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Abstract
Schwann cells (SCs) play an important role in producing myelin for rapid neurotransmission in the peripheral nervous system. 
Activation of the differentiation and myelination processes in SCs requires the expression of a series of transcriptional fac-
tors including Sox10, Oct6/Pou3f1, and Egr2/Krox20. However, functional interactions among several transcription factors 
are poorly defined and the important components of the regulatory network are still unknown. Until now, available evidence 
suggests that SCs require cAMP signaling to initiate the myelination program. Heat shock protein 90 (Hsp90) is known as a 
chaperone required to stabilize ErbB2 receptor. In recent years, it was reported that cAMP transactivated the ErbB2/ErbB3 
signaling in SCs. However, the relationship between Hsp90 and cAMP-induced differentiation in SCs is undefined. Here 
we investigated the role of Hsp90 during cAMP-induced differentiation of SCs using Hsp90 inhibitor, geldanamycin and 
Hsp90 siRNA transfection. Our results showed that dibutyryl-cAMP (db-cAMP) treatment upregulated Hsp90 expression 
and led to nuclear translocation of Gab1/ERK, the downstream signaling pathway of the ErbB2 signaling mechanism in 
myelination. The expression of myelin-related genes and nuclear translocation of Gab1/ERK following db-cAMP treatment 
was inhibited by geldanamycin pretreatment and Hsp90 knockdown. These findings suggest that Hsp90 might play a role in 
cAMP-induced differentiation via stabilization of ErbB2 and nuclear translocation of Gab1/ERK in SCs.
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Introduction

Schwann cells (SCs) are the glial cells of the peripheral 
nervous system (PNS), which form myelin-wrapping large-
caliber axons [1]. The myelination of PNS starts around birth 
and is regulated by a sequential cascade of the transcription 

factors (TFs) including Pou3f1 (POU domain class 3 TF; 
Oct6 (octamer-binding TF 6); Pou3f2 (Brn2); Egr2 (early 
growth response protein 2; Krox20); and Sox10 (SRY-related 
HMG-box-10) [2]. Axonal signals from neuregulin1 (NRG1) 
and important signals from the extracellular matrix medi-
ated by integrin and G-protein-coupled receptors (GPR126) 
regulate the entry into terminal Schwann cell differentia-
tion program [3, 4]. It has been shown that cyclic adeno-
sine monophosphate (cAMP) analogues induce Krox20 and 
other differentiation markers in rat SCs [5, 6]. Protein kinase 
A (PKA) is the main downstream molecule of cAMP and 
plays a crucial role in myelination of SCs [7]. NRG1 type 
III regulates SC proliferation, migration and myelination via 
binding to receptor tyrosine kinase ErbB2/3 receptors [8]. 
A previous study reported that NRG1 type III is required 
for Oct6 activation and myelination [9]. Extracellular signal 
regulated kinase (ERK)-dependent pathways are involved in 
the NRG1-induced Krox20 expression, which is an essen-
tial TF for the myelination of peripheral nerves [10, 11]. 
Recent reports suggest that PKA directly transactivated the 
ErbB2-Grb2-associated binder 1 (Gab1) axis independent of 
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NRG1 type III [12]. Gab1 is a scaffolding protein involved 
in the signal transduction of NRG1-induced peripheral nerve 
myelination [13]. However, the detailed molecular interac-
tions between cAMP and ErbB2-Gab1 signaling in SC dif-
ferentiation and myelination were not completely defined.

It is known that heat shock protein 90 (Hsp90) is involved 
in neuronal migration [14] and acts as a chaperone in the 
folding or conformational regulation of molecules in cen-
tral signal transduction [15]. The two isoforms of human 
Hsp90 including Hsp90α (gene Hsp90AA1) and Hsp90β 
(gene Hsp90AB1) are expressed from separate genes, and 
both isoforms are referred to as Hsp90 [16]. Their func-
tions appear to be redundant; however, a few differences 
exist. Hsp90β is constitutively expressed in all cells, whereas 
Hsp90α is induced during stress [16]. It was reported that 
ErbB2 and ErbB3 interact directly with Hsp90 [17–19]. The 
ErbB2 function was also regulated by Hsp90 [17, 20]. Sev-
eral studies have demonstrated the implications of Hsp90 in 
peripheral nerve myelination. For example, a previous study 
demonstrated that small molecule inhibitors of Hsp90 such 
as EC137 enhanced myelination via upregulation of Hsp70 
in a PMP22-overexpressing neuropathic model [21]. Urban 
et al. demonstrated that KU-32, a small molecule inhibi-
tor of Hsp90, decreased NRG1-induced demyelination in 
an Hsp70-dependent manner [22]. In addition, Li et al. 
showed that the induction of Hsp70 by KU-32 is required 
to prevent NRG1-induced demyelination by blocking c-jun 
expression and phosphorylation [23]. These data suggest that 
Hsp90 inhibitor may antagonize the expression of the nega-
tive regulators of myelination and facilitate the treatment of 
demyelinating neuropathies.

In the present study, we have investigated the role of 
Hsp90 during the cAMP-induced differentiation in rat pri-
mary SCs using a chemical inhibitor of Hsp90, geldanamy-
cin (GA), and Hsp90 siRNA transfection. We found that 
cAMP transactivation of ErbB2 requires Hsp90 and the 
Hsp90-dependent transactivation regulates myelination via 
Gab1/ERK nuclear translocation in cultured primary SCs.

Materials and Methods

Reagents

N6, 2′-O-dibutyryladenosine 3′,5′-cyclic monophos-
phate sodium salt (db-cAMP; cell-permeable analogue of 
cAMP, Sigma-Aldrich), N6-benzoyladenosine-3′,5′-cyclic 
monophosphate (6-Bnz-cAMP) and 8-(4-chlorophenylthio)-
2′-O-methyladenosine-3′,5′-cyclic monophosphate (8-CPT-
2Me-cAMP) were purchased from Biolog Life Science Insti-
tute, Bremen, Germany. H-89 and PD98059 were ordered 
from Merck Millipore, USA. PKI166 hydrochloride and 
Rp-cAMPS (triethylammonium salt) were obtained from 

R&D Systems, USA. U0126 monoethanolate was procured 
from Sigma-Aldrich, USA. Hoechst 33342 was obtained 
from Sigma-Aldrich, USA. Antibodies against Oct6 (SC-
11661), MPZ (SC-18533), Hsp90 (SC-13119), and p-Neu 
(SC-12352) were ordered from Santa Cruz Biotechnology, 
USA. The monoclonal anti-MAG antibody (SAB1402258) 
was obtained from Sigma-Aldrich, USA. Antibodies against 
c-Jun (#9165), Gab1 (#3232), p-Gab1 (#3231), ERK1/2 
(#4696), p-ERK1/2 (#9101), PKA C-α (#4782), and phos-
pho-PKA substrate (p-PKA substrate; #9624) were procured 
from Cell Signaling Technology, USA. Anti-Krox20 anti-
body (#PRB-236P) was ordered from Covance, NJ, USA. 
Anti-ErbB2 antibody (MA5-13675) was obtained from 
Thermo Fisher Scientific, Chicago, IL, USA. Anti-S100β 
antibody (ab52642) was obtained from Abcam, UK. Alexa 
Fluor 488-conjugated donkey anti-mouse (A21202) or anti-
rabbit IgG (A21206) were supplied by Invitrogen, USA. 
Cy3-conjugated anti-mouse (AP192C) or anti-rabbit IgG 
(AP182C) was provided by Merck Millipore, USA. Unless 
stated otherwise, all other chemicals were purchased from 
Sigma-Aldrich.

Primary Cultures of SCs

Primary rat SCs were isolated from neonatal rats based on 
our previous report [13]. In brief, sciatic nerves were isolated 
from Sprague-Dawley (SD) neonatal rats (on postnatal days 
4–5, provided by Orient). The collected nerves were treated 
with collagenase (Sigma) at 37 °C for 15 min and digested 
with 0.05% Trypsin-EDTA (Gibco) at 37 °C for 10 min. Sin-
gle cells were obtained by gentle pipetting and maintained in 
DMEM containing 10% fetal bovine serum (FBS) in poly-
d-lysine hydrobromide (PDL, Sigma-Aldrich)-coated petri 
dish. Subsequently, the culture medium was replaced by 
SC medium (DMEM containing 1% FBS, N-2 supplement 
(Gibco), 5 μM forskolin (Calbiochem, Gibbstown, NJ) and 
30 ng/mL NRG1 (human NRG1-β1 extracellular domain, 
R&D Minneapolis, MN) to promote cell proliferation. All 
experiments in this study were performed using SCs at pas-
sages 2 to 4. More than 95% of SC purity was confirmed 
based on their morphology and S100 immunoreactivity.

Pharmacological Treatments of the Cultured SCs

The differentiation of cultured SCs was induced with db-
cAMP after pretreating the cells with DMEM containing 1% 
FBS for 24 h to obtain the immature phenotype. Next, 500 
μM db-cAMP was added to the cultures for 48 h to induce 
differentiation. To determine the effects of PKA inhibi-
tors (H-89, Rp-cAMPS), ErbB2 inhibitor (PKI166), Hsp90 
inhibitor (Geldanamycin; GA), ERK inhibitor (PD98059), 
and MEK1 inhibitor (U0126) on SC differentiation, the cells 
were pretreated with H-89 (5 μM), Rp-cAMPS (50 μM), 
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PKI166 (5 μM), GA (50 nM), PD98059 (100 μM), or U0126 
(10 μM) for 1 h before db-cAMP treatment. The concentra-
tions of db-cAMP, 6-Bnz-cAMP, and 8-CPT-2Me-cAMP 
used in this study were determined by the expression of 
differentiation markers (Oct6, Krox20, MPZ, and MAG) 
and cytotoxicity at several concentrations based on the con-
centration of the published reports [12]. The concentration 
of each inhibitor (H-89, Rp-cAMPS, PKI166, PD98059, 
or U0126) used in this study was determined according to 
the phosphorylation of each target proteins (PKA substrate, 
ErbB2, and ERK) at several concentrations based on pub-
lished reports [12]. The concentration of GA used in this 
study was determined by the expression of ErbB2 and cyto-
toxicity at several concentrations (25, 50, and 100 nM).

Total Protein Extraction

Cells were lysed as previously described [24]. Cells were 
lysed by boiling in 2× sodium dodecyl sulfate (SDS) lysis 
buffer. The lysates were centrifuged at 13,000 rpm for 10 
min at 4 °C. Supernatants were collected and the protein 
concentration was quantified using a Protein Assay Kit (Bio-
Rad). The lysates were cooled to room temperature followed 
by Western blot analysis.

Western Blot Analysis

Western blot analysis was performed as previously described 
[25]. The electrophoresis of 25 µg protein samples was 
conducted using 8, 10 or 12% SDS-PAGE. Proteins were 
transferred to nitrocellulose membranes (Amersham Life 
Science, Inc., Piscataway, NJ, USA) after electrophoresis. 
Blots were blocked overnight in 5%skim milk in PBS at 
4 °C and subsequently probed with the primary antibody for 
1 h. After washing, the blots were probed with a secondary 
antibody for 2 h. After washing, the proteins were detected 
with ECL detection reagents (Amersham, Buckinghamshire, 
UK) following the manufacturer’s instructions. The blots 
were also probed with a monoclonal anti-β-actin antibody 
(Sigma, St. Louis, MO, USA).

PKA Catalytic Subunit α (PKA Cα) siRNA Transfection

The PKA Cα knockdown was performed using the ON-
TARGETplus Human PRKACA siRNA SMART pool 
(catalog number L-004649000005) purchased from Dhar-
macon-Horizon Discovery (USA). Rat primary SCs (2 × 105 
cells/well) were seeded and cultured overnight in 12-well 
plates. The siRNAs were transfected with Lipofectamine 
3000 transfection reagent (Invitrogen, USA) into SCs using 
PRKACA siRNA SMART pool reagents according to the 
manufacturer’s instructions. Cells transfected with the ON-
TARGETplus non-targeting control (NC) siRNA (catalog 

number D-0018101020) were used as the control. After 
transfection, the cells were cultured for 6 h in the growth 
medium, followed by treatment with 500 µM db-cAMP 
for 48 h. Finally, the cells were subjected to western blot 
analysis.

Hsp90 siRNA Transfection

To perform the Hsp90 knockdown, Accell small interfer-
ence RNAs (siRNAn) against Hsp90aa1 (catalog num-
ber E-094085-00-0010) and Hsp90ab1 (catalog number 
E-102259-00-0010) were purchased from Dharmacon-
Horizon Discovery (USA). Rat primary SCs (2 × 105 cells/
well) were seeded and cultured overnight in 12-well plates. 
The siRNAs were transfected with the Lipofectamine 3000 
transfection reagent (Invitrogen, USA) into SCs using 
Accell siRNA reagents according to the manufacturer’s 
instructions. Cells transfected with the NC siRNA (catalog 
number D-001910-10-20) were used as the control. After 
transfection, the cells were cultured for 6 h in the growth 
medium, followed by treatment with 500 μM db-cAMP for 
48 h. Finally, the cells were analyzed via immunofluores-
cence staining and western blot analysis.

Gab 1 shRNA Transfection

When primary SC reached 70% confluency, lentiviral trans-
duction particles expressing Gab1-shRNA (Gab1 MISSION 
shRNA Lentiviral Transduction Particles; Sigma-Aldrich, 
USA) or scrambled shRNA (MISSION® pLKO.1-puro 
Empty Vector Control Transduction Particles; Sigma-
Aldrich, USA) were added for 18–24 h. The medium was 
replaced with a fresh DMEM containing 10% FBS and cul-
tured for another 24 h. The medium was replaced with the 
growth medium (DMEM containing 1% FBS, 30 ng/mL 
NRG1, 5 μM forskolin) for 24 h and db-cAMP for 48 h. The 
cells were analyzed via immunofluorescence staining and 
western blot.

Immunoprecipitation and Immunoblotting

Rat primary SCs (control and db-cAMP-treated) were lysed 
in 500 μl of RIPA lysis buffer (150 mM NaCl, 10 mM Tris-
HCl, pH 7.2, 0.1% SDS, 1% Triton X-100, 5 mM EDTA, 
1× protease inhibitor, 1 mM PMSF, 100 µM Na3VO4, and 
phosphatase inhibitor cocktail). The supernatants were col-
lected by centrifugation at 13,000 rpm for 10 min at 4 °C, 
and the protein concentration was determined by Bradford 
assay (Bio-Rad, Hercules, CA). For immunoprecipitation, 
0.5–0.6 mg of protein diluted in lysis buffer was incubated 
with a Hsp90 antibody (Santa-Cruz Biotechnology, USA), 
or Gab1 antibody (Cell Signaling Technology, USA) at 4 °C 
overnight. The immune complexes were recovered with 
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Protein G Plus-agarose (Santa Cruz Biotechnology, USA) 
for 2 h with rotation. Immunoprecipitates were subjected to 
SDS-PAGE and western blot analysis using an antibody to 
Hsp90, Gab1, or ErbB2.

Immunofluorescence Staining

Rat primary SCs were fixed and permeabilized with 1% 
formaldehyde/0.3% Tween 20 in PBS for 10 min at room 
temperature. Subsequently, the cells were washed three 
times with PBS and incubated with 0.2% Triton/PBS for 
10 min, followed by PBS washing and 1 h blocking in 

10% BSA/PBST. After blocking, the cells were incubated 
overnight with a primary antibody at 4 °C. Cells were visu-
alized using Alexa Fluor 488- or Cy3-conjugated donkey 
anti-mouse or anti-rabbit IgG (Invitrogen, USA, Merck 
Millipore, USA, respectively). Nuclei were counterstained 
with Hoechst 33342 (Sigma-Aldrich). The samples were 
mounted with glycerol, and analyzed with a confocal 
microscope (Carl Zeiss LSM800; Carl Zeiss, Thornwood, 
NY, USA) equipped with a 40× C-Apochromat objective. 
As a negative control, cells were treated similarly but with 
the primary antibodies omitted.
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Statistical Analysis

Statistical analysis was performed using the SPSS 23.0 
statistical package for Windows (SPSS, Chicago, IL, 
USA). Data are presented as mean ± standard deviation 
(SD) of at least three independent experiments. The Stu-
dent’s t test and one-way analysis of variance (ANOVA) 
were used to measure statistical significance. Statistical 
significance was defined as P < 0.05.

Results

Dibutyryl‑cAMP (db‑cAMP) Upregulates 
the Expression of Hsp90 via PKA Activation in Rat 
Primary SCs

cAMP is known as a differentiation-inducing signaling 
molecule in SCs [5, 6]. A recent report showed that PKA 
directly transactivates the ErbB2-Gab1 axis independent 
of NRG1 during SC differentiation [9]. Since Hsp90 is a 
chaperone for ErbB2 stabilization [15, 18], in this study, 
we examined whether cAMP induces Hsp90 to stabilize 
the ErbB2-Gab1 pathway in rat primary SCs. As shown 
in Figs. 1a and 2a, db-cAMP (cell-permeable analogue of 
cAMP) treatment increased the PKA activity (determined by 
western blot analysis of p-PKA substrate antibody) and the 
expression of Hsp90 with time in rat primary SCs. We also 
observed the increased expression of Hsp90 by db-cAMP 
treatment using immunofluorescence staining (Fig. 1b). In 
addition, to confirm the SC differentiation by db-cAMP, 
we examined the morphological changes and determined 
the expression of TFs (Oct6 and Krox20) controlling SC 
myelination, and myelin proteins by western blot analysis. 
Consistent with previous reports [26], the SC morphology 
was changed from a bipolar to an expanded shape similar 
to epithelium (Fig. 1c). We observed the upregulation of 
Oct6, Krox20, MPZ, and MAG, and the downregulation 
of c-jun by db-cAMP in rat primary SCs (Fig. 1a). We also 
determined the MAG expression via db-cAMP treatment 
using immunofluorescence staining (Fig. 1b). In addition, 
we evaluated whether cAMP enhances Hsp90 via PKA acti-
vation by using H-89 and Rp-cAMPS, which are selective 
inhibitors of PKA, and PKA Cα siRNA. Pretreatment with 
H-89, Rp-cAMPS, and PKA Cα siRNA significantly inhib-
ited the PKA activity (determined by western blot analysis 
of p-PKA substrate antibody) (Fig. 2b–d) and the expres-
sion of Hsp90, Oct6, Krox20, MPZ, and MAG by db-cAMP 
(Fig. 1d, e). PKA and exchange proteins directly activated 
by cAMP (EPAC) are downstream targets of cAMP [27]. 
To determine whether either of these targets play a role in 
rat primary SC differentiation, the PKA-specific activator 
6-Bnz-cAMP or the EPAC agonist (8-CPT-2Me-cAMP) was 
used. Rat primary SCs were treated with 6-Bnz-cAMP or 
8-CPT-2Me-cAMP for 48 h. The results showed that 6-Bnz-
cAMP induced the expression of Hsp90, Oct6, Krox20, 
MPZ, and MAG; however, 8-CPT-2Me-cAMP alone did 
not induce Hsp90, Oct6, Krox20, MPZ, and MAG in rat 
primary SCs (Fig. 1f). These results suggest that PKA may 
mediate the upregulation of Hsp90 by db-cAMP.

Fig. 1   Dibutyryl-cAMP (db-cAMP) treatment upregulates hsp90 
expression by PKA and induces differentiation in rat primary 
Schwann cells (SCs). a Left panel: Rat primary SCs were treated with 
500 µM db-cAMP for indicated times. Protein lysates were prepared 
and used for western blot analysis with the corresponding antibodies. 
β-actin was used as a loading control. The blot is representative of 
three separate experiments. Densitometry results are expressed above 
the bands. Right panel: Relative protein level compared with β-actin 
by densitometry was expressed as average ± SD (n = 3). *P < 0.05, 
***P < 0.001. b Rat primary SCs were treated with or without 500 
µM db-cAMP for 48 h and then fixed. After permeabilization, sam-
ples were stained with Alexa 488-labeled Hsp90 antibody. In addi-
tion, after permeabilization, samples were incubated overnight with 
a MAG antibody or S100β antibody at 4°C. The cells were visual-
ized using Alexa Fluor 488- or Cy3-conjugated donkey anti-mouse or 
anti-rabbit IgG, respectively. Cells were co-labeled with Hoechst dye. 
The results are representative of three experiments. c Rat primary 
SCs were treated with or without 500 µM db-cAMP for 48 hand the 
morphology was observed under an inverted microscope. Cell mor-
phology was changed from an elongated bipolar shape to an epithe-
lial type following treatment with 500 µM db-cAMP (×200). d Left 
panel: rat primary SCs were pretreated with 5 µM H-89 (PKA inhibi-
tor) or 50 µM Rp-cAMPS (PKA inhibitor) for 1 h, followed by treat-
ment with 500 µM db-cAMP for 48 h. Protein lysates were prepared 
and used for western blot analysis with the corresponding antibod-
ies. β-actin was used as a loading control. The blot is representative 
of three separate experiments. Densitometry results are expressed 
above the bands. Right panel: Relative protein level compared to 
β-actin by densitometry was expressed as average ± SD (n = 3). 
*P < 0.05, **P < 0.01, ***P < 0.001. e Left panel: rat primary SCs 
were transiently transfected using lipofectamine 3000 for 48 h with 
siRNAs against PKA Cα. A non-targeting control (NC) siRNA was 
used as the control. The cells were treated with db-cAMP for 48 h. 
The untreated cells served as controls. Protein lysates were prepared 
and used for western blot analysis with the corresponding antibod-
ies. β-actin was used as a loading control. The blot is representative 
of three separate experiments. Densitometry results are expressed 
above the bands. Right panel: The relative protein level compared 
with β-actin determined via densitometry was expressed as an aver-
age ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. f Left panel: 
rat primary SCs were treated with db-cAMP (500 µM), 6-Bnz-cAMP 
(500 µM) or 8-CPT-2Me-cAMP (500 µM) for 48 h. Protein lysates 
were prepared and used for western blot analysis with the correspond-
ing antibodies. β-actin was used as a loading control. The blot is rep-
resentative of three separate experiments. Densitometry results are 
expressed above the bands. Right panel: Relative protein level com-
pared with β-actin by densitometry was expressed as average ± SD 
(n = 3). *P < 0.05, ***P < 0.001, NS: no significance.

◂
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Fig. 2   Change in PKA activity was determined by western blot analy-
sis using antibodies targeting the p-PKA substrate. a db-cAMP acti-
vates PKA activity in a time-dependent manner. Immunoblots show-
ing different amounts of p-PKA substrates. b–d Immunoblots show 
downregulation of the p-PKA substrate by H-89 (b), cAMPS-Rp (c), 

and PKA Cα siRNA (d). e, f GA (e) and Hsp90 siRNA (f) do not 
affect PKA activity g PKI166 does not affect PKA activity. h Gab1 
shRNA does not affect PKA activity. i UO126 does not affect PKA 
activity. The blot is representative of three separate experiments.
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Geldanamycin, an Inhibitor of Hsp90, and Hsp90 
siRNA Knockdown Inhibit cAMP‑Induced 
Differentiation

It has been known that Hsp90 enhances protein stability by 
forming an ATP-dependent complex with various proteins 
including ErbB2, to prevent proteasome-dependent degrada-
tion [28, 29]. Due to the increased expression of Hsp90 dur-
ing cAMP-induced differentiation, we analyzed the role of 
Hsp90 in cAMP-induced differentiation using geldanamycin 
(GA), a Hsp90 inhibitor. GA is a specific inhibitor binding 
to the ATP-binding site in the chaperone [30]. As shown in 
Fig. 3a, GA pretreatment decreased the expression of Oct6, 
Krox20, MPZ, and MAG following db-cAMP treatment. 
These results suggest that cAMP-induced differentiation 
may occur via Hsp90 upregulation and activation. We also 
found that db-cAMP-induced SC differentiation increased 
the levels of ErbB2 and p-ErbB2, and that GA totally sup-
pressed the increased levels of ErbB2 and p-ErbB2 by db-
cAMP. Further, GA did not affect db-cAMP-mediated PKA 
activity, which was determined by western blot analysis of 
p-PKA substrate antibody (Fig. 2e).

To further evaluate the role of Hsp90 in cAMP-induced 
differentiation, we elucidated the effects of siRNA-mediated 
knockdown of Hsp90aa and Hsp90ab on cAMP-induced dif-
ferentiation in rat primary SCs. As shown in Fig. 3b, the 
downregulation of Hsp90 by siRNA knockdown was con-
firmed and the expression of ErbB2 as well as myelin pro-
teins such as Oct6, Krox-20, MPZ and MAG by db-cAMP 
was reduced by Hsp90 siRNAs. However, the PKA activ-
ity was not affected by Hsp90 siRNA (Fig. 2f), suggesting 
that db-cAMP-induced PKA activation occurs upstream 
of Hsp90 upregulation. These results suggest that Hsp90 
might be involved in cAMP-induced differentiation and that 
Hsp90-mediated stabilization of ErbB2 was associated with 
cAMP-induced differentiation.

PKI166, an ErbB2 Inhibitor, Inhibits cAMP‑Induced 
Differentiation

It has been recently reported that the elevation of cAMP 
in SCs transactivates the ErbB2-Gab1 pathway. Our find-
ings suggest that Hsp90-mediated stabilization of ErbB2 
may play a role in db-cAMP-induced SC differentiation. 
To determine whether ErbB2 transactivation was involved 
in cAMP-induced SC differentiation, rat primary SCs were 
pretreated with an ErbB2 inhibitor, PKI166 and treated with 
db-cAMP for 48 h, and the expression of p-PKA substrate, 
ErbB2, p-ErbB2, Hsp90, Oct6, Krox 20, MPZ and MAG was 
determined by western blot analysis. As shown in Fig. 4b, 
Hsp90, ErbB2, p-ErbB2, Oct6, Krox20 and myelin proteins 
were stimulated by db-cAMP, and inhibited by PKI166 
treatment. In addition, the PKA activity was not affected 

by PKI166 treatment (Fig. 2g), suggesting that db-cAMP-
induced PKA activation occurs upstream of ErbB2 activa-
tion. These results are similar to those of GA treatment and 
Hsp90 siRNA transfection (Fig. 3). In addition, the tyrosine 
phosphorylation of Gab1, which is the downstream media-
tor of ErbB2 in myelination [13] following db-cAMP treat-
ment, was also suppressed by PKI166. These data suggest 
that db-cAMP stabilizes ErbB2 via Hsp90 induction and 
that increased ErbB2 levels contribute to SC differentiation 
via Gab1 activation.

Knockdown of Gab1 Inhibits cAMP‑Induced 
Differentiation in Rat Primary SCs

As shown in Fig. 4a, p-Gab1 expression showed a time-
dependent increase following db-cAMP treatment of rat 
primary SCs. Thus, we evaluated whether Gab1 activation 
was required for cAMP-induced differentiation using Gab1 
shRNA transfection. As shown in Figs. 5a and 2h, Gab1 
shRNA knockdown inhibited the expression of Hsp90, 
ErbB2, Oct6, Krox20 and myelin proteins; however, it 
did not inhibit the expression of p-ErbB2 and p-PKA sub-
strate by db-cAMP. These results suggest that Gab1 acti-
vation occurs downstream of PKA and ErbB2 activation, 
and Gab1 activation mediates the db-cAMP-induced SC 
differentiation.

Gab1 Dissociates from Hsp90 and Translocates 
into Nucleus with ERK1/2 During db‑cAMP‑Induced 
Differentiation

The foregoing results suggest that Hsp90 is required for the 
cAMP-induced differentiation. However, the underlying 
molecular mechanisms are clearly undefined. We investi-
gated the interaction between Hsp90 and Gab1 during db-
cAMP-induced differentiation via immunoprecipitation. In 
Gab1 immunoprecipitates, the reaction with Hsp90 antibody 
revealed Gab1 and Hsp90 interaction in untreated cells and 
dissociation of Gab1 from Hsp90 in db-cAMP-treated rat 
primary SCs (Fig. 5b). We also performed immunofluores-
cence staining to determine the location of Hsp90 and Gab1 
during db-cAMP-induced differentiation. Very interestingly, 
in unstimulated cells, both Hsp90 and Gab1 were localized 
in the cytoplasm and Gab1 moved into the nucleus following 
db-cAMP treatment while Hsp90 remained in the cytosol 
(Fig. 5c). To investigate the role of Hsp90 in Gab1 activation 
and nuclear translocation during cAMP-induced differentia-
tion, GA pretreatment and Hsp90 siRNA knockdown exper-
iments were performed before db-cAMP treatment of rat 
primary SCs. As shown in Figs. 2a, b, 4d, the activation and 
the nuclear translocation of Gab1 by db-cAMP was inhibited 
by GA and Hsp90 siRNA transfection, respectively. These 
results suggest that Hsp90 is required for the activation and 
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the nuclear translocation of Gab1 during db-cAMP-induced 
differentiation.

A previous study showed that ERK activation occurred 
downstream of Gab1 activation [13]. In this study, we 
observed the activation of ERK, evidenced by increased 
p-ERK expression and nuclear translocation of ERK after 

treatment with db-cAMP in rat primary SCs (Fig. 6a, b). 
To determine whether the activation of ERK was required 
for db-cAMP-induced differentiation, the cells were pre-
treated with ERK and MEK inhibitors for 1 h before db-
cAMP treatment for 48 h, and the expression of p-PKA 
substrate, Oct6, Krox20, MPZ, and MAG was analyzed by 

Fig. 3   Hsp90 inhibition by chemical inhibitor and knockdown of 
HSP90 inhibited db-cAMP-induced differentiation in rat primary 
SCs. a Rat primary SCs were pretreated with 50 nM GA (geldana-
mycin, hsp90 inhibitor) for 1 h, followed by treatment with 500 µM 
db-cAMP for 48 h. Protein lysates were prepared and analyzed via 
western blot with the corresponding antibodies. β-actin was used as 
a loading control. The blot is representative of three separate experi-
ments. Densitometry results are expressed above the bands. Right 
panel: Relative protein level compared with β-actin by densitom-
etry was expressed as average ± SD (n = 3). *P < 0.05, **P < 0.01, 

***P < 0.001. b Left panel: rat primary SCs were transiently trans-
fected by lipofectamine 3000 for 48 h with siRNAs against Hsp90aa1 
and Hsp90ab1. A non-targeting control (NC) siRNA was used as con-
trol. The cells were untreated (control) or treated with db-cAMP for 
48 h. Protein lysates were prepared and used for western blot analysis 
with the corresponding antibodies. β-actin was used as a loading con-
trol. The blot is representative of three separate experiments. Densi-
tometry results are expressed above the bands. Right panel: Relative 
protein level compared with β-actin by densitometry was expressed as 
average ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.
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western blot analysis. As shown in Fig. 6c, the expression 
of Oct6, Krox20, MPZ, and MAG was inhibited by inhibi-
tors of MEK and ERK. However, the db-cAMP-induced 
expression of p-PKA substrate was not inhibited by MEK 
inhibitor (Fig. 2i), suggesting that PKA activation by db-
cAMP occurs upstream of ERK activation. These results 
suggest that ERK activation was involved in db-cAMP-
induced differentiation. To further elucidate the role of 
Hsp90 and Gab1 in nuclear translocation of ERK during 

db-cAMP-induced differentiation, we performed immu-
nofluorescence staining with Hsp90, Gab1 and ERK anti-
bodies in Hsp90 siRNA- and Gab1 shRNA-transfected rat 
primary SCs. The results showed that the nuclear trans-
location of ERK by db-cAMP was inhibited by Hsp90 
siRNA and Gab1 shRNA transfection (Fig. 6d, e). These 
results indicate that Hsp90 and Gab1 are required for 
the nuclear translocation of ERK during cAMP-induced 
differentiation.

Fig. 4   db-cAMP transactivates ErbB2 and ErbB2 activation is 
required for db-cAMP-induced differentiation in rat primary SCs. a 
Left panel: ratprimary SCs were treated with 500 µM db-cAMP for 
indicated times. Protein lysates were prepared and used for western 
blot analysis with the corresponding antibodies. β-actin was used as 
a loading control. The blot is representative of three separate experi-
ments. Densitometry results are expressed above the bands. Right 
panel: Relative protein level compared with β-actin by densitometry 
was expressed as average ± SD (n = 3). ***P < 0.001. b Left panel: 

rat primary SCs were pretreated with 5 µM PKI166 (ErbB2 inhibitor) 
for 1 h, followed by treatment with 500 µM db-cAMP for 48 h. Pro-
tein lysates were prepared and used for western blot analysis with the 
corresponding antibodies. β-actin was used as a loading control. The 
blot is representative of three separate experiments. Densitometry 
results are expressed above the bands. Right panel: Relative protein 
level compared with β-actin by densitometry was expressed as aver-
age ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001
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Discussion

cAMP has been known to act as an instructive signal for dif-
ferentiation of rat SCs into myelinating phenotypes [5, 6]. 
However, the effect of cAMP on cultured SCs is very com-
plex depending on the concentration of cAMP, the presence 

of growth factors and/or serum, and the source of SCs such 
as mouse or rat [31–37]. A recent study demonstrated that 
PKA directly transactivated the ErbB2-Gab1 axis independ-
ent of NRG1 during SC differentiation [12]. However, the 
mechanisms underlying the NRG1-independent PKA trans-
activation of ErbB2-Gab1 axis remain unknown. Based on 
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the finding that Hsp90 binds to ErbB2 and thereby stabi-
lizes ErbB2 [15, 18], we hypothesized that cAMP activates 
PKA, which then upregulates Hsp90 and stabilizes ErbB2, 
resulting in SC differentiation. Here, we demonstrate that 
db-cAMP upregulates Hsp90 and ErbB2 in a time-dependent 
manner and induces the expression of myelin-related TFs 
(Oct6 and Krox20) and myelin proteins (MPZ and MAG). 
Addition of PKA inhibitor H-89, Rp-cAMP or transfection 
of PKA Cα siRNA before treatment with db-cAMP blocked 
the upregulation of Hsp90 and ErbB2 and the expression 
of myelin-related genes. Hsp90 is a molecular chaperone 
promoting the stability and function of many signaling 
proteins [28, 29]. Fregien et al. reported that db-cAMP 
increased HER2 and HER3 expression without increas-
ing their mRNAs in human SCs and H-89 inhibited the 
increased expression of HER2 and HER3 [31]. They sug-
gested that the increased expression of HER2 and HER3 
by db-cAMP enhanced the proliferative effect of neuregulin 
by db-cAMP in human SCs [38]. However, until now, no 
study investigated the role of Hsp90 in cAMP-induced SC 
differentiation. Our findings suggest that PKA-mediated 
Hsp90 upregulation is required for db-cAMP-induced dif-
ferentiation, because GA pretreatment and Hsp90 siRNA 
knockdown reversed the increased expression of ErbB2 and 

myelin-related genes by db-cAMP. To our knowledge, this 
is the first report showing that Hsp90 is required for db-
cAMP-induced SC differentiation. We also observed that 
PKA specific agonist 6-Bnz-cAMP induced Hsp90 upregu-
lation and myelin-related genes, unlike EPAC-specific ago-
nist 8-CPT-2Me-cAMP. These results are contradictory to 
those of Bacallao’s study [6]. They reported that PKA was 
involved in cAMP-induced proliferation and EPAC mediated 
the cAMP-induced differentiation [6]. These discrepancies 
can be explained by different cells and culture conditions. 
Further studies to explain these discrepancies are needed.

In accordance with a previous report [12], we observed 
the increased expression of p-ErbB2 and p-Gab1, which are 
important molecules involved in NRG1-induced myelina-
tion, following db-cAMP treatment without NRG1 in rat pri-
mary SCs. It was shown that Gab1 was transiently activated 
by NRG1 treatment in rat primary SCs [13]. In contrast, 
Gab1 activation was delayed and sustained after db-cAMP 
treatment of rat primary SCs. These results suggest that the 
delayed and sustained activation of Gab1 might play a role 
in db-cAMP-induced differentiation. Until now, no evi-
dence suggested any molecular interactions between Hsp90 
and Gab1 in rat primary SCs. Herein, we found that Gab1 
interacted with Hsp90 in the absence of db-cAMP; how-
ever, Gab1 was dissociated from Hsp90 and interacted with 
ErbB2 following exposure to db-cAMP in rat primary SCs. 
Surprisingly, we observed the nuclear translocation of Gab1 
by db-cAMP in rat primary SCs, unlike NRG1-induced 
Gab1 activation. Gab1 is known to exhibit a nuclear locali-
zation signal at its N-terminal [39], and thus, we focused on 
the role of Gab1 nuclear translocation by db-cAMP during 
the persistent activation of Gab1.

ERK is known as a downstream molecule of Gab1 in the 
NRG1 pathway [13]. Shin et al. showed that ERK activation 
was inhibited in Gab1 SC knockout mice; however, they 
did not observe any nuclear translocation of Gab1 and ERK 
[13]. We clearly found the activation and nuclear transloca-
tion of ERK by db-cAMP in rat primary SCs. In addition, 
ERK inhibitor PD98059 and MEK inhibitor U0126 inhib-
ited the expression of myelin-related genes by db-cAMP. 
These results indicate that ERK activation is also required 
for db-cAMP-induced SC differentiation. To determine 
whether Hsp90 was required for the sustained Gab1/ERK 
activation and their nuclear translocation during db-cAMP-
induced differentiation, GA treatment and Hsp90 siRNA 
knockdown experiments were performed before treatment 
with db-cAMP. Very interestingly, GA pretreatment and 
Hsp90 siRNA inhibited the activation and nuclear translo-
cation of Gab1 and ERK suggesting that Hsp90 may play a 
role in the activation and nuclear translocation of Gab1 and 
ERK following db-cAMP treatment. To further elucidate the 
role of activation and nuclear translocation of Gab1 in db-
cAMP-induced SC differentiation, Gab1 shRNA knockdown 

Fig. 5   Gab1 activation is required for db-cAMP-induced differentia-
tion of rat primary SCs. a Left panel: rat primary SCs were infected 
with lentiviral transduction particles expressing shRNA for Gab1 or 
with empty vector control transduction particles (pLKO) and incu-
bated in DMEM medium with 500 μM db-cAMP for 48 h. Protein 
lysates were prepared and used for western blot analysis with the 
corresponding antibodies. β-actin was used as a loading control. 
The blot is representative of three separate experiments. Densitom-
etry results are expressed above the bands. Right panel: Relative 
protein level compared with β-actin by densitometry was expressed 
as average ± SD (n = 3). **P < 0.01, ***P < 0.001, NS no signifi-
cance. b Rat primary SCs were treated for 48 h with or without 500 
μM db-cAMP, and lysed in RIPA buffer. Hsp90 proteins (Left) and 
Gab1 proteins (right) were immunoprecipitated by incubating the 
cell lysates with Hsp90 antibody or Gab1 antibody, followed by pro-
tein G Plus-agarose beads with anti-mouse IgG or anti-rabbit IgG, 
respectively. Immunoprecipitated proteins were solubilized in SDS 
sample buffer and separated by SDS-PAGE. Blots were probed with 
anti-Hsp90, anti-Gab1, or anti-ErbB2 antibodies. c Rat primary SCs 
were pretreated with 50 nM GA (geldanamycin, hsp90 inhibitor) for 
1 h, followed by treatment with 500 µM db-cAMP for 48 h and then 
fixed. After permeabilization, samples were stained with anti-Hsp90 
antibody and Alexa 488-conjugated donkey anti-mouse IgG or anti-
Gab1 antibody and Cy3-conjugated donkey anti-rabbit IgG. Cells 
are co-labeled with Hoechst dye. The results are representative of 
three experiments. d Rat primary SCs were transiently transfected 
by lipofectamine 3000 for 48 h with siRNAs against Hsp90aa1 and 
Hsp90ab1. A non-target control (NC) siRNA was used as the control. 
After transfection, cells were untreated (control) or treated with db-
cAMP for 48 h and then fixed. After permeabilization, samples were 
stained with anti-Hsp90 antibody and Alexa 488-conjugated donkey 
anti-mouse IgG or anti-Gab1 antibody and Cy3-conjugated donkey 
anti-rabbit IgG. Nuclei were counterstained with Hoechst. The results 
are representative of three experiments

◂
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experiment was performed. Gab1 knockdown inhibited the 
activation and nuclear translocation of ERK and the expres-
sion of myelin-related genes by db-cAMP. Therefore, the 
tyrosine phosphorylation of Gab1 by ErbB2 transactivation 
appears to accompany ERK translocation into nucleus in 
the cAMP-induced differentiation. It has been known that 
Gab is required for nuclear translocation of ERK following 
exposure to 10% serum in bovine aortic endothelial cells and 
Chinese hamster ovary cells [39]. Our results are consistent 
with that study and the nuclear localization of Gab1/ERK 
may play a critical role in the transcriptional activation of 
myelin gene expression via cAMP elevation.

Based on our observations, we propose a model to explain 
the NRG1-independent mechanism of cAMP-induced trans-
activation of ErbB2/Gab1/ERK pathway in rat primary SCs 
(Fig. 7). Although we provided evidence suggesting that db-
cAMP induces SC differentiation via upregulation of Hsp90 
stabilizing ErbB2 resulting in the activation and nuclear 
translocation of Gab1/ERK in rat primary SCs, the detailed 
molecular mechanism of db-cAMP-induced differentiation 
is still unknown, especially the activation of ErbB2 by db-
cAMP. We propose three possibilities underlying cAMP-
mediated activation of ErbB2 in rat primary SCs. First, the 
activation of tyrosine kinase ligand other than NRG1 via 
upregulation of Hsp90 by db-cAMP may contribute to the 
activation of ErbB2 by db-cAMP. Second, db-cAMP may 
induce the secretion of NRG1-like tyrosine kinase to activate 
ErbB2. Third, the phosphorylation of ErbB3 by db-cAMP 
may enhance ErbB2 autophosphorylation. It will be very 
interesting to evaluate these possibilities in future studies 
to determine the molecular mechanisms of peripheral nerve 
myelination.

Fig. 6   Hsp90 is involved in the activation and translocation of Gab1/
ERK during db-cAMP-induced differentiation in rat primary SCs. 
a Left panel: Rat primary SCs were treated with 500 µM db-cAMP 
for indicated times. Protein lysates were prepared and used in west-
ern blot analysis with anti-ERK or anti-p-ERK antibodies. β-actin 
was used as a loading control. The blot is representative of three 
separate experiments. Densitometry results are expressed above the 
bands. Right panel: Relative protein level compared with β-actin by 
densitometry was expressed as average ± SD (n = 3). **P < 0.01, 
***P < 0.001. b Rat primary SCs were treated with db-cAMP (500 
µM) for 48 h and then fixed. After permeabilization, samples were 
stained with anti-Gab1 antibody and Alexa 488-conjugated donkey 
anti-rabbit IgG or anti-ERK antibody and Cy3-conjugated donkey 
anti-mouse IgG, respectively. Nuclei were counterstained with Hoe-
chst. The results are representative of three experiments. c Rat pri-
mary SCs were pretreated with PD98059 (100 µM; ERK inhibitor) 
for 1 h (left panel) or U0126 (10 µM; MEK inhibitor) for 1 h (right 
panel), respectively, followed by treatment with 500 µM db-cAMP for 
48 h. Protein lysates were prepared and used for western blot anal-
ysis with the corresponding antibodies. β-actin was used as a load-
ing control. The blot is representative of three separate experiments. 
Densitometry results are expressed above the bands. d Rat primary 
SCs were transiently transfected with lipofectamine 3000 for 48 h 
with siRNAs against Hsp90aa1 and Hsp90ab1. A non-target control 
(NC) siRNA was used as control. The cells were untreated (control) 
or treated with db-cAMP for 48 h and then fixed. After permeabili-
zation, samples were stained with anti-Hsp90 antibody and Alexa 
488-conjugated donkey anti-rabbit IgG or anti-ERK antibody and 
Cy3-conjugated donkey anti-mouse IgG, respectively. Nuclei were 
counterstained with Hoechst. The results are representative of three 
experiments. e Rat primary SCs were infected with lentiviral trans-
duction particles expressing shRNAi for Gab1 or with empty vec-
tor control transduction particles (pLKO) and incubated in DMEM 
medium with 500 μM db-cAMP for 48 h, and then fixed. After per-
meabilization, samples were stained with anti-ERK antibody, Alexa 
488-conjugated donkey anti-mouse IgG or anti-Gab1 antibody, and 
Cy3-conjugated donkey anti-rabbit IgG, respectively. Nuclei were 
counterstained with Hoechst. The results are representative of three 
experiments

◂

Fig. 7   The hypothetical molecu-
lar mechanism of cAMP-medi-
ated transactivation of ErbB2/
Gab1/ERK pathway in rat 
primary SCs. cAMP induces SC 
differentiation via upregulation 
of Hsp90 by PKA followed by 
activation and nuclear transloca-
tion of Gab1/ERK
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