mediator for the electrically mediated
release of NRG1 from cultured cerebellar granule cells and pon-
tine nucleus neurons (35).

The PKC family consists of 10 serine/threonine kinases iso-
forms (o, BL, BIL v, 8, € ¢ 0, A, and m) each with a unique
cellular distribution, target specificity, mechanism of activa-
tion, and function (36). One of these functions promotes the
cleavage and release of soluble signaling proteins that are ini-
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tially synthesized as membrane-spanning precursors. In addi-
tion to NRGI, other proteins released upon PKC activation
include epidermal growth factor, transforming growth fac-
tor-«, amyloid precursor protein, L-selectin, and interleukins
(1, 37-43). We hypothesize that neurotrophic factors induce
the cleavage and release of NRG1 from pro-NRG1 through PKC
activation. This hypothesis seems reasonable, because neuro-
trophin binding to the Trk family of neurotrophin receptor
tyrosine kinases, but not the low affinity neurotrophin receptor
p75 (44), activates phospholipase Cy-mediated conversion of
membrane-bound phosphatidylinositol bisphosphate to inosi-
tol triphosphate and diacylglycerol, which in turn, can activate
PKC (45-48). Although this can be achieved using phorbol
12-myristate 13-acetate (PMA), a diacylglycerol analog suffi-
cient to activate most PKC isozymes (48), the exact PKC iso-
form and mechanism by which this occurs is not known. Here,
we demonstrate NRGL1 is released from cells through direct
activation of the PKCé isoform using siRNA and PKC isoform-
specific inhibitors in transfected Chinese hamster ovary (CHO)
cells, PC12, and primary neuronal cultures. We further demon-
strate that PKC activation induces rapid phosphorylation of the
cytoplasmic tail of pro-NRG1 on specific serine residues that
are required for efficient NRG1 activity release. These findings
provide mechanistic insights into how highly localized, recip-
rocal signaling occurs along neuronal axons, which has impor-
tant implications for normal development and disease.

EXPERIMENTAL PROCEDURES

Neuron Cultures, Stable NRGI1-expressing Cell Lines, and
Transient Transfection—Sensory neurons were cultured from
E12 chicken dorsal root ganglia as previously described in serum-
free media (L15, penicillin/streptomycin, 0.6% glucose, 2 mm glu-
tamine, 0.06% NaHCO;) supplemented with N2, B27, and 10
ng/ml NGF (Invitrogen) (1, 49). The cultures were treated with
1.75 mm Ara-C (Sigma) on alternate days (24 h on, 24 h off, 24 h on,
then 24 h off) to remove contaminating fibroblasts and glia.
PC12"™*P cells were a generous gift from Dr. Moses Chao. This rat
pheochromocytoma cell line expresses both the NGF receptor
(TrkA) and the BDNF receptor (TrkB), but no detectable endoge-
nous neuregulin, and can be induced to differentiate into neuron-
like cells with neurotrophic factor stimulation.

Stably-transfected CHO cell lines were prepared using the
Flp-In system CHO™®" cell line from Invitrogen (Carlsbad,
CA). The gene encoding chicken pro-NRG1 was amplified by
PCR from pCDNAI/A12.7 to introduce flanking restriction
sites and cloned into the multiple cloning site of the
pCDNAS5/FRT vector (Invitrogen). The new pro-NRG1 vec-
tor was then co-transfected with the Flip Recombinase vector
(pOG44) into the CHO™ T cells to create stable pro-NRG1-
expressing fibroblast cell lines, which were selected with 400
pg/ml hygromycin, according to the manufacturer’s instruc-
tions. The pro-NRG1 vectors were transiently transfected into
PC12"™ cells using Lipofectamine/PLUS (Invitrogen).

Measurement of NRGI1 Activity Release from Cultured
Neurons—NRG]1 activity released from cells was measured
with a sensitive and highly specific biological assay as previously
described (1). In brief, L6 myoblasts were plated into 48-well
plates (Corning Costar), incubated at 37 °C, and allowed to fuse
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and differentiate for 7—8 days. The L6 culture media was
removed and replaced with the test sample, and the cells were
incubated for 45 min at 37 °C, after which the cells were placed
on ice and lysed. Following immunoprecipitation with erbB2
and erbB3 antibodies (Neomarkers), proteins were resolved on
a 6% reducing acrylamide gel and transferred to a polyvinyli-
dene difluoride membrane. Western blots were performed
using an antibody against phosphotyrosine (pY, 4G10) as
described previously (28) and then stripped and re-probed with
a mixture of the erbB2 and erbB3 antibodies to measure the
total amount of erbB protein present in each lysate. Specificity
has been shown by blocking this activity with NRG antibodies,
heparin, and a soluble NRG1 antagonist. Band intensity was
quantified on a flatbed scanner with a transparency adapter
using Metamorph image analysis software as previously
described (28). The calculated ratio of tyrosine-phosphorylated
erbB protein to total erbB protein provides a quantitative linear
measurement of NRG1 concentration.

Neurotrophic Factors, Antibodies, Antagonists, and PKC
Inhibitors—Recombinant NGF was purchased from Invitro-
gen, and recombinant human BDNF was a gift from Regeneron.
Recombinant NRGB1-(1-246) was from Amgen. Antibodies
specific for pro-NRG1 (sc348), PKC5 (sc937), and erbB (sc284
and sc285) were from Santa Cruz Biotechnology (Santa Cruz,
CA), and the B-actin antibody (AC-15) was from Sigma. A sec-
ond anti-NRG1 antibody that recognizes the truncated cyto-
plasmic tail of the c isoform, 1310, was provided by Amgen (27).
Additional erbB antibodies were from Neomarkers (Fremont,
CA). For Western blots, each antibody was used at 1:5000 dilu-
tion, and the pro-NRG1 antibody was used at 1:100 for immu-
noprecipitation. Rottlerin and PMA were from Sigma. Go6976
and GF109203X (bisindolylmaleimide I) were from Calbio-
chem. Multiple PKC6 siRNAs and non-silencing control siRNA
were from Qiagen (Valencia, CA) and designed by Internet-
based software provided by Qiagen.

To knockdown the delta (8) isoform of PKC, 2.5 ug of siRNA
was transfected into CHO or PC12 cell lines, or primary
chicken dorsal root ganglia sensory neurons (in 12-well plates
at 4.0 X 10° cells/well) with 5 ul of Lipofectamine2000 (Invitro-
gen). The cells were incubated for 4 days, which was required
for complete protein knockdown as assessed by Western blot of
cell lysates.

[?*P]Phosphate Labeling of Pro-NRGI and TLC—[*?P]-
orthophosphate (H,PO,) was purchased from MP Biomedicals
(formerly ICN, Irvine, CA), and used for in vitro phosphopro-
tein labeling as described (50). Briefly, CHO fibroblasts express-
ing pro-NRG1 were plated in 12-well plates (Costar) at a density
of 1.25 X 10° cells/dish and allowed to grow overnight. The
next day, the media was changed, and the cells were washed
three times in 1 ml of phosphate-free DMEM, and incubated in
phosphate-free DMEM for 1 h at 37 °C. The cells were washed
twice in phosphate-free DMEM, and incubated with 250
wCi/ml [**Plorthophosphate in 500 ul of phosphate-free
DMEM for 2 h at 37 °C. Some cells were treated with 12.5 um
rottlerin for 15 min prior to PMA treatment. PMA (10 nm) was
added to the cells for variable periods of time before placing the
cells on ice. The radioactive media was removed and discarded,
and the cells were washed in 1 ml of ice-cold DMEM, lysed in 1
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ml of ice-cold radioimmune precipitation assay buffer (1%
Nonidet P-40, 0.5% sodium deoxycholic acid, 0.1% SDS, 0.15 M
NaCl, 0.05 m Tris, 0.05 M EDTA, 5 ug/ml leupeptin, 1 pg/ml
pepstatin, and 10 mm sodium o-vanadate), and immunoprecipi-
tated overnight with the pro-NRG1 antibody (sc348) at 1:100
dilution with Protein-A-Sepharose beads (Sigma). The immu-
noprecipitated proteins were resolved by 10% SDS-PAGE and
transferred to a polyvinylidene difluoride membrane, which
was then exposed to Kodak XAR-5 film at —80 °C with an
enhancer screen. Parallel wild-type and pro-NRG1-expressing
CHO cell cultures were lysed in 2X dithiothreitol sample buffer
and run on the same gel without immunoprecipitation to serve
as controls. A Western blot was performed by probing the
membrane with the pro-NRG1 antibody (sc348) to confirm the
identity of the >*P-incorporated protein bands. This antibody is
directed against the C-terminal region of pro-NRG1 and
detects both pro-NRG1 and cleaved tail fragments.

TLC for phosphoamino acid analysis was performed
essentially as described (50). Specifically, protein bands cor-
responding to the pro-NRG1 precursor and the proteolytic
tail fragments were excised from the membrane and hydrolyzed
with 6 N HCl at 110 °C for 1 h, and concentrated in a SpeedVac
to near dryness. Samples were reconstituted to 10 ul in pH 1.9
TLC buffer (25:87:897 formic acid, glacial acetic acid, water)
and separated on 100-um cellulose TLC plates (Fisher, Pitts-
burgh, PA) with non-radioactive phosphoamino acid standards
(Sigma) in PAA Buffer (75:50:15:60 n-butanol, pyridine, glacial
acetic acid, water), followed by amine staining with ninhydrin
(Fisher). TLC plates were then exposed to Kodak XAR-5 film at
—80 °C with enhancer screens.

Site-directed Mutagenesis and Assay of Pro-NRG Cleavage—
Specific serine residues of the pro-NRG1c cytoplasmic tail were
mutated to alanine using the QuikChange site-directed mutagen-
esis kit from Stratagene (La Jolla, CA), per the manufacturer’s
instructions. PCR primers for the specific regions to be mutated
were designed using the Stratagene Codon Replacement strategy.
After PCR amplification of the mutated pro-NRG DNA se-
quences, they were inserted into the pCDNAS5/FRT vector
(Invitrogen) and sequenced for verification. The new pro-NRG1
vectors were then co-transfected with the Flip Recombinase vec-
tor (pOG44) into the CHO™®T cells to create stable pro-NRG1-
expressing fibroblast cell lines, which were selected with 400
pg/ml hygromycin, according to the manufacturer’s instructions.
Additional site-specific mutant pro-NRGf1c sequences in the
pCDNA/ERT vector were purchased from Genscript (Piscataway,
NJ) and co-transfected with the Flip Recombinase vector to create
stable CHO™®" cell lines.

The pro-NRG1-expressing CHO cells were plated into
12-well plates and treated with 10 nm PMA for increasing
amounts of time. The cells were placed on ice and lysed. Cell
lysates were separated on a 10% polyacrylamide gel. Western
blot of the resulting membranes was done with the 1310 anti-
body, specific for the pro-NRG cytoplasmic tail.

RESULTS
PKC Activation with PMA Promotes Rapid Pro-NRG1 Cleav-

age and Release of NRG1 Activity— Activation of PKC with the
phorbol ester, PMA, causes the release of NRG1 activity from
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FIGURE 1. PKC activation promotes pro-NRG1 cleavage and release of
NRG1 activity. A, CHO fibroblasts stably transfected with pro-NRGB1a were
treated with increasing concentrations of PMA for 10 min, and NRG1 activity
released was approximated by erbB phosphorylation in L6 myotubes. 10 nm
PMA stimulated approximately half-maximal amounts of NRG1lactivity
release. B, stably transfected CHO cells expressing pro-NRGS1a were treated
with 10 nm PMA for increasing periods of time. Total cell lysates were col-
lected, and pro-NRG1 and cytoplasmic tail fragments (CT) were detected by
Western blot analysis (sc348). CT fragments were detected within 30 s of PKC
activation. On Western blots, pro-NRG1 appeared as two distinct bands, due
to variable N-linked glycosylation of the ectodomain. NRG1 activity release
was measured by erbB phosphorylation. C, quantitation of the relative
amounts of each protein band in the NRG1 Western blot indicated that the CT
fragments appeared within 30 s of PKC activation, rose sharply, and reached a
plateau (solid line, circles). Within 2 min of PKC activation, there was a dramatic
(~75%) reduction in the amount of the upper pro-NRG1 band (dotted line,
triangles) as the amount of released NRG1 activity increased in parallel
(dashed line, diamonds). The entire process appears to be completed by 15-20
min after PMA addition.
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FIGURE 2. PKC4 is necessary for NRG1 activity release from CHO cells. A, CHO cells transfected with pro-NRGB1a were treated with increasing concentra-
tions of various PKC inhibitors before treatment with 10 nm PMA. X indicates the half-maximal inhibitory concentration reported in the literature for each
inhibitor. After 10 min of PMA stimulation, NRG1 activity release was measured by erbB phosphorylation in L6 myotubes and quantified in the graph below the
gel. Only the PKCé antagonist, rottlerin, was able to inhibit NRG1 activity release. B, following 10 nm PMA for 15 min with or without pre-treatment with 12.5 um
rottlerin, a Western blot of the cell lysate (sc348) revealed that rottlerin completely blocked the cleavage of pro-NRG1 and accumulation of the cytoplasmic tail
fragment following PKC activation. C, CHO-pro-NRGf1a cells were treated with either non-silencing control siRNA, siRNA against PKCS, or 12.5 uMm rottlerin
before treatment with 10 nm PMA. siRNA knockdown was determined by collecting total cell lysate and performing a Western blot against PKC3. The
membrane was reprobed for B-actin to determine equal protein loading. NRG1 activity release from these cells was measured by erbB phosphorylation in L6
myotubes and quantified in the graph below. PKC3 siRNA and rottlerin both inhibited PMA-stimulated NRG1 activity release in this and replicate experiments.

neurons and transfected cells (1, 32). To determine the optimal
concentration of PMA to promote NRG1 activity release from
the Type I (Bla) chicken pro-NRG1 precursor, stably trans-
fected CHO cells treated with increasing concentrations of
PMA, and released NRGI1 activity was measured with a sensi-
tive and specific biological assay measuring phosphorylation of
erbB receptors in cultured myotubes (Fig. 14). This quantita-
tive bioassay was used instead of Western blotting due to the
absence of sufficiently sensitive and specific antibodies for sol-
uble NRG1 (1). Increasing amounts of NRG1 activity were
released from these cells in response to increasing concentra-
tions of PMA, with a maximal level achieved at 1 uM. 10 nm
PMA was determined to be approximately half-maximal to
promote NRG1 activity release from these cells.

The kinetics of PKC-mediated NRG1 activity release was
determined using 10 nm PMA (Fig. 1, B and C). The amount of
pro-NRG1 and its cleavage products were determined by West-
ern blot of total cell lysates using an antibody against the cyto-
plasmic tail of pro-NRG1. pro-NRG1 appears as two distinct
bands on Western blots due to variable N-linked glycosylation
of the extracellular domain (51). Within 30 s of PKC activation,
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pro-NRGI cytoplasmic tail fragments (CT) begin to appear and
reach a maximum concentration by 5 min after PKC activation
before decreasing to an approximately half-maximal steady
level (Fig. 1C). This observation correlated with the disappear-
ance of mature (upper/higher glycosylated) pro-NRG1 from
the cells and the appearance of soluble NRG1 activity in the
culture media, as detected by erbB receptor phosphorylation in
L6 myotubes. Thus, PKC activation was sufficient to promote
the cleavage of pro-NRGI1 and subsequent release of soluble
NRG1 activity in a process that is rapid and saturable.

PKCé Is Necessary for Pro-NRG1 Cleavage and Release of Sol-
uble NRG1 Activity from CHO Fibroblasts—To determine the
specific isoform of PKC responsible for pro-NRG1 cleavage and
release, we tested a series of isoform-specific PKC antagonists,
because PMA activates all isoforms of PKC. GF109203X (bisin-
dolylmaleimideI) is a broad spectrum antagonist with strongest
activity against the «, B, BI1, v, and €, but not 6 forms, whereas
Go06976 is more specific against the «, BI, and BII forms (52).
Rottlerin is a selective antagonist for the & isoform (53-55). In
dose-response studies with each of these PKC inhibitors only
rottlerin blocked PMA-stimulated NRG1 activity release from

S
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FIGURE 3.The & isoform of PKCis necessary for the neurotrophin-mediated release of NRG1 from neurons. A, primary cultures of chick dorsal root ganglia
sensory neurons were treated with 100 ng/ml NGF in the absence or presence of PKC& inhibition with either siRNA knockdown (for 4 days) or rottlerin. PKC
inhibition significantly reduced the neurotrophin-stimulated release of endogenous NRG1 (error bars represent =S.E. from triplicates; * = p < 0.01 Student'’s
ttest). Band C, PC12™™E cells expressing pro-NRGB1a were transfected with siRNA against PKC8 and incubated for 4 days for complete knockdown. Parallel
non-transfected cells were treated with 12.5 um rottlerin for 30 min, and the cells were exposed to either 10 nm PMA (B) or 100 ng/ml BDNF (C). Culture media
was assayed for release of soluble NRG1, and Western blots of CHO cell lysate showed specific knockdown of PKC8. Inhibition of PKC8 with siRNA or rottlerin
significantly reduced NRGT1 activity release from cells after PKC activation with PMA or stimulation with BDNF (error bars represent £S.E. from triplicates; * = p <

0.01 Student’s t test comparing of these individually with the NGF alone control).

transfected fibroblasts, demonstrating a potentially specific
role for PKCé in the release of NRG1 (Fig. 24). When CHO
cells expressing pro-NRG1 were pre-treated with the PKC5
antagonist, rottlerin, stimulation with PMA failed to pro-
mote pro-NRGI cleavage as shown by Western blot in Fig.
2B. Although there are loading differences, this clearly shows
a significantly reduced ratio of the cleaved cytoplasmic tail,
which we have repeated in three other experiments (not
shown). Consistently, the more heavily glycosylated upper
pro-NRG1 band is only minimally reduced with the antago-
nist (ratio of 0.5 to 0.4, with the antagonist). This strongly
suggests that the 6 isoform of PKC works in part through
promoting the pro-NRG1 cleavage event, which is a prereq-
uisite for the release of soluble NRG1. As a complementary
approach to using pharmacological inhibitors, we asked
whether three distinct siRNAs against PKC8 would have a
similar effect on pro-NRG1 cleavage and release. Each of
these siRNAs that was first shown to effectively reduce the lev-
els of PKC8 by Western blotting markedly reduced NRG1 activ-
ity release from transfected CHO cells following PKC activation
(data shown only for one of these siRNAs) (Fig. 2C). Thus, using
a combination of pharmacologic and genetic approaches, we
demonstrate that the 6 isoform of PKC is necessary for the
release of NRG1 activity by PMA.
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PKC3 Is Necessary for NRGI Activity Release from Neurons
and PC12 Cells in Response to Neurotrophins—Because neuro-
trophins promote NRG1 activity release from axons as well as
activate PKC through Trk receptors (44, 56, 57), we asked
whether PKC3 is required for NRG1 activity release after NGF
stimulation of primary dorsal root ganglia sensory neurons (Fig.
3A). Using the same PKC3 siRNAs and pharmacologic inhibi-
tors, we found that only inhibition of the & isoform of PKC
effectively reduced the amount of soluble NRG1 activity
released after PKC activation with NGF. Similarly, PKCé activ-
ity is necessary for the release of NRG1 from PC12"™® cells that
express both pro-NRG1 and the BDNF receptor, trkB, either
after stimulation with PMA (Fig. 3B) or BDNF (Fig. 3C), as
documented by a significant reduction of NRG1 activity release
after inhibition of PKCd with either siRNA or rottlerin, but not
with inhibition of other isoforms of PKC (data not shown), nor
by the neurotrophic factors by themselves (1). Taken together,
these data strongly suggest that neurotrophins promote the
rapid release of NRG1 from neurons through a mechanism that
requires the 8 isoform of PKC.

Specific Serine Residues on the Cytoplasmic Tail of Pro-NRG1
Are Phosphorylated and Required for Efficient NRG1 Activity
Release—The exact mechanism of how PKC activation leads to
rapid cleavage and release of NRG1 from pro-NRG1 is not
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FIGURE 4. PKC activation induces phosphorylation of serine residues on
the pro-NRG1 cytoplasmic tail. A, CHO-pro-NRGf1a cells were grown with
[*?Plorthophosphate prior to treatment with 10 nm PMA for increasing peri-
ods of time. Pro-NRG1 and cleaved cytoplasmic tail fragments (CT) were
immunoprecipitated from cell lysates with an antibody directed against a
portion of the pro-NRG1 cytoplasmic tail (sc348). The lysates were resolved by
SDS-PAGE and transferred to a polyvinylidene difluoride membrane that was
exposed to film. The membrane was probed with sc348 to identify the 32P-
incorporated proteins (far right). After 1 min of PKC activation, there was dra-
matic incorporation of *?P into the cytoplasmic tail (CT) of pro-NRG1, suggest-
ing rapid pro-NRG1 cleavage following phosphorylation. B, **P-incorporated
pro-NRG1 and the cleaved cytoplasmic tail from the 5-min time point were
excised from the membrane and hydrolyzed in 6 N HCl and separated on a
100-um TLC plate; cold phosphoamino acid standards were run in parallel, and
the plate was exposed to film. Phosphorylated serine was the predominant phos-
phoamino acid detected in both pro-NRG1 and the cleaved cytoplasmic tail.

known. One possibility is that PKC activates this process by
phosphorylating pro-NRG1 on its cytoplasmic tail. To deter-
mine if this is correct, we treated CHO cells expressing pro-
NRG1 with 10 nm PMA in the presence of [*P]ATP. Parallel
non-radioactive CHO cell cultures served as controls. Non-
transfected CHO cell lysates were separated on the same gel to
identify the radiolabeled bands. **P incorporation into the cyto-
plasmic tail of pro-NRG1 was detected within 1 min and
remained for at least 30 min after PKC activation (Fig. 44). The
kinetics of the labeling reaction showed maximal incorporation
of >*P into both the intact pro-NRG1 precursor and the cleaved
cytoplasmic tail at 5 min but then complete disappearance of
the intact pro-NRG1 by 15 min. These kinetics findings suggest
PKC-induced phosphorylation of the cytoplasmic tail results in
a rapid cleavage event that is complete within minutes after
phosphorylation.

To determine the specific amino acids phosphorylated, pro-
tein bands corresponding to pro-NRGI1 and the cleaved tail
fragments (CT) from the 5-min time point were subjected to
phosphoamino acid TLC. Non-radioactive phosphoserine,
phosphothreonine, and phosphotyrosine were used as running
standards. The **P signal from the hydrolyzed pro-NRG1 and
cytoplasmic tail bands aligned only with the phosphoserine
standard, suggesting that PKC activation specifically led to
phosphorylation on serine residues on the cytoplasmic tail of
pro-NRG1 (Fig. 4B).

To determine the contributions of specific serine residues on
the cytoplasmic tail for NRG1 cleavage, the pro-NRGf1c form
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was examined with specific serine residues changed to alanines
for PMA-induced pro-NRG1 cleavage. This is a different splice
form than that used for previous experiments. The reason is
that this particular pro-NRG1 splice form has the shortest cyto-
plasmic tail that still undergoes regulated cleavage (B1lc iso-
form) (58). Two constructs shown in Fig. 54 were prepared by
site-directed mutagenesis converting pairs of serine residues to
alanines to compare the relative importance of proximal and
more distal regions of the cytoplasmic tail. These particular
pairs of serines were chosen from 25 possible serine residues
based on known consensus sequences for PKC8 phosphoryla-
tion (59, 60). Each construct was stably transfected into CHO
cells and compared with the wild-type construct. The cells were
treated with 10 nm PMA for increasing periods of time, and the
amount of pro-NRG1 cleavage, as evidenced by the appearance
of the C-terminal cytoplasmic fragment, was assessed by West-
ern blotting. It is worth noting that, even without any muta-
tions, this alternatively spliced form with a shorter cytoplasmic
tail is cleaved at a slower rate than the full-length cytoplasmic
domain form shown in Fig. 1. Although the cleaved cytoplas-
mic domain was readily produced by PMA in the wild-type
construct, mutant forms missing serines 284 and 295 had sub-
stantially less PKC-mediated cleavage of pro-NRGf1c. Inter-
estingly, independent loss of serines 245 and 249 that are closer
to the membrane-spanning domain had a more modest reduc-
tion in cleavage rate of pro-NRG1. Taken together, these
results suggest that, although a number of cytoplasmic ser-
ine residues near the membrane-spanning segment of pro-
NRG1 can contribute to the regulated release of NRG1, the
more distally located serine residues at 284 and 295 appear to
be more important.

DISCUSSION

The complexity of the nervous system comes from a dynamic
system of communication between billions of cells that are
arranged in a functionally appropriate way. One of the great
mysteries is how this communication occurs at specific subcel-
lular regions, such as at synapses or at specific segments of
axons or dendrites. Here, we have tied closer together two
important intercellular signaling systems, the neurotrophins
and the neuregulins, by elucidating how soluble forms of NRG1
can be released at specific subcellular locations through PKCé-
activated neurotrophin signaling as summarized in the model
in Fig. 6. This mechanism is independent of transcription and
therefore does not require nuclear communication, which
would necessitate a mechanism that distinguishes the activa-
tion site from an enormous number of possible dendritic and
axonal regions. PKC8 signaling could serve this function well as
it becomes adherent to local membranes after activation and
thereby can keep signaling at these local regions where NRG1
activity release is needed (46, 48, 61, 62). Once activated, PKC5
directly or indirectly induces the rapid phosphorylation of the
cytoplasmic domain of pro-NRG1 that appears to result in the
rapid proteolytic cleavage and release of the soluble ectodo-
main. Finally, once released at these local sites, soluble forms of
NRG1 remain restricted in their localization through specific
heparan sulfate proteoglycans where they can exert important
effects (27, 51).
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FIGURE 5. Serine residues 284 and 295 of the pro-NRG1 cytoplasmic tail are necessary for PKC-mediated
cleavage. A, site-directed mutagenesis was used to determine the requirement for pairs of specific serine
residues on the pro-NRG1c cytoplasmic tail. CHO cells expressing wild-type or mutant forms of pro-NRGB1c
with Ser-Ala amino acid substitutions at either proximal (5245A/S249A) or more distal sites (5284A/S295A) that
correspond to consensus sequences were treated with 10 nm PMA for increasing periods of time. The arrow
indicates the site of pro-NRG1 cleavage. B, cell lysates were separated on SDS-PAGE, and Western blot with the
1310 antibody identified bands corresponding to pro-NRG1 and the cleaved cytoplasmic tail fragment. Muta-
tion of serines 284 and 295 to alanines significantly blocked PKC-mediated cleavage of pro-NRG1 more so than
mutations closer to the membrane-spanning region at serines 245 and 249. This experiment was quantified in
Cand expressed relative to 100% of the signal seen with the wild-type construct at 45 min and repeated once

showing the same results.

Previous work from our laboratory has demonstrated that
Schwann cell-derived neurotrophic factors, especially BDNF
and GDNF, promote the rapid release of NRG1 from axons
through a bidirectional signaling system at the axoglial inter-
face (1), and that muscle-derived neurotrophic factors may play
a similar role at the neuromuscular junctions (63— 66). Here we
have extended this work to implicate PKC8 as a primary medi-
ator of how neurotrophic factors can produce these highly
localized signaling events. We postulate that PKC$ activation
leads to the phosphorylation of specific serine residues on
the pro-NRGI1 cytoplasmic tail, which rapidly promotes its

SEPTEMBER 25, 2009+VOLUME 284 -NUMBER 39

consensus sequences (59, 60). Our
findings here show that the loss of
some of these serine residues by
site-directed mutagenesis results in
significant reductions in PKC-in-
duced NRG1 activity release sug-
gesting that their phosphorylation is
the trigger that promotes pro-
NRG1 cleavage and release. Of
these 25 possible phosphorylation
sites, either Ser-284 and/or Ser-295
appear to be critical. Mechanistically, phosphorylation could
induce a conformational change in the protein that exposes the
extracellular, cleavage region to a protease or produces vesicu-
lar movements that bring pro-NRG1 in contact with the prote-
ase. Other regions of the cytoplasmic tail may also be important
as we generally see reduced efficiency in cleavage with the
shorter forms (compare Figs. 1 and 5). In either case, the time
between phosphorylation and cleavage and release is very rapid
with little intracellular accumulation of phosphorylated pro-
NRGI or the cleaved ectodomain (32), but a large pool of phos-
phorylated cleaved cytoplasmic domain.
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FIGURE 6. A model for bidirectional axoglial signaling involving NRG1, neurotrophic factors, and PKC. In
this model, cells that surround neuronal axons, such as glial or muscle cells, secrete specific neurotrophic
factors that activate the Trk receptors on the axon. This results in the activation of PKC8 that rapidly induces the
phosphorylation and cleavage of pro-NRG1 providing a reciprocal signal back to the neurotrophin-producing
cell. Once released, NRG1 binds to and activates erbB receptors on the adjacent cell resulting in important,

localized communication.

Previous pulse-chase labeling studies suggest that pro-NRG1
is first expressed on the cell surface after which it is rapidly
processed and released or degraded, depending on the types of
extracellular signals it receives, and this process requires vesic-
ular acidification (32). Our results here also show that the
slower migrating, more heavily glycosylated pro-NRGI1 is more
efficiently cleaved than the faster migrating band. Our earlier
study also demonstrated that this slower migrating band is
selectively expressed on the cell surface, suggesting that the
glycosylation state may determine which forms of pro-NRG1
are cleaved. Thus, the slight delay observed between phospho-
rylation and cleavage and release could be due to vesicular
transport of more highly glycosylated phosphorylated forms of
pro-NRGI1 from the cell surface to an intracellular compart-
ment where the cleaving protease resides. Finally, as discussed
above, further complexity in the regulation of ectodomain
cleavage and release can come from alternatively spliced forms
of pro-NRGI1 that have cytoplasmic tails of three different
lengths.

The 8 isoform of PKC appears well suited for this role.
Using a green fluorescent protein-tagged PKCd molecule, it
has been demonstrated that PMA causes PKC4 activation
and translocation from the cytoplasm to the cell membrane
(62). Furthermore, PKC& has been shown to be involved in
neurite extension in cultured PC12 cells (74), and NGF sig-
naling stimulates the PKC8 pathway in several neuronal cell
systems (75). The identity and location of the protease that
cleaves pro-NRG1 is currently unknown, although one partic-
ular protease called BACE1 has recently been implicated, there
is conflicting data as to whether this is the exclusive enzyme
that cleaves pro-NRG1 in vivo (33, 34). Although mice deficient
in BACE1 have a similar demyelinating phenotype as NRG1
knockouts, a drug that specifically blocks BACE1 leading to
reduced Alzheimer precursor protein processing has no effect
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on pro-NRG1 cleavage (76). Consis-
tently, other proteases have been
suggested to play a role in the regu-
lated cleavage of pro-NRG1, includ-
ing TACE, ADAMs, and Meltrin-b
(37, 38, 40, 69, 77— 81).

Although many studies have
demonstrated the ability of PKC
activation to stimulate regulated
ectodomain release of transmem-
brane precursors, for NRG1 we
have identified neurotrophins as
biologically relevant extracellular
signals that can induce NRG1 ac-
tivity release through PKC$ sig-
naling. The neurotrophin family of
soluble signaling factors has many
broad roles in development and dis-
ease throughout the nervous system
(82— 84). Binding of neurotrophins
to their trk receptors results in the
activation a plethora of signaling
pathways, including PKC, that lead
to diverse biological effects ranging
from survival to differentiation, raising the possibility that some
of the functions attributed to neurotrophins may in fact be indi-
rectly due to NRG1 activity release. Because NRGL1 signaling
has been implicated to have important roles in normal devel-
opment and various human diseases, including multiple sclero-
sis, schizophrenia, Parkinsons disease, and cancer (85— 88), the
results of this study may be of value in understanding the mech-
anisms and possible treatment of these and other disorders.
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