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Protein Kinase A-Induced Phosphorylation of the p65
Subunit of Nuclear Factor-«B Promotes Schwann Cell
Differentiation into a Myelinating Phenotype

Choya Yoon,'? Zeljka Korade,'> and Bruce D. Carter'23
'Department of Biochemistry, 2Vanderbilt Kennedy Center, and *Center for Molecular Neuroscience, Vanderbilt University Medical School, Nashville,
Tennessee 37232

Axon-Schwann cell interactions are critical for myelin formation during peripheral nerve development and regeneration. Axonal contact
promotes Schwann cell precursors to differentiate into a myelinating phenotype, and cAMP-elevating agents can mimic this; however, the
mechanisms underlying this differentiation are poorly understood. We demonstrated previously that the transcription factor nuclear
factor-kB (NF-«B) is required for myelin formation by Schwann cells (Nickols et al., 2003), although how it is activated during this process
remained to be determined. Here, we report that culturing Schwann cells with sensory neurons results in the activation of cAMP-
dependent protein kinase (PKA), and this kinase phosphorylates the p65 subunit of NF-«kB at $276. The phosphorylation was also induced
in cultured Schwann cells by treatment with forskolin, dibutyryl-cAMP, or by overexpression of a catalytic subunit of PKA, and this
increased the transcriptional activity of NF-«B. In developing perinatal rat sciatic nerve, the kinetics of p65 phosphorylation at 5276
paralleled that of PKA and NF-«B activation. To elucidate the role of p65 phosphorylation in myelin formation, we overexpressed an
$276A mutant of p65 in cultured Schwann cells, which blocked PKA-mediated transcriptional activation of NF-«B. When the Schwann
cells expressing the mutant were cocultured with sensory neurons, there was a 45% reduction in the number of myelinated fibers relative

to controls, demonstrating a requirement for p65 phosphorylation by PKA during myelin formation.
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Introduction
During development, Schwann cell precursors, originally derived
from the neural crest, migrate out of the dorsal root ganglia along
axons of sensory and motor neurons. In response to axonal sig-
nals, the precursors arrest, elongate, and begin to wrap selected
axons, eventually forming myelin. The molecular cues regulating
this complex choreography are essentially unknown; however,
one signal that can mimic axonal contact with Schwann cells is
cAMP. Originally recognized for its ability to upregulate the my-
elin marker galactocerebroside in Schwann cells (Sobue and Plea-
sure, 1984), cAMP was subsequently shown to increase the ex-
pression of a number of myelin genes such as myelin protein zero
(P0) (Lemke and Chao, 1988; Morgan et al., 1991) and the tran-
scription factor SCIP/Oct-6/Tst-1, which is an essential regulator
of Schwann cell differentiation into a myelinating phenotype
(Monuki et al., 1989; Bermingham et al., 1996; Jaegle et al., 1996).
The best known downstream effector of cAMP is protein ki-
nase A (PKA), which is activated on the nucleotide binding to the
regulatory subunit of the kinase. Inhibition of PKA was shown to
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block the morphological changes in Schwann cells induced by
raising cCAMP levels with forskolin and prevented the formation
of myelin in Schwann cell-dorsal root ganglia (DRG) neuron
cocultures (Howe and McCarthy, 2000). However, the critical
targets of PKA in promoting Schwann cell differentiation into the
myelinating phenotype have yet to be identified.

Recently, we demonstrated that the transcription factor nu-
clear factor-kB (NF-kB) is an essential promoter of myelin for-
mation (Nickols et al., 2003). This transcription factor exists in
mammals as homodimers or heterodimers of five different sub-
units (relA, also called p65, relB, c-rel, p50, and p52). Inhibition
of NF-«kB or deletion of the p65 gene blocked the formation of
myelin in Schwann cell-DRG neuron cocultures (Nickols et al.,
2003). In unstimulated cells, NF-«B is sequestered in the cyto-
plasm through the interaction with an inhibitory protein, nuclear
factor kB inhibitor (IkB), which is phosphorylated and degraded
after a variety extracellular stimuli such as cytokines, growth fac-
tors, and bacterial/viral infection (Sun and Andersson, 2002;
Hoffmann et al., 2006; Perkins and Gilmore, 2006). Release from
IkB unmasks the nuclear localization signal of NF-«kB, which
directs it to the nucleus in which NF-kB-dependent gene tran-
scription occurs. In addition, there is increasing evidence that
posttranslational modifications, such as phosphorylation, acety-
lation, and ubiquitination, of the p65 subunit of NF-«B can also
control NF-kB-dependent transcription (Campbell and Perkins,
2004a,b). Of particular note, serine 276 was shown to be phos-
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phorylated by PKA, which increased the interaction of p65 with
transcription coactivators CREB (cAMP response element-
binding protein) binding protein (CBP) and P300, leading to
enhanced transcriptional activity of NF-«B (Zhong et al., 1997,
1998).

In this report, we demonstrate that PKA activation in
Schwann cells leads to phosphorylation of p65 at serine 276, and
this increases its transcriptional activity. This phosphorylation of
NF-kB was observed in both myelinating cocultures and devel-
oping sciatic nerves. Mutating S276 to alanine attenuated NF-kB-
dependent transcription and inhibited Schwann cell differentia-
tion into a myelinating phenotype in response to elevated cAMP
or after coculture with sensory neurons. These results suggest
that PKA-mediated phosphorylation and activation of NF-«B is
required for the formation of peripheral myelin.

Materials and Methods

Primary Schwann cell cultures. Primary rat Schwann cells were isolated
from sciatic nerves of 4- to 5-d-old Sprague Dawley rats. For purification,
the cells were treated with cytosine arabinoside (10 um) twice for 24 h and
subjected to immunopanning with an antibody against the extracellular
domain of p75 (kindly provided by M. Chao, New York University, New
York, NY) (Huber and Chao, 1995). The cells were expanded on collagen
(type I from rat tail; Sigma, St. Louis, MO)-coated plates in DMEM
supplemented with 10% FBS (Sigma) and forskolin (2 uMm; Sigma). For
immunoprecipitation experiments, the confluent cells were cultured in
DMEM plus 10% EBS for 3 d then in serum-free, defined media, which
consisted of a 1:1 mixture of DMEM and Ham’s F-12 with N2 supple-
ment (Invitrogen, Carlsbad, CA), for another 2 d before treatment with
forskolin (20 um), dibutyryl-cAMP (db-cAMP) (500 um; BIOMOL Re-
search Laboratories, Plymouth Meeting, PA), and/or H89 (10 um;
Sigma).

DRG-Schwann cell cocultures. Myelinating Schwann cell-DRG neuron
cocultures were established using DRG isolated from E15 rats or E13.5
mice as described with modifications (Nickols et al., 2003). The neurons
and Schwann cells from the DRG were cocultured in Ultraculture media
(Lonza Walkersville, Walkersville, MD) supplemented with 10% FBS
(HyClone Laboratories, Logan, UT), 2 mM L-glutamine (Invitrogen), and
50 ng/ml NGF (Harlan, Indianapolis, IN) at a density of 70,000 cells/2.2
cm? collagen-coated coverslip. Myelination was induced 5 d later by
adding 50 ug/ml ascorbic acid, and the cultures were maintained by
refeeding every 2 d with fresh media containing ascorbic acid. For cul-
tures of pure rat DRG neurons, to be seeded with Schwann cells, the DRG
were dissociated and plated at a density of 30,000 cells/2.2 cm? coverslip
in serum-free Ultraculture media with 2 mm -glutamine and 50 ng/ml
NGF (Harlan). The cells were then treated twice for 48 h with uridine (10
M) and fluorodeoxyuridine (10 um) to remove all non-neuronal cells.
For seeding rat Schwann cells onto the neurons, the Schwann cells were
electroporated (300,000 cells per cuvette) using the nucleofector mouse
embryo fibroblast mixture 1 (program T20; Amaxa Biosystems, Gaith-
ersburg, MD) and then plated onto the neurons (300,000 cells per cov-
erslip). This method resulted in a minimum of 50% of the cells trans-
fected, based on expression of green fluorescent protein (GFP) from
pmax—GFP (Amaxa Biosystems). After allowing Schwann cells to popu-
late the neurons for 2 d, myelination was initiated by changing to ascorbic
acid-containing media. For some experiments, the PKA inhibitor H89
(10 wM; Sigma) or KT5720 (10 um; BIOMOL Research Laboratories)
were added 2 d after adding ascorbic acid. All animal protocols were
approved by the Animal Care and Use Committee at Vanderbilt
University.

NF-kB reporter mice. A line of transgenic mice expressing Photinus
luciferase cDNA under the control of an NF-kB-dependent promoter
(Blackwell et al., 2000) was crossed with wild-type CD1 mice, and the
DRG were collected on gestation day 13.5. DRG-Schwann cell cocultures
from heterozygous mice were maintained as described above and har-
vested 2 d after initiating myelination and the level of endogenous lucif-
erase activity was measured according to the instructions of the manu-
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facturer (Promega, Madison, WI). The light units were normalized to
protein concentration.

Plasmids. Expression vectors encoding wild-type p65 and the S276A
mutant as well as the catalytic subunit of PKA were generous gifts from D.
Ballard (Vanderbilt University, Nashville, TN), A. Ghosh (Yale Univer-
sity, New Haven, CT), and R. O’Brien (Vanderbilt University), respec-
tively. For the S276D mutant, site-directed mutation of p65 was gener-
ated using PCR mutagenesis technique. The sequence of PCR primer
used was CAGCTGCGGCGGCCTTCCGACCGGGAGCTC (the site of
mutation is underlined). The NF-kB-luciferase construct was kindly
provided by M. Chao (New York University, New York, NY), and the
mutant IkB (IkBm) plasmid was described previously [a gift from Dr. L.
Kerr, Vanderbilt University (Chen et al., 1999)].

Total RNA isolation, first-strand cDNA synthesis, primer validation, and
quantitative PCR. Total RNA was isolated from the cells using Trizol
(Invitrogen). Purification of total RNA was done using RNeasy Mini kit
(Qiagen, Valencia, CA) and included on-column digestion of DNA dur-
ing the RNA purification step using RNase-Free DNase Set (Qiagen).
Total RNA (100 ng) from each sample was reverse transcribed to cDNA
using a High Capacity cDNA Archive kit (Applied Biosystems, Foster,
City, CA). Real-time PCR was performed with an ABI Prism 7300 System
(Applied Biosystems, Foster, City, CA) using 1 ng of cDNA per 50 ul of
reaction volume, 2X SYBR green master mix, and gene-specific primers.
All samples were run in triplicate. Data from the PCR reactions were
analyzed using the comparative cycle number determined as threshold
(Ct) method (Kurrasch et al., 2004). Differential expression was calcu-
lated as AACt against expression of phosphoglycerate kinase 1 (Pgk1) as
normalizer. We designed primers (~20 bp) to yield 85-110 bp PCR
amplicons using Primer3 software (http://frodo.wi.mit.edu/) for Oct-6
and Pgkl: Oct-6 forward, TCCCTTTCTCTTCCCCTCTC; Oct-6 re-
verse, GGCTCTGGTAAAACGAAACG; Pgkl forward, GGCTC-
GAGCTAAGCAGATTG; Pgkl reverse, GCTTTCACCACCTCATC-
CAT. These two validated primer sets show a slope between —3.10 and
—3.58 with R* > 0.99.

Immunoprecipitation and immunoblotting. Primary Schwann cells,
DRG-Schwann cell cocultures, and homogenates of sciatic nerves were
lysed in 500 ul of NP-40 lysis buffer [50 mm Tris-HCI pH 8.0, 150 mm
NaCl, 1% NP-40, PMSF (100 pg/ml), aprotinin (1 ug/ml), leupeptin (1
pmg/ml), and pepstatin (1 ug/ml)]. The supernatants were collected by
centrifugation at 12,000 rpm for 10 min at 4°C, and the protein concen-
tration was determined by Bradford assay (Bio-Rad, Hercules, CA). For
immunoprecipitation, 0.5-0.8 mg of protein diluted in lysis buffer was
incubated with a polyclonal p65 antibody (catalog #100-4165; Rockland
Immunochemicals, Gilbertsville, PA) at 4°C overnight. Immunoprecipi-
tates were subjected to SDS-PAGE and Western blotting with an anti-
body to p65 (1:2000; Rockland Immunochemicals) or p65 phosphory-
lated at serine 276 (catalog #3037S; 1:1000; Cell Signaling Technology,
Beverly, MA). To detect Oct-6/SCIP, an antibody against Oct-6 (1:600;
generously provided by Dr. D. Meijer, Erasmus University Medical Cen-
ter, Rotterdam, The Netherlands) was used.

In vitro protein kinase A assay. The determination of PKA activity in
cultured Schwann cells, dissociated DRG—Schwann cell cultures, and
sciatic nerves was performed using the SignaTect cAMP-dependent Pro-
tein Kinase A assay system according to the instructions of the manufac-
turer (Promega). For sciatic nerves, the tissue was first dissociated by
Dounce homogenization in the lysis buffer supplied by the
manufacturer.

Electrophoretic mobility shift assay. The DNA binding of NF-«B was
determined by a gel-shift assay with *2P-labeled, double-stranded NF-«B
consensus oligonucleotide (Promega) as described previously (Gentry et
al,, 2000). For super-shift analysis, antibodies against p65 (relA) (catalog
#100-4165, Rockland Immunochemicals; and catalog #SC-109, Santa
Cruz Biotechnology, Santa Cruz, CA) were used.

Myelin basic protein immunostaining in DRG=Schwann cell cocultures.
To quantify myelin formation, the cocultures were fixed after 9-10 d
with ascorbic acid using 3.7% (w/v) formaldehyde for 15 min at room
temperature, blocked with 5% BSA and 5% normal goat serum in 1%
Triton X-100/PBS for 1 h, followed by avidin/biotin block (Vector Lab-
oratories, Burlingame, CA). After overnight incubation with myelin ba-
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sic protein (MBP) antibody (1:500; Sternberger Monoclonals, Luther-
ville, MD), biotinylated anti-mouse (1:1000; Vector Laboratories) and
streptavidin-conjugated cyanine 3 (Jackson ImmunoResearch, West
Grove, PA) were used to visualize MBP. For quantification, the total
number of MBP-positive myelin segments on each coverslip was deter-
mined and then averaged and normalized relative to the number for
those transfected with control vector.

Luciferase NF-kB reporter assay. Primary Schwann cells were trans-
fected using Effectene (Qiagen) following the instructions of the manu-
facturer. The transfection efficiency using this method was ~50%, based
on the expression of GFP. For the reporter assay, 24 h after transfection,
the cells were treated with dibutyryl-cAMP (500 um) or forskolin (20
M) with or without H89 (10 um) for 8 h and harvested in 1X passive
lysis buffer, and luciferase activity was measured according to the in-
structions of the manufacturer (Dual Luciferase Assay kit; Promega)
using a luminometer (OPTOCOMP 1 Version 1.10; CMGM Instru-
ments, Hamden, CT). All luciferase activities were normalized for trans-
fection efficiency using the activity of a Rous sarcoma virus—Renilla con-
struct (Promega).

Results

Elevation of cAMP induces phosphorylation of the p65
subunit of NF-kB at $276 in cultured Schwann cells
Stimulation of Schwann cells with cAMP analogs or cAMP ele-
vating agents, such as forskolin, is known to induce their differ-
entiation into a myelinating phenotype (Sobue and Pleasure,
1984; Sobue et al., 1986; Shuman et al., 1988; Monuki et al., 1989;
Zorick et al., 1996). Because we demonstrated previously that
activation of the transcription factor NF-«B in Schwann cells is
necessary for them to myelinate sensory neurons in culture
(Nickols et al., 2003) and Zhong et al. demonstrated that cAMP-
dependent kinase (PKA) phosphorylation of the p65 subunit of
NE-kB at serine 276 increased its transcriptional activity (Zhong
et al., 1997, 1998), we hypothesized that increasing cAMP in
Schwann cells would increase the activity of NF-kB. To test this
hypothesis, rat Schwann cells, cultured in defined media without
serum, were treated with the cell-permeable cAMP analog db-
cAMP or forskolin, and the phosphorylation of p65 was mea-
sured using an antibody specific for p65 phosphorylated at serine
276. Both db-cAMP and forskolin induced phosphorylation of
p65 within 1 h of treatment (Fig. 1) and also activated PKA (data
not shown). To further demonstrate that activated PKA was able
to induce phosphorylation of p65, we overexpressed the catalytic
subunit of PKA in Schwann cells and found that this was suffi-
cient for S276 phosphorylation (Fig. 1). Together, these results
indicate that increasing cAMP or activation of PKA in Schwann
cells results in the phosphorylation of the p65 subunit of NF-«B.

Phosphorylation of p65 increases NF-kB transcriptional
activity but not its DNA binding

To determine whether PKA-induced phosphorylation of p65 af-
fects NF-«kB-dependent gene transcription, we performed re-
porter assays in cultured Schwann cells. Both db-cAMP and for-
skolin stimulated reporter gene expression by 3- to 3.5-fold, and
the response was completely blocked by H89, suggesting the in-
volvement of PKA (Fig. 2A). The activation of the reporter by
forskolin was specific for NF-«B as indicated by the ability of
IkBm, which acts as a super-repressor of NF-«B signaling, to
block the effect. Overexpression of the p65 subunit also potently
increased NF-kB-dependent transcription, and this activity was
further enhanced by the addition of db-cAMP or forskolin. This
increase was, again, inhibited by H89, suggesting a role for PKA in
enhancing NF-kB-dependent transcription. Similar to inhibiting
PKA, expression of a mutant p65 with serine 276 changed to
alanine (S276A) prevented any significant increase in NF-«B ac-
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Figure 1. Phosphorylation of the NF-«B subunit p65 is induced by the elevation of cAMP in
cultured Schwann cells. A, Schwann cells were transfected with the control vector or PKAc-
expressing plasmid. The control cells were left untreated or treated with forskolin (20 pum) or
db-cAMP (500 rum) for 1h. The cells were lysed and p65 immunoprecipitated (IP) followed by
Western blot analysis for phospho-5276 p65 and total p65. The image is a representative of
three experiments. B, Quantitative analysis of the amount of phospho-p65 normalized to the
total amount of p65. Data represent mean = SEM from three trials.

tivity in response to db-cAMP and forskolin. This result not only
suggested that serine 276 on p65 was critical for the enhanced
transcription activity after elevation of cAMP, but it also indi-
cated that expression of the mutant p65 prevents PKA-mediated
activation of the endogenous, wild-type p65 (Fig. 2A).

To confirm that PKA is able to modulate NF-«B activity, we
also transfected Schwann cells with the catalytic subunit of PKA
(PKAc) and found that NF-kB-dependent transcription was up-
regulated (Fig. 2A). Stimulation with forskolin and db-cAMP
synergistically augmented the expression of luciferase and H89
ablated the response, indicating that cAMP-driven PKA activa-
tion enhances the transcriptional activity of NF-kB in Schwann
cells. These effects were specific for NF-kB because mutation of
the NF-«B binding site in the reporter prevented activation by
PKAC, forskolin, and db-cAMP (data not shown).

Typically, the activation of NF-«B transcription is accompa-
nied by increased DNA binding. However, when we treated the
Schwann cells with forskolin or db-cAMP, there was no detect-
able change in NF-«B binding by gel-shift assay (Fig. 2 B). Simi-
larly, transfection of the cells with PKAc, which increased p65
phosphorylation (Fig. 1) and NF-«B transcriptional activity (Fig.
2A), only modestly increased its binding to DNA (Fig. 2 B). These
results suggest that, in Schwann cells, PKA activates transcription
by NF-«B already bound to regulatory elements in the genome.

p65 phosphorylation is necessary for cAMP-mediated
Schwann cell differentiation

Because cAMP is known to induce the differentiation of Schwann
cells into a myelinating phenotype, we hypothesized that this may
occur through an NF-kB-dependent mechanism involving PKA-
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Figure 2.  Phosphorylation of p65 at serine 276 increases the transcriptional activity of

NF-«Bbut not its DNA binding. A, Schwann cells were transfected with control vector or expres-
sion plasmids for wild-type p65, the S276A mutant p65, |kBm, or PKAc along with an NF-«B
luciferase reporter and Renilla for normalization. Twenty-four hours later, the cells were treated
with db-cAMP (500 um), forskolin (20 pum; FSK), H89 (10 um), or a combination of H89 and
db-cAMP (H+db) or H89 and FSK (H+F) for 8 h and then harvested, and luciferase activity was
measured. The mean = SEM of the luciferase activity (RLUT) relative to Renilla (RLU2) is de-
picted. (n = 3; *p = 0.018; **p = 0.002, based on a Student’s t test). B, Electrophoretic
mobility shift assay (EMSA) analysis of lysates from Schwann cells treated with forskolin for
various times, as indicated, or for 1 h with FSK, db-cAMP (db), H89 (H), or forskolin+H89
(H+F). In the right, the cells were transfected with control vector or one expressing PKAc. The
band corresponding to NF-«B binding (arrowhead) was confirmed by super shift using an
antibody to p65 (S) (* indicates the shifted band) and by adding excess unlabeled oligonucle-
otide (C).

mediated phosphorylation of p65. Therefore, Schwann cells were
treated for 24 h with db-cAMP, and the protein levels of Oct-6/
SCIP were quantified as a marker for differentiation. Elevation of
cAMP increased the basal level of Oct-6/SCIP expression, and
this was further enhanced by overexpression of the p65 subunit of
NE-«kB. Notably, db-cAMP did not increase Oct-6/SCIP protein
when the cells expressed the S276 A mutant p65. Furthermore, a
phospho-mimetic mutant p65 S276D itself upregulated Oct-6/
SCIP expression similar to the level induced by db-cAMP treat-
ment of the control cells. Treating the p65 S276D-expressing cells
with db-cAMP did not further increase the Oct-6/SCIP expres-
sion (Fig. 3A, B). We confirmed that the expression level of wild-
type p65, p65 S276A, and S276D, when transfected into Schwann
cells, was similar (supplemental Fig. 1, available at www.jneuro-
sci.org as supplemental material). Finally, the response to db-
cAMP treatment was abrogated by expression of the nondegrad-
able IkB mutant, which prevents NF-«B activation (Fig. 3A, B).
To determine whether NF-«B activation also affects the
mRNA levels of Oct-6/SCIP, total RNA was isolated from cells
expressing wild-type p65, the p65 S276A, or S276D mutants, or
the IkB mutant, and expression of Oct-6/SCIP transcript was
evaluated by quantitative PCR. As expected, elevation of cAMP
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Figure3. The S276A mutant of p65 prevents cAMP-mediated Oct-6/SCIP protein upregula-

tion without affecting its mRNA levels. 4, Schwann cells were transfected with control vector or
a plasmid expressing p65 wild-type, S276A, or S276D mutant p65 or |kBm. Twenty-four hours
later, the cells were treated with db-cAMP (500 um) for an additional 24 h and harvested for
immunoblotting with an antibody against Oct-6/SCIP. c-Tubulin was used as a loading control.
B, Quantitative analysis of the amount of Oct-6/SCIP normalized to ce-tubulin. Data represent
mean = SEM (left; n = 4; *p = 0.042, based on a Student’s t test; right, n = 2). C, Schwann
cells were transfected with the indicated plasmids, and total RNA wasisolated at different times
after treatment of db-cAMP: 6, 24, 48, and 72 h. After reverse transcription of total RNA, the
level of Oct-6/SCIP transcript was compared with that of PgkT as a normalizer by quantitative
PCR. Each PCR reaction was triplicated.

dramatically upregulated the basal level of Oct-6/SCIP mRNA
even at 6 h exposure to db-cAMP (~200% over no treatment); it
continued to increase up to 48 h and dropped off by 72 h, which
is consistent with previous findings (Monuki et al., 1989). Inter-
estingly, however, none of the ectopically expressed p65 con-
structs or the IkB mutant altered the level or kinetics of Oct-6/
SCIP mRNA induction (Fig. 3C). This result contrasts with the
effect of NF-kB on the protein, suggesting that there are different
regulatory mechanisms controlling Oct-6/SCIP protein and mes-
sage and that the differentiation of Schwann cells by increasing
cAMP requires activation of NF-«B through S276 phosphoryla-
tion, which regulates the protein level of Oct-6/SCIP.

PKA activation and p65 phosphorylation parallel myelination
of the sciatic nerve in vivo

Increasing cAMP levels in Schwann cells is known to mimic ax-
onal contact (Ratner et al., 1984; Mirsky et al., 1990; Morgan et
al., 1991), and the downstream effector of this second messenger,
PKA, has been shown to be essential for myelin formation in vitro
(Howe and McCarthy, 2000). Surprisingly, however, the activa-
tion of PKA during myelination in vivo has not been directly
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Figure 4.  The kinetics of PKA activity correlate with those of p65 phosphorylation during
myelination in vivo. A, PKA activity was measured in lysates from rat sciatic nerves collected at
the indicated postnatal days. (n = 3; the mean = SEM is depicted). B, Sciatic nerve lysates
collected from rats at the indicated postnatal days were subjected to immunoprecipitation (IP)
witha p65 antibody, and the precipitates were Western blotted for phospho-5276 p65 and total
p65. P, Postnatal day.

evaluated. We hypothesized that PKA would be activated during
the period of myelination in the developing sciatic nerve. In ad-
dition, given the results above, we predicted that the p65 subunit
of NF-«B would be phosphorylated in parallel to PKA activation.
To test our hypotheses, rat sciatic nerves were isolated at several
stages during the first 2 weeks of postnatal development, the pe-
riod of myelin formation in rats (Webster, 1971), and the activity
of PKA, and the phosphorylation status of p65 at S276 were mea-
sured. PKA activity was highest in the nerves on the day of birth
and diminished over the next 2 weeks (Fig. 4A). Similarly,
phospho-p65 was detected on day 0 but by postnatal day 16 was
undetectable (Fig. 4 B). Interestingly, although we cannot rule
out some contribution of the PKA activity from the axons, these
kinetics mirror those reported previously for NF-«kB activation in
Schwann cells during myelination in rat sciatic nerves (Nickols et
al., 2003).

The p65 subunit of NF-kB is phosphorylated by PKA during
myelination in vitro

To further investigate whether PKA activates NF-kB by phos-
phorylating the p65 subunit during myelination, we used an in
vitro model in which sensory neurons from DRG were cocultured
with Schwann cells under conditions that allow for myelination
(Einheber etal., 1993). First, PKA activity was examined at several
time points to determine whether it was activated during myeli-
nation. After the initiation of myelin formation by addition of
ascorbic acid, PKA activity slowly increased, reaching a peak level
at approximately day 6 and then decreasing back to basal levels by
day 12. As expected, addition of the PKA inhibitor H89 on day 6
dramatically attenuated the level of activation (Fig. 54). We then
assessed the phosphorylation status of p65 during myelination in
these cocultures and found that it paralleled PKA activation,
peaking near day 6 and then dropping off by day 12. This endog-
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Figure 5.  Inhibition of PKA attenuates phosphorylation of the p65 subunit during myelina-

tion in vitro. A, PKA activity was measured in lysates from rat DRG—Schwann cell cocultures
harvested at the indicated days after induction of myelination. Some cocultures were treated
with H89 (10 wum) on day 4 and harvested on day 6. B, DRG—Schwann cell cocultures were
harvested at the indicated days, and the lysates were subjected to immunoprecipitation (IP)
with a p65 antibody. The precipitates were then Western blotted for phospho-5276 p65 and
total p65. Some cocultures were treated with H89 (10 m) on day 3 and harvested on day 5. The
image isrepresentative of three separate experiments. (, Quantitative analysis of the amount of
phospho-p65 normalized to the total amount of p65. Data represent mean == SEM.

enous phosphorylation of p65 was PKA dependent, because ad-
dition of H89 substantially reduced the amount of phospho-p65
(Fig. 5B,0C).

Blocking PKA activity reduces NF-kB transcriptional activity
but not its DNA binding in myelinating cocultures

We observed that increasing cAMP levels or activating PKA in
cultures of pure Schwann cells enhanced the transcriptional ac-
tivity of NF-«B but did not substantially enhance its binding to
DNA (Fig. 2). Therefore, we wanted to determine whether or not
the increase in NF-«B binding or transcriptional activity seen
during myelin formation was dependent on PKA. In agreement
with our previous findings (Nickols et al., 2003), the amount of
NE-kB capable of binding DNA increased after the induction of
myelin formation; however, addition of H89 to the cells 24 h
before harvesting had no effect, suggesting that activation of
NF-kB binding was not dependent on PKA (Fig. 6A). To assess
the effect of PKA on the transcriptional activity of NF-«kB, we
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Figure 6.  Blocking PKA activity reduces transcriptional activity of NF-«B but not its DNA
binding. A, EMSA analysis of lysates from rat DRG—Schwann cell cocultures collected on the
indicated days was used to evaluate DNA binding of NF-«B. Some cocultures were treated with
H89 (10 wum) on day 2 and harvested on day 4. The band corresponding to NF-«B binding
(arrowhead) was confirmed by super shift using an antibody to p65 (S) and by adding excess
unlabeled oligonucleotide (C). No binding was detected if the p65 antibody was incubated only
with the labeled oligonucleotide in the absence of lysates (right). B, DRG—Schwann cell cocul-
tures were prepared from transgenic mice carrying an NF-xB—luciferase reporter gene, and the
cells were treated with H89 (10 wum) or untreated for 2 d after inducing myelination and were
then harvested for luciferase assay. The luciferase activity was normalized to the amount of
protein. Data represent mean = SEM (n = 3).

used transgenic mice expressing an NF-kB reporter construct
(Blackwell et al., 2000). DRG-Schwann cell cocultures were
prepared from these mice, and the endogenous luciferase ac-
tivity was measured after initiating myelination with and with-
out the addition of H89 for 24 h before harvesting. Unlike
DNA binding, the PKA inhibitor reduced the transcriptional
activity of NF-kB by 50% (Fig. 6 B), thereby indicating that
DNA binding and activation of transcription by NF-«B is dif-
ferentially regulated in myelinating Schwann cells, with PKA
stimulating that the latter.

Phosphorylation of p65 at serine 276 is required for

myelin formation

To determine functional relevance of p65 phosphorylation dur-
ing myelin formation, we used the S276A mutant of p65, which
blocked the stimulation of NF-kB-dependent transcription in
response to increased cAMP (Fig. 2A). Cultured Schwann cells
were transfected, using the nucleofector electroporation system,
with expression constructs for wild-type p65, the S276A or the
$276D mutants of p65, or a vector control and then were seeded
onto DRG neurons. As a negative control, Schwann cells were
also transfected with the NF-kB inhibitor I«B, mutated at the
serine sites required for its degradation. After allowing myelina-
tion to proceed for 9-10 d, the amount of myelination was quan-
tified by counting the number of segments that were immunopo-
sitive for MBP. As shown in Figure 7, expression of p65 or the
phospho-mimetic mutant p65 S276D slightly increased the num-
ber of MBP-positive segments; however, S276A p65 significantly
suppressed myelin formation. As shown previously (Nickols et
al,, 2003), the IkB mutant reduced the amount of myelin pro-
duced. In addition, when the cultures were treated with the PKA
inhibitors H89 or KT5720 throughout the myelinating period,
there was a dramatic reduction in myelination. These results re-
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veal a requirement for PKA-mediated phosphorylation of the p65
subunit of NF-kB in Schwann cell differentiation into a myelinat-
ing phenotype induced by neuronal contact.

Discussion

It has been known for >20 years that elevation of intracellular
cAMP in Schwann cells acts as an instructive signal for their
differentiation into a myelinating phenotype (Sobue and Plea-
sure, 1984; Sobue et al., 1986). However, the mechanisms by
which this signal is transduced remained essentially unknown.
Recently, we demonstrated a requirement for NF-kB activation
in the formation of myelin by Schwann cells (Nickols et al., 2003).
Inhibition of NF-«B signaling or genetic deletion of the p65 sub-
unit in Schwann cells significantly attenuated myelination in
DRG-Schwann cell cocultures. How this transcription factor was
activated during myelination had not been determined.

Based on the finding from Sankar Ghosh’s group that cAMP-
dependent PKA could phosphorylate and thereby activate the
p65 subunit of NF-kB (Zhong et al., 1997), we hypothesized that
increases in cAMP in Schwann cells activates PKA, which then
phosphorylates and stimulates NF-«B, resulting in Schwann cell
differentiation. Here, we demonstrate that elevation of cAMP
induced phosphorylation of the p65 subunit of NF-«B by PKA in
Schwann cells, and this increased its transcriptional activity. The
activation of PKA and phosphorylation of p65 were also detected
in myelinating cocultures and in sciatic nerves during the period
of myelin formation. Preventing this NF-kB phosphorylation by
addition of PKA inhibitors or expression of an S276A mutant p65
blocked the differentiation of Schwann cells induced by increas-
ing cAMP or by coculturing them with sensory neurons. These
findings suggest that PKA-mediated activation of NF-«B is re-
quired for peripheral myelin formation.

The effect of cAMP on cultured Schwann cells is complex and
not well understood. Although originally shown to promote pro-
liferation (Raff et al., 1978a,b), increasing the cyclic nucleotide
has also been shown to induce Schwann cell differentiation. In
the initial reports of cAMP-mediated differentiation, neonatal rat
Schwann cells were treated with high concentrations of cAMP
analogs (0.5-3 mm) or forskolin (100-250 um), and this upregu-
lated the expression of surface galactocerebroside C, a lipid orig-
inally thought to be reflective of myelinating Schwann cells (So-
bue and Pleasure, 1984) but later also shown to be expressed by
nonmyelinating Schwann cells in adult nerves (Jessen et al.,
1985). Since then, numerous reports have demonstrated either a
proliferation response or a differentiation response to cAMP, for
example, by demonstrating an increase in the expression of PO
(Lemke and Chao, 1988; Morgan et al., 1991), the O4 antigen
(Mirsky et al., 1990; Morgan et al., 1991), the myelin promoting
transcription factor Oct-6/SCIP (Monuki et al., 1989), and other
myelin-related genes. The divergent response to cAMP has been
suggested to depend on the levels of cAMP, differentiation re-
quiring a higher concentration of cAMP (Yamada et al., 1995),
whereas just a slight increase in the nucleotide is associated with
proliferation and cyclin D1 induction (Iacovelli et al., 2007).
However, even at relatively low doses of forskolin (1-10 um), an
increase in PO (Monuki et al., 1989) and MBP mRNA was de-
tected (Lemke and Chao, 1988). More recently, these disparate
effects of cCAMP have been attributed to the presence of growth
factors and/or serum. Increasing cCAMP alone, in the absence of
serum or exogenous growth factors, does not increase prolifera-
tion but induces markers of differentiation, e.g., PO (Morgan et
al,, 1991). However, when cAMP is elevated in concert with ex-
posure to serum or growth factors, such as neuregulin, then a
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synergistic effect is seen and there is robust
cell proliferation (Lemke and Brockes, ~ R

1984; Stewart et al., 1991; Kim et al., 1997; \f\ g
o8 .

Rahmatullah et al., 1998; Monje et al., -
2006). :

In the experiments presented here, rat
Schwann cells were maintained in 2 uMm
forskolin in serum-containing media to
promote proliferation. However, based on
the aforementioned studies, the Schwann
cells were transferred into serum-free, de-
fined media without forskolin to assess dif-
ferentiation and NF-«B signaling. Under
these conditions, we observed that high
levels of cAMP reliably resulted in p65
phosphorylation (Fig. 1), transcription ac-
tivation (Fig. 2), and Oct-6/SCIP induc-
tion (Fig. 3). We have not investigated
whether NF-«B has a role in the prolifera-
tive response of CAMP when coupled with B

various growth factors or serum; however, 180 -
in our previous study with cocultures of 160 |
Schwann cells and sensory neurons, we did

not observe any change in Schwann cell 140 -
proliferation when NF-kB was inhibited 120
or p65 genetically deleted, although myeli- #of MBP+ 100 -
nation was blocked (Nickols et al., 2003). Segments

These results suggest that NF-kB is pri- (% of Control) 80 7
marily associated with a differentiation re- 60

sponse. Nevertheless, this transcription 40 |
factor has been shown to promote cell pro-

liferation in other systems (Courtois and 20 1
Gilmore, 2006; De Bosscher et al., 2006; 0 -
Perkins and Gilmore, 2006; Van Waes,
2007); therefore, we cannot rule out a po-

Figure7.
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Preventing phosphorylation of p65 at serine 276 inhibits myelin formation. Schwann cells were electroporated with

tential role for NF-«B in the proliferation
of Schwann cells under specific conditions
or developmental states in vivo.

As a marker for Schwann cell differen-
tiation, we quantified the induction of
Oct-6/SCIP, a transcription factor initially

control vector or a plasmid expressing p65 wild-type, S276A, or $276D mutant p65 or IkBm and seeded onto cultured DRG
neurons. The DRG—Schwann cell cocultures were fixed on day 10 after induction of myelination and immunostained for MBP.
Some of the cultures transfected with control vector were treated with H89 (10 wum) or KT5720 (10 um) from day 2, afterinducing
myelination, until fixation on day 9 or 10. Representative images of MBP-positive internodes are shown in 4, and a quantitative
analysis of the number of MBP-positive segments relative to vector control is shown in B. Data represent mean = SEM (n = 3—6;
*p =0.0012).

identified based on its induction after
cAMP treatment of Schwann cells (Monuki et al., 1989) and
known to be required for normal myelination. Genetic deletion
of Oct-6/SCIP in mice delays the formation of peripheral myelin,
and the animals exhibit sporadic fibers with disorganized myelin
(Bermingham et al., 1996; Jaegle et al., 1996; Ghazvini et al.,
2002). Although Oct-6/SCIP was identified by Monuki et al.
(1989), the mechanism by which cAMP mediates this effect has,
surprisingly, remained unknown. We found that blocking NF-«B
with the IkB mutant or preventing PKA-mediated phosphoryla-
tion by expressing the S276A mutant p65 subunit abrogated Oct-
6/SCIP protein induction by cAMP (Fig. 3). This corroborates
our previous observation that inhibition of NF-«kB in DRG—
Schwann cell cocultures attenuated the DNA binding activity of
Oct-6/SCIP (Nickols et al., 2003). Together, these results indicate
that NF-«B is an upstream activator of Oct-6/SCIP but requires
PKA-mediated phosphorylation to induce its expression, because
ectopic expression of p65 alone was not sufficient to increase
Oct-6/SCIP levels, and the phospho-mimetic p65 mutant S276D
by itself did (Fig. 3).

Surprisingly, altering NF-kB signaling by overexpressing p65,
mutants thereof, or a mutant I«B did not affect the mRNA levels

of Oct-6/SCIP. These findings indicate the existence of differen-
tial mechanisms for controlling Oct-6/SCIP protein and its
mRNA. It is possible that NF-kB activation causes posttransla-
tional modifications of Oct-6/SCIP or the expression of an asso-
ciated protein that changes the stability of the Oct-6/SCIP pro-
tein. The ability of NF-«kB to regulate the protein expression of
Oct-6/SCIP is the first mechanistic connection between cAMP
elevation and induction of this myelin promoting POU-domain
transcription factor and the first demonstration of differential
regulation of Oct-6/SCIP protein and message. How NF-«kB con-
trols Oct-6/SCIP protein levels is an interesting topic for future
studies.

Our results demonstrate that PKA is activated during myeli-
nation in vivo (Fig. 4) and that cAMP-induced differentiation of
Schwann cells requires PKA-mediated NF-«B activation (Figs. 3,
7). However, axonal signals may activate PKA through a mecha-
nism independent of cAMP. Zhong et al. were the first to report
that PKA could transactivate NF-«B, but they reported that the
phosphorylation was not dependent on cAMP (Zhong et al,,
1997). Their data suggested a complex of NF-kB-IkB and the
catalytic subunit of PKA, which phosphorylates p65 after release
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of IkB, without any requirement for cAMP. They further pro-
posed that there are two separate pools of PKA, one complexed
with IkB and one bound to the regulatory subunit of PKA,
which binds cAMP. Hence, PKA activation would not increase
DNA binding of NF-kB, because it could not liberate the tran-
scription factor from I«B but only increase its ability to acti-
vate transcription. Indeed, they did not detect PKA regulating
DNA binding, but it did enhance transcription activity
through phosphorylation, which recruited the coactivator
CBP/P300 (Zhong et al., 1998). Here, we also did not detect
any significant effect of PKA on NF-«B binding (Fig. 2B),
although it did increase transcription (Fig. 2A), meaning that
there was no additional release of NF-kB from IkB. However,
unlike Zhong et al. (1997), we did see cAMP induced PKA
phosphorylation of p65 and an increase in transcription in
response to elevated cAMP (Fig. 2). These results suggest that,
in Schwann cells, there is a basal level of active NF-«kB binding
to DNA and that it can be further activated to promote tran-
scription through cAMP-activated PKA.

The inability of cAMP to increase DNA binding of NF-kB
suggests that there are additional axonally derived signals that
stimulate the NF-«kB pathway, because we observed an in-
crease in NF-kB binding during myelination (Fig. 6). How-
ever, it is also possible that only one signal from an axon
activates both PKA and NF-«B in vivo. Increasing cAMP in
cultured Schwann cells may only mimic part of the axonal
signal. One particularly interesting candidate is membrane-
bound neuregulin 1 (Nrgl) type III. Recent studies have re-
vealed that this isoform of Nrgl regulates myelin thickness to
match axon caliber, and it also instructs Schwann cells to en-
sheath axons (Michailov et al., 2004; Taveggia et al., 2005).
Furthermore, Leimeroth et al. demonstrated that Nrg1 type I1I
induced Oct-6/SCIP in Schwann cell precursors (Leimeroth et
al., 2002). It will be interesting to determine in future studies
whether axonal Nrgl type III activates PKA or NF-kB in
Schwann cells or whether another axonal signal exists.
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